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Abstract  

 

Cellular autophagy is a prosurvival mechanism in the kidney against ischemia 

reperfusion injury (IRI), but the molecular pathways to activating autophagy in ischemic 

kidneys are not fully understood. Clusterin (CLU) is a chaperone-like protein and its 

expression is associated with kidney resistance to IRI. This study investigated the role of CLU 

in the prosurvival autophagy in the kidney. Renal IRI was induced in mice by clamping renal 

pedicles at 32°C for 45 min. Hypoxia in renal tubular epithelial cell (TEC) cultures was 

induced by exposure to 1% O2 atmosphere. Autophagy was determined by either LC3-BII 

expression in Western blot or LC3-GFP aggregation in confocal microscopy. Cell apoptosis 

was determined by flow cytometric analysis. Unfolded protein response (UPR) was 

determined by PCR array. Here, we showed that autophagy was significantly activated by IRI 

in wild type (WT) but not CLU deficient kidneys. Similarly, the autophagy was activated by 

hypoxia in human proximal TECs (HKC-8) and WT mouse primary TECs but was impaired 

in CLU null TECs. Hypoxia activated autophagy was CLU dependent and was positively 

correlated with cell survival, and inhibition of autophagy significantly promoted cell death 

both in HKC-8 and mouse WT/CLU expressing TECs, but not in CLU null TECs. Further 

studies showed that CLU-dependent prosurvival autophagy was associated with UPR 

activation in hypoxic kidney cells. In conclusion, these data suggest that activation of 

prosurvival autophagy by hypoxia in kidney cells is required CLU expression, and may be a 

cytoprotective mechanism of CLU in the protection of the kidney from hypoxia/ischemia-

mediated injury.   
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Lay Summary  

Clusterin is a glycoprotein that has been discovered over thirty years ago. It has been 

studied to have some protective properties in the brain from Alzheimer’s and in the cancer 

field. In our lab, we have established that it has some protective properties in the kidneys. The 

cells have several defence mechanisms and one of them is called autophagy which translated 

to self eating. So, when the cells die it leaks some of its materials and proteins out and in order 

to prevent that from happening the cells self destructs and ‘eats itself’. Our study is trying to 

prove that the defence mechanism of clusterin in the kidney cells is autophagy. 
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1. Introduction.  

1.1 Acute Kidney Injury.  

 

 The definition of an acute kidney has been a long standing debate and several 

definitions such as RIFLE and AKIN have come out mostly relying on serum creatinine from 

baseline associated with a decline in urine output within a certain period of time usually within 

48 hours. (93). But for the purpose of this study we will use the common definition being an 

increase in serum creatinine of > 26.4 unmol/L within 48 hours or a percentage of increase in 

serum creatinine of 50% or more or a reduction in urine output of < 0.5ml/kg/hour for more 

than 6 hours. There are several causes of AKIs. The best way to approach it is to divide it into 

three major categories:  

Pre-renal causes, renal causes or intra-renal causes and post renal causes.  

Pre -renal AKI is defined as an insult to the kidney(s) that results in a decline of kidney 

function.  The damage in a pre-renal insult happens to the structure supplies the kidneys 

mainly the blood vessels whether it is decreased perfusion from low volume, obstruction from 

an external mass or emboli. Renal causes include damage that happens within the kidney 

structures such as the tubules, interstitium, glomeruli and vessels and post renal causes arises 

from any obstruction to ureters bladder and urethra such as stones masses and the 

prostate.There have been several markers as well as prediction scores that have been studied 

to establish the presence of an acute kidney injury.  

Several characteristics have been established in order to choose an ideal biomarker 

for confirming an AKI and for that creatinine fits most of these characteristics. But so far 

there are no biomarkers indicating if the kidney has the ability to to protect itself from 

any injury.  
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1.2       Ischemic Reperfusion Injury.  

1.2.1 Definition.   

 

Ischemia is a hypoxic condition which disrupts blood flow to the tissue, and subsequent 

reperfusion is the restoration of blood flow to the ischemic tissue, which together result in 

tissue injury referred to as ischemia-reperfusion injury (IRI). Renal IRI induces acute kidney 

injury (AKI) and is seen in many clinical situations, including kidney transplantation (1,2) or 

cardiac surgery-associated AKI (CSA-AKI)(3-5). In kidney transplantation, the severe 

ischemic injury in donor kidneys from donation after cardiac death (DCD) is a primary reason 

for their discard (2), and in grafted kidneys it causes delayed graft function (DGF) (6,7), and 

is a high risk factor for both acute and chronic allograft rejection (8,9), eventually resulting 

in graft loss(10-13. CSAAKI is characterized by an abrupt reduction in glomerular filtration 

rate of the kidney after cardiac surgery(5,12), and may contribute to the increased mortality 

as a small (0.3–0.5 mg/dl) or larger (>0.5 mg/dl) increase in serum creatinine (sCr) after 

cardiac surgery correlates with a nearly 3- or 18-fold increase in 30-day mortality, 

respectively(4). Furthermore, CSA-AKI worsens long term complications in patients who 

have additional risk factors such as advanced age, renal insufficiency, diabetes mellitus, 

systemic hypertension or systemic lupus erythematosus(5). Unfortunately, there is no 

effective therapy available to treat renal IRI as of today.  
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1.2.2 Pathophysiology.  

 

IRI is complicated by the ischemia or hypoxia first, followed by the blood reperfusion 

or reoxygenation, in which both hypoxia and reoxygenation can induce apoptotic and 

necrotic cell death(13,14). Evidence in literature suggests that renal IRI is multifaceted 

including inflammatory and immune responses, oxidative stress, induction of cell death and 

incomplete renal repair(15-17), but its pathogenesis is still not fully understood. It has been 

known for a while that in the response to pathological stresses (e.g. nutrient depletion or 

starvation) cellular autophagy is activated to rebalance the energy source through a catabolic 

self-degradative process of misfolded or aggregated proteins and/or damaged organelles (i.e. 

mitochondria, endoplasmic reticulum and proxisomes) (18,19). Recent studies have shown 

an increase in autophagic activity in the kidneys following IRI or in hypoxic kidney cells(20-

23) . Although different biological functions of autophagy have been reported to associate 

with either cell survival or death under certain circumstances (24-27), it has been clearly 

demonstrated that the activation of autophagy provides a protective mechanism in the kidney 

for cell survival during IRI (20,28,29). However, little is known of the molecular pathways 

that regulate prosurvival autophagy in the kidneys during IRI.  
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1.3. Clusterin.  

1.3.1 Definition.   

 

Clusterin (CLU) is a chaperone-like glycoprotein (30,31), that has been establised by 

numerous studies that it has cytoprotective effects not only to the kidneys but also to the heart 

brain and GI tract (32). Clusterin (CLU) protein was  first discovered more than thirty years 

ago (93), and a large volume of research has been dedicated to it since – there are more than 

two thousand publications in Pubmed/NCBI databases when using ‘clusterin’ as a keyword 

search criteria today. Human CLU gene (NCBI Gene ID: 1191) is located at chromosome 

8p21-p12, and consists of 10 exons, in which the rest two exons are alternative (designated 1 

and 1’) (94).   

Thus, CLU gene can be transcribed into at least three mRNA variants (NCBI Reference 

No.: NM_001831.3; NR_038335.1; NR_045494.1) or perhaps even more (95).  The mRNA 

isoform 1 is a major form of CLU mRNA, whereas other forms including mRNA isoform 2 

collectively count for less than 1% of total CLU mRNA (95). Two isoforms of CLU proteins 

have been well characterized; nuclear isoform of CLU (nCLU, isoform 1) containing the 

nuclear localization signal that is translated due to the splicing at exon 1 and 3 together placing 

a downstream AUG at exon 3 as the first available translation and lacking of exon 2 (95,96), 

while pre-secreted isoform of CLU (sCLU) containing the endoplasmic reticulum (ER)-

targeting signal encoding in exon 2 (95).  The nCLU is translocated into the nucleus after 

translation and probably without glycosylation (95), whereas the pre-secreted sCLU is 

targeted to ER and Golgi bodies glycosylation and cleavage between Arg-205 and Ser-206 to 

produce mature sCLU, a secreted disulfide linked heterodimer of α- and β-chains (97,99). 

Under certain stress conditions, sCLU however can be retrotranslocalized into the cytosol 



5	
	

instead of secretion (81). However, the cellular localization of all these isoforms and their 

expression are largely unknown. Murine CLU gene (NCBI Gene ID: 12759; MGI ID: 88423) 

is found at chromosome 14, and contains nine exons that are only transcribed to a single 

mRNA (NCBI Reference No.: NM_013492.2, 1808 bp) (100). nCLU isoform has not been 

found in mice as of yet. The homolog of mouse CLU to human sCLU is 75% at the amino 

acid level, and both have the same ER-targeting signal peptide and the cleavage site (101). 

By immunohistological staining using the same anti-CLU α-chain antibody, CLU protein was 

localized in-human kidney sections in the same pattern as that of mice.  Plus, CLU in mice 

can serve as a counterpart for sCLU both extracellular and intracellular) in humans, 

particularly in the study of the kidney disorders.  

 

1.3.2 Physiology.   

 

In the human body, sCLU is a major glycoprotein in all the physiological fluids such 

as plasma, milk, urine, cerebrospinal fluid, and semen (98). It is constitutively produced and 

secreted by almost all cell types that form the cellular interfaces of fluid compartments (98), 

and similarly by the liver (101). The serum levels of sCLU in humans are present in a range 

of 35-353 μg/mL (102-105). In tissue, upregulation of CLU expression (probably including 

nCLU) is associated with many pathophysiological processes, such as neuropathologies 

(106,107), heart disease (108), cancer (109-111), kidney transplant rejection, and kidney 

disease including glomerulonephritis (112,113). In rodents, renal CLU is upregulated 

following a variety of insults, such as unilateral ureteral obstruction (UUO) and ischemia-

reperfusion injury (IRI) (35,114), acute glycerol-induced renal failure, chronic vitamin E and 

selenium deficiency (115), lupus-like nephritis (116), and in resident glomerular cells exposed 
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to complement-mediated injury (117).  The CLU expression in glomerular mesangial and 

epithelial cells, as well as renal proximal tubular epithelial cell (TEC) is increased in response 

to the stimulation of thrombin (118) and hypoxia in our published observations. Further 

studies indicate that CLU is an apically secreted glycoprotein in renal TECs (119), and is 

detected in both viable and apoptotic cells following renal injury (113,120).  The molecular 

mechanism(s) for either constitutive or inducible expression of CLU have not been well 

investigated. It has been reported that CLU gene proximal promoter contains a ‘clusterin 

element’ (CLE) that is specifically bound by heat-shock factor (HSF) 1 after heat shock, or 

by HSF1-HSF2 up on proteasome inhibition (121,122), resulting in the induction of CLU 

gene transcription. The primary structure of sCLU in both α- and β-chain subunits contains 

several large molten globule domains, amphipathic regions and coiled-coil αhelices 

(30,73100,123), which are typical of molecular chaperone - conformational adaptability to 

allow CLU protein to bind its substrate proteins or lipids with high afinity and low specificity 

(30,31,90). Furthermore, one study has revealed that the glycosylation of sCLU may not be 

required for its overall secondary structure content and binding activity to its substrate (124). 

The biological activities of extracellular sCLU have been studied extensively; it was initially 

found to induce cell aggregation (125-127), and in the plasma it inhibited the cytolysis of 

complement membrane attack complex (MAC) by binding to the complement components 

(128-130), and was associated with both high-density lipoprotein (HDL) and low-density 

lipoprotein (LDL) complexes (123,131,132).  These studies suggest that sCLU in the blood 

may serve not only as an inhibitor of the lytic terminal complement cascade, but also as a 

regulator of lipid transport and local lipid redistribution. Furthermore, addition of sCLU 

prevents cell apoptosis in cultured cells treated with TNF-α, H2O2 or gentamicin probably 
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by activation of magalin- phosphatidylinositol 3-kinase/Akt pathway (133-135), and mediates 

clearance of cellular debris into non-professional phagocytes (136).  

Based on all of these observations, it has been proposed that sCLU functions as an 

extracellular chaperone, a previously unknown quality- control system for protein folding that 

mediates the recognition and disposal of extracellular misfolded proteins via receptor (i.e. 

megalin)- mediated endocytosis and lysosomal degradation (137). This hypothesis is 

supported by a recent study showing that sCLU in the blood binds to a panel of proteins, 

including ceruloplasmin, brinogen, and albumin, in response to physiologically relevant stress 

(138).  

Inside human cells, in addition to nCLU isoform that is mainly localizing in the nucleus 

and triggers cell death (139), sCLU could redirect to the cytosol under cellular stress (81,140). 

In mice, CLU in normal tissues (heart and kidney) is present as a single protein band at 

approximately 40 kDa in Western blot analysis in our studies (38,114,154), while in cultured 

cells from these tissues two protein bands at approximately 60 kDa and 40 kDa are detected 

(38,114,154), suggesting that mouse CLU probably is also retrotranslocated to the cytosol 

following exposure to sub lethal stress in culture conditions. A variety of biological activities 

of intracellular sCLU or cytoplasmic CLU (cCLU) have been reported; it inhibits apoptosis 

by the interaction with BAX or GRP78 (80,82,140) or promotes cell survival by the activation 

of Akt and NF-κB pathway (134,141). It is of much more interest to see that sCLU (~70 kDa) 

acts as an intracellular chaperone to interact with both ATP7A and ATP7B (Cu-ATPases) and 

facilitates degradation of misfolded/mislocalized mutant ATP7B (142). Whether or not 

intracellular sCLU plays a role in ER quality control machinery that facilitates the degradation 

of mis/ un-folded proteins in ER remains under further investigation.  
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During rodent embryogenesis, CLU expression is detected in a variety of the tissues in 

many developing organs, such as the epithelial cells of comma and S-shaped bodies of the 

primordial kidney (143), developing islet of Langerhans of the primordial pancreas (143), 

myocardial cells adjacent to developing endocardial cushions of both atrioventricular canal 

and truncusarteriosus, stromal connective tissue throughout leaflet formation of the 

developing hearts (144), hypothalamic region, neocortex and hippocampus of the developing 

brain (145,146). Interestingly however, complete knockout (KO) of CLU expression in CLU 

KO mice has   not been found to cause any phenotypic change in postnatal development as 

compared to WT mice (42), suggesting that CLU may not be absolutely required for the 

differentiation and morphogenesis of an organ (i.e. kidney). Although brain weight, neurons, 

astrocytes and oligodendrocytes are not significantly different between WT and CLU KO 

mice during postnatal development, it is noted that there is a significant deficit in motor cells 

(~16%) in the facial nucleus in CLU KO compared with WT mice (147), suggesting that CLU 

may have a negative impact on neuronal development in certain motor nuclei. Indeed, in 

cultured progenitor or undifferentiated cells, CLU enhances neuronal differentiation from 

neural precursor cells (148), and ectopic over expression of CLU significantly  up-regulates 

the expression of morphogenic factor Pdx-1 and Ngn-3 that is correlated with an increase in 

β-cell transformation from neogenic ductal cells (49), and increases CXCR4 expression and 

migration of cardiac progenitor cells (150). 

We have recently demonstrated that kidney repair or tissue regeneration is impaired 

after IRI in CLU KO mice (38), suggesting that CLU may play a key role in the differentiation 

and migration of renal stem/progenitor cells that have been found to contribute to renal repair 

after injury (151-153) which however remain elusive. Its expression is significantly up-
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regulated in the kidneys of animal models of unilateral ureteral obstruction (UUO) and IRI 

(33,34,35) or in renal biopsies from rejected renal allografts or diseased kidneys(36). Up-

regulated CLU may play a protective role in the kidney because a deficiency in CLU 

expression in mice (CLU knockout) results in the development of age-related glomerulopathy 

(37), increases the susceptibility to renal IRI or impairs renal repair after IRI (38,39). As a 

matter of fact, Clusterin has been recently studied that its urinary excretion could be a marker 

for worsening Diabetic Nephropathy.   

Recently, we have found that CLU overexpression enhances cell survival via 

autophagydependent pathways in prostate tumor cells(40). The objective of this study was to 

investigate if the cytoprotection of CLU in the kidney was mediated by the activation of 

prosurvival autophagy during IRI.   
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2. Methods, Materials, and Animal Models.    

2. 1 Animals and cell cultures materials and methods.  

Both wild type (WT) C57BL/6 (B6) and CLU knockout (CLU-/-, KO) strains of mice in  

B6 background were received from the breeding colonies in the animal facility at the Jack 

Bell Research Centre (Vancouver, BC) (39). GFP-LC3 transgenic mice in B6 background 

were a kind gift from Dr. Noboru Mizushima (Department of Physiology and Cell Biology, 

Tokyo Medical and Dental University, Tokyo, Japan) (41), and were subsequently 

backcrossed for ten generations into B6-CLU-/- mice in our facility to generate GFP-LC3 CLU 

KO (GFPLC3+/+CLU-/-) mice as a CLU null control of GFP-LC3 CLU WT (GFP-

LC3+/+CLU+/+) mice, respectively (40). In these GFP-LC3 transgenic mice, GFP-LC3 was 

ubiquitously expressed under the control of the CAG promoter, and the accumulation of GFP 

puncta represented the formation of autophagosomes or autophagy activation(41). Genotypes 

of both CLU KO and GFP-LC3 knock in strains of mice were confirmed by PCR as described 

previously(40,42).  

Human proximal tubular epithelial cell (TEC) line HKC-8 was kindly provided by Dr.  

Daniel L. Sparks (Ottawa, ON, Canada) under the permission from Dr. Lorraine Racusen 

(43).  

MKC-1 cells were generated by immortalizing primary TECs from WT B6 mice 

with origin deficient SV40 DNA (39). Both CLU-expressing TECs and CLU-negative 

control cells were originated from the same CLU null TECs by stable expression of either 

human CLU isoform 1 cDNA using pHEX6300 vector (denoted as TEC-CLUhCLU) or 

empty pHEX6300 vector (denoted as TEC-CLU-/-) (38). Primary murine TECs were 

isolated from the kidney cortex of mice following the protocol as described previously 
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(44). In brief, renal cortex was collected and minced in HBSS containing penicillin-

streptomycin. The tissue fragments were washed twice with HBSS and then digested with 

1 mg/ml of collagenase V (Sigma-Aldrich Canada, Oakville, ON, Canada) in HBSS at 

37°C for 15 min with intermittent agitation of the tissue. The digested tissue was sieved 

through a 40 µm Cell Strainer (BD FalconTM, BD Biosciences, Mississauga, ON, Canada). 

After washing with HBSS and subsequently with complete K1+/+ medium as described 

previously (18), the sieved cells were seeded and grown in complete K1+/+ medium in a 

collagen-coated flask. Finally, the phenotypes of primary TECs were confirmed by their 

expression of E-cadherin and CD13 (Alanine aminopeptidase) in fluorescence-activated 

cell sorter (FACS) analysis. All TEC lines (HKC-8, MKC-1, TEC-CLUhCLU and TEC-

CLU-/-) and the primary TECs were grown in complete K1+/+ medium.   

 

2.2 Reagents and antibodies. 

Both Annexin-V conjugated with phycoerythrin (Annexin-V-PE) and 7-aminoactinomycin  

D (7-AAD) were purchased from BD Biosciences, Bafilomycin A1 (Baf A1) was from 

Sigma-Aldrich Canada. Spautin-1 was from Cellagen Technology (San Diego, CA, USA)  

Primary antibodies used in this study were: goat polyclonal anti-CLU-alpha (C-18, Santa 

Cruz Biotech, Santa Cruz, CA, USA), rabbit polyclonal anti-LC3B (#2775, Cell Signaling  

Technology, New England Biolabs, Ltd., Whitby, ON, Canada), rabbit polyclonal anti-

IRE1 (phospho-ser724) (Biorbyt, Cambridge, UK), rabbit polyclonal anti-IRE1-alpha 

(NB100-2324, Novus Biologicals, Littleton, CO, USA), and mouse monoclonal anti-β-

actin (clone AC-40, Sigma-Aldrich Canada). Secondary antibodies were: horseradish 

peroxidase (HRP)-conjugated anti-goat IgG (sc-2020), anti-mouse IgG HRP (sc-2314) and 

anti-rabbit IgG HRP (sc-2313). All were from Santa Cruz Biotech.    
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2.3 Renal IRI model.  

Renal IRI was induced in the left kidney. In brief, mice were anesthetized with the 

combination of ketamine (100 mg/kg) and xylazine (10 mg/kg), and isoflurane as needed. 

The left kidneys were exposed through a flank incision, followed by the induction of ischemia 

in these kidneys through clamping renal pedicles at the body temperature of 32oC for 45 min. 

After the clamps were released, reperfusion of the kidneys was confirmed visually. In order 

to examine the increase in autophagic activity (GFP prunta) in the left kidneys of GFP-

LC3+/+CLU-/- and GFP-LC3+/+CLU+/+ mice after reperfusion, the non-ischemic right kidneys 

in the same mice were kept as contralateral controls.   
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3. Experiments.   

3.1 Induction of hypoxia in vitro.  

 Hypoxia in cultured kidney cells in complete K1+/+ medium was induced by incubation 

 in a humidified hypoxic chamber (Coy Laboratory Products, Inc., Grass Lake, MI, USA) 

, pumped with a gas mixture of 1% O2, 5% CO2 and 94% N2 at 37oC, while identical (twin 

 culture) cell cultures were grown a humidified CO2 incubator in an atmosphere containing 

 5% CO2 and 95% air (approximately 20% O2) at 37oC as normoxia controls.  

 

 3.2 Analysis of GFP-LC3 puncta formation.  

 GFP–LC3 mice are commonly used to monitor the induction of autophagic activity or 

autophagosome numbers, indicated by the increased number of GFP-LC3 puncta in tissue 

sections (41,85). For the assessment of IRI-induced autophagy in the kidney, renal tissues 

after 24 h of ischemia-reperfusion were collected from both injured and contralateral kidneys, 

and fixed with paraformaldehyde fixation solution (4% paraformaldehyde dissolved in 0.1 M 

Naphosphate buffer, pH 7.4) for 4 h, incubated overnight with 15% sucrose/PBS, and 30% 

sucrose/PBS for 4 h. Tissues were then embedded in Tissue-Tek OCT medium and stored at 

−80°C. Sections (5–7 μm) were prepared with a cryostat and air dried at room temperature 

for 30 min. To examine hypoxia-induced autophagy in cultured kidney cells, kidney cells on 

glass coverslips were exposed to hypoxia or normoxia for 24 h, followed by fixing in the 

paraformaldhyde solution for 15 min and rinsing with PBS. The nuclei in both tissue sections 

and cultured cells were stained with 4’,6-diamidino-2-phenylindole (DAPI, Cell Signaling 

Technology). GFP-LC3 puncta formation (green) and DAPI-stained nuclei (blue) in tissue 



14	
	

sections or cultured cells were visualized using a Zeiss LSM 780 confocal microscope (Carl 

Zeiss, Thornwood, NY, USA). 

 

3.3 Semi-quantitative analysis of renal injury.  

Histological assessment of tubular injury in kidney sections was performed in a 

blinded fashion. Formalin-fixed and paraffin-embedded sections (5 µm thickness, 

longitudinal) were stained with Periodic acid-Schiff (PAS) reagents. The percentage of 

damaged tubule (combined both necrosis and vacuolization) in total of tubules was counted 

in each view, randomly selected in the region of renal cortex under ´400 magnification, and 

was presented as an average of at least 20 non overlapping fields for each kidney.   

 

 3.4 Analysis of cell apoptosis.   

Apoptosis in cultured kidney cells was measured by fluorescence-activated cell sorting 

(FACS) analysis following the manufacturer’s protocol (BD Biosciences) as described 

previously (39), in which Annexin-V-PE stained early apoptosis and 7-AAD late apoptosis 

or necrosis. In a FACS graph, non-apoptotic (viable) cells were in low left quadrant, necrotic 

cells in upper left quadrant (7-AAD positive only), late apoptotic cells in upper right quadrant 

(both Annexin-V and 7-AAD positive) and early apoptotic cells in lower right quadrant 

(Annexin-V positive only). Briefly, monolayers of kidney cells were released by a brief 

incubation with Trypsin-EDTA solution (Sigma-Aldrich Canada), and then incubated with 

Annexin-V-PE in 1 X binding buffer for 15 min, followed by 7-AAD in the dark. The 

intensity of fluorescence of apoptotic and necrotic cells was measured by flow cytometry and 
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analyzed as compared to background controls using CELLQUEST software (BD 

Biosciences).    

  

3.5 Western blot analysis.  

 The Western blot analysis of protein expression was routinely performed following a 

standard protocol in the laboratory. In brief, whole cellular protein extract was prepared by a 

brief sonication of pieces of renal cortex or cell pellets in RIPA buffer (50 mM Tris-HCl, pH 

8.0, 150 mM NaCl, 1% Nonidet P-40, 0.5% sodium deoxycholate, and 0.1% SDS) containing 

protease inhibitor cocktail (Roche, Mannheim, Germany), and fractioned by 7 to 15% 

SDSpolyacrylamide gel electrophoresis’ (SDS-PAGE) according to the molecular size of the 

target protein. After transferring to nitrocellulose membranes (Bio-Rad Lab, Hercules, CA, 

USA), the target proteins on the blot were identified using relevant primary antibodies along 

with HRPconjugated secondary antibodies as described in ‘Reagents and antibodies’ section, 

and visualized by an enhanced chemiluminescence assay (ECL, Thermo Fisher Scientific, 

Inc., Rockford, IL, USA). The blots were re-probed with anti-β-actin IgG antibody (Sigma-

Aldrich Canada) to confirm equal protein loading in each sample. The expression levels of 

the target proteins were measured using a densitometry and were presented as a ratio unit 

(RU) of the target protein to beta-actin on the same blots.  

 

3.6 PCR array.  

 The expression of unfolded protein response (UPR)-associated 84 genes in cultured 

TECs was quantitatively examined using PCR Arrays kits following manufacturer’s 

instruction (SABiosciences – QIAGEN Inc., Valencia, CA, USA). Each group (CLU-

expressing TECCLUhCLU versus CLU null TEC-CLU-/-) included four different samples (TEC 



16	
	

cultures grown at four separate times) that were randomly selected for the determination of 

gene expression profile using PCR arrays. The total RNA from each sample was directly 

extracted and purified from the monolayer after 24 h of either hypoxia or normoxia using the 

RNeasy Microarray Tissue Mini kit (QIAGEN) and was converted to cDNA using RT2 First 

Strand Kit (QIAGEN). The expression of selected genes was amplified by real-time PCR 

using RT2 Profile PCR arrays (QIAGEN). Data were analyzed using Web-based PCR Array 

Data Analysis Software (www.SABiosciences.com/pcrarraydataanalysis.php.). The 

functional gene grouping was listed based on the reference provided by the manufacturer’s 

website (http://www.sabiosciences.com/rt_pcr_product/HTML/PAMM-089A.html).   

 

 3.7 Statistical Analysis.   

 Analysis of variance (ANOVA) or t-tests (two-tailed distribution) in Prism GraphPad 

software (GraphPad Software, Inc., La Jolla, CA, USA) were used as appropriate for 

comparisons between groups. Data were collected from each individual experiment or each 

mouse for statistical analysis. A p value of ≤ 0.05 was considered significant.  
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4 Results.  

 4.1 CLU is required for activating autophagy and reducing tissue injury in the kidneys 
with IRI.  

 Several studies have demonstrated either the up-regulation of CLU expression (25,39) 

or the activation of autophagy(20,21,28) in tubular cells of the kidneys with IRI. To 

investigate if the autophagy played a role in the cytoprotectivity of CLU against renal IRI as 

demonstrated previously(39), the autophagic activity in WT kidneys compared to CLU null 

kidneys was examined following IRI induction. Like these previous observations, the number 

of LC3-GFP prunta was markedly increased in the tubules of the kidneys after 24 h of 

reperfusion as compared to that in contralateral kidneys in WT LC3-GFP transgenic mice 

(Fig. 1A, left column), indicating the activation of autophagy by IRI in these kidneys. By 

contrast, in CLU KO LC3-GFP mice, IRI did not induce such significant autophagic activity 

in the kidneys, as there was not much difference in LC3-GFP prunta between the kidneys 

with IRI and contralateral controls (Fig. 1A, right column). Similar to our previous study(39), 

WT kidneys displayed less tubular injury (11.3 ± 2.5%) than CLU KO counterparts (32.6 ± 

9.8%) (p = 0.0057, two-tailed ttest, n = 4) after induction of IRI in LC3-GFP transgenic mice 

(Fig. 1B), suggesting the association of autophagic activity with the resistance to IRI in WT 

kidneys. To further confirm the autophagic activity and its role in the kidneys during IRI, 

LC3 expression was examined by Western blot in the kidney samples from our previous study 

(39), in which non-transgenic WT mice were shown to be more resistant to renal IRI as 

compared with CLU KO mice after 48 h of reperfusion. As shown in Fig. 2, the levels of both 

LC3 I and II in the protein extracts of renal cortex from WT kidneys were significantly higher 

than those in CLU null kidneys. These data together suggest that the autophagy activated by 
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IRI in the kidneys is largely dependent on the expression of CLU and is associated with the 

resistance to tissue injury.  

 

 4.2 CLU is required for activating autophagy and promoting cell survival in cultured 
kidney cells under hypoxia.   

 IRI is initiated by the insufficient blood flow or reduced oxygen supply to the tissue, 

resulting in profound tissue hypoxic injury (45), and the autophagy is activated in cultured 

renal TECs by exposure to hypoxic environment – atmosphere containing 1% of O2(20,21). 

As shown in Fig. 3A, LC3B-II expression in human proximal tubular HKC-8 cells was 

increased after 24 h of incubation under the hypoxic atmosphere (1% of O2) as compared to 

that in cultures at 95% of atmospheric O2 levels (~ 20% of O2), confirming the induction of 

autophagic activity in human proximal TECs by hypoxia in vitro. Also, the activation of 

autophagy in hypoxic tubular cells was positively correlated with the up-regulation of CLU 

expression (Fig. 3A). The relationship of hypoxia-induced autophagy with CLU expression 

was further verified in primary renal cortical epithelial cells isolated from WT or CLU KO 

mice. As shown in Fig. 3B, as compared to the control cells at normoxia LC3B-II expression 

was markedly up-regulated by hypoxia in WT cells, whereas there was a slightly increase in 

LC3B-II expression in hypoxic CLU KO cells. The hypoxia-induced autophagy in WT kidney 

cells was further confirmed in primary renal cortical epithelial cells isolated from LC3-GFP 

transgenic WT or CLU KO mice (Fig. 3C), in which the number of LC3-GFP prunta was 

significantly increased only in hypoxic WT kidney cells.   

CLU expression increases cell survival in cultured kidney cells exposed to cytokine 

mixture (IFN-alpha and TNF-alpha) (39). To verify if CLU mediated kidney cell survival 

under hypoxia, cell viability or death was examined in hypoxic CLU-expressing kidney cells 
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as compared to CLU null control cells. As shown in Fig. 4, cell viability in cultured primary 

renal cortical epithelial cells isolated from WT or CLU KO mice was significantly decreased 

after 24 h of exposure to hypoxia, indicated by in WT cells 86.9 ± 5.95% (n = 5) under 

normoxia to 67.93 ± 4.17% (n = 9) under hypoxia (p < 0.0001, two-tailed t-test), or in CLU 

KO cells 78.13 ± 5.31% (n = 7) under normoxia to 55.77 ± 8.2% (n = 9) under hypoxia (p < 

0.0001, two-tailed t-test). Further statistical analyses showed that there were more viable cells 

in WT cells than in CLU KO cells in both normoxic and hypoxic conditions, indicated by 

two-tailed t-test (normoxia: p = 0.0226; hypoxia: p = 0.0009) or two-way ANOVA (WT vs. 

KO, p < 0.0001). These results were further confirmed using human CLU-expressing CLU 

null kidney cells (TEC-CLUhCLU) compared to CLU null TEC-CLU-/- cells that were 

established previously (38). As shown Fig. 5, CLU-expressing TEC-CLUhCLU cells were more 

resistant to hypoxia-induced cell death, indicated by 75.96 ± 3.0% of viable cell population 

in TEC-CLUhCLU cell cultures compared to 62.68 ± 1.81% in TEC-CLU-/- control (p = 0.0028, 

two-tailed t-test, n = 3). Taken together, these data clearly indicate that CLU expression is 

required for activating autophagy and increasing cell survival in cultured kidney cells under 

hypoxia, which are consistent with less tissue injury and higher degree of autophagy 

activation in WT kidneys as compared to those in CLU null kidneys (Fig. 1).   

 

 4.3 CLU-mediated autophagy protects kidney cells from hypoxia-induced cell death.  

 Autophagic activity links to both types of cell death (apoptosis and necrosis), and it 

either promotes cell survival or results in cell death in response to adverse environment and 

stress (46,47). As shown above, a higher level of autophagic activity was found in WT 

kidneys with less IRI (Fig, 1), and in CLU-expressing kidney cells with less cell death under 

hypoxia (Figs. 35). To reveal the role of autophagy in kidney cell survival in response to 
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hypoxia, cell survival was examined in hypoxic kidney cells in the presence of autophagy 

inhibitors (Baf-A1 and Spautin-1). Both human and mouse kidney cell cultures (HKC-8 and 

MKC-1) were treated with Baf-A1 (0, 5 or 10 nM) under either hypoxia or normoxia for 24 

h. As shown in Fig. 6, hypoxia induced cell death in both HKC-8 and MKC-1 cell cultures as 

expected, and addition of Baf-A1 further reduced cell survival in hypoxic HKC-8 cells from 

88.2 ± 1.5% in the absence of the inhibitor to 79.8 ± 4.2% in the presence of 10 nM Baf-A1 

(p = 0.0245, one-way ANOVA, n = 3) while the inhibitor did not attenuate the viability of 

cell cultures under normoxia (Fig. 6B). Similar results were seen in cultured MKC-1 cells 

(Fig. 6C). These data were further confirmed in cultured TEC-CLUhCLU compared to TEC-

CLU-/- cells, which were treated with a different autophagy inhibitor Spautin-1.  As shown in 

Fig. 7, Spautin-1 reduced the cell survival in TECCLUhCLU cells under normaxia and more 

profoundly under hypoxia, which was similar to BafA1-treated MKC-1 cells (Fig. 6). By 

contrast, the autophagy inhibitor did not show significant impact on the cell death of CLU 

null TEC-CLU-/- cells under either normoxia or hypoxia (Fig. 7C). These data may suggest 

that the cytoprotection of CLU in kidney cells is mainly mediated by activating the autophagy, 

and vice versa.   

 

 4.4 CLU-dependent prosurvival autophagy correlates with an increase in UPR in 
hypoxic kidney cells.  

 Acute ischemia induces endoplasmic reticulum (ER) stress and subsequently activates 

UPR in the kidney(48,49), and the UPR, autophagy and proteasomal degradation together 

degrade and recycle the excess or damaged proteins to restore cellular homeostasis and/or to 

inactivate the cell death (i.e. apoptosis) pathway(50,51). To confirm if CLU-dependent 

prosurvival autophagy was associated with the UPR, the activation of UPR signaling 
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pathways was examined in hypoxic TEC-CLUhCLU cells compared to TEC-CLU-/- cells. By 

statistical comparison of the expression of 84 UPR-related genes in hypoxic TEC-CLUhCLU 

cells with TEC-CLU-/- cells in PCR array analysis, 57 genes were significantly up-regulated 

while 8 genes (Ganac, Uggt2, Ero1lb, Hspa2, Htra4, Hspb9, Rrn2 and Creb3l3) down-

regulated in hypoxic TEC-CLUhCLU cells (Suppl Table 1). The functional gene grouping 

showed that the mostly affected functional pathways of UPR by CLU was “regulation of 

translation”, “heart shock protein” and “ER protein folding quality control”, followed by 

“protein folding”, “unfold protein binding”, “protein disulfide isomerization” and “anti-

apoptosis” (Table 1).  The CLU-dependent activation of UPR in hypoxic kidney cells was 

further confirmed by western blot analysis of ER stress, inositolrequiring enzyme 1 (IRE1), 

one of principal UPR receptors. As shown in Fig. 8, the expression of IRE1 protein was up-

regulated by hypoxia in both TEC-CLUhCLU and TEC-CLU-/- cells as compared to those under 

normoxia. However, only a high level of phospho-IRE1 (p-IRE1) was seen in hypoxic TEC-

CLUhCLU cells (not TEC-CLU-/- cells) (Fig. 8), suggesting that this UPR receptor was more 

active in hypoxic TEC-CLUhCLU cells than those in CLU null TEC-CLU-/- cells. Taken 

together, these data indicate that CLU-dependent prosurvival autophagy is associated with 

more profound activation of UPR that may be related to the enhancement of protein 

translation and heat shock protein expression for protein folding and ER protein folding 

quality control, resulting in the prevention of cell apoptosis.     
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5. Figures and Tables.  

 

Fig. 1: Association of CLU-mediated IRI resistance with autophagy activation.  

 Both GFP-LC3+/+CLU-/- (CLU KO) and GFP-LC3+/+CLU+/+(CLU WT) C57BL/6 

male mice were subjected to renal ischemia–reperfusion at 32oC of body temperature for 45 

min. After 24 h of reperfusion, renal tissues were harvested from both the left (with ischemia-

reperfusion) and right (contralateral) kidneys for histological analyses. (A) A typical 

microscopic view of LC3-GFP puncta in the renal cortex of contralateral kidneys (Control) 

and kidneys with IRI, and of renal tubular damage in PAS stained sections in each group. 

Green: LC3-GFP puncta; blue: nucleus; G: glomerulus; *: damaged tubules. (B) The 

percentage of damaged tubules, including necrotic tubules, tubular dilation, intratubular cast 

formation and tubular vacuolation, in the section of the renal cortex was counted under ´400 

magnification by a semi-quantitative histological analysis with PAS staining in a blinded 

fashion. At least 20 randomly selected, nonoverlapping views were counted and averaged for 

each kidney/mouse. Data were presented as mean ± standard derivation  

(SD) in each group (KO vs. WT, p = 0.0057, two-tailed t-test, n = 4).    
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Fig. 2: Increase in LC3 (I and II) expression in the kidneys of WT but not CLU KO mice 

following renal IRI.   

 
 Both WT and CLU KO mice were subjected to renal IRI as described previously (92). 

After 48 h of reperfusion, the total cellular protein was extracted from the cortex and was 

fractionated by 12% SDS-PAGE. The levels of both LC3 I and II in the protein sample of WT 

(n = 4) or KO (n = 5) kidneys with IRI were determined using Western blot. Each lane 

represented one sample/mouse. Data were a representative of three separate experiments.   
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Fig 3: Activation of autophagy by hypoxia in CLU-expressing/WT but not in CLU null 

TECs in vitro.    

 
  

Monolayers of TECs were grown in K1+/+ medium overnight, followed by incubation 

under normoxia (~20% O2) or hypoxia (1% O2) for 24 h. The activation of autophagy was 

determined by either LC3-BII expression in Western Blot or LC3-GFP aggregation in 

confocal microscopy.  

(A) Total protein was extracted from HKC-8 cells, and the levels of CLU (cytoplasmic  

CLU/cCLU and secreted CLU/sCLU) and LC3B (I and II) were determined using Western 

blot. Two samples/lanes were collected for each group. Data were a representative of two 

separate experiments.  (B) Primary TECs were isolated from the kidney cortex of WT or CLU 

KO mice, and were exposed to hypoxia or normoxia for 24 h. Again, the levels of LC3B (I 

and II) in total protein extracts were determined using Western blot. Two samples/lanes were 

collected for each group. Data were a representative of two separate experiments. (C) Primary 

TECs were isolated from the kidney cortex of GFP-LC3+/+CLU+/+ or GFP-LC3+/+CLU-/- mice. 
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The degree of LC3GFP aggregation in these cells after 24 h exposure to hypoxia or normoxia 

was examined using confocal microscopy. Data were presented as a typical image in each 

group. Green: LC3-GFP puncta; blue: nucleus; N: normxia; H: hypoxia; RU: ratio units of 

LC3B-II to Beta-actin.   

  

Fig. 4: More cell survival in WT than CLU null TECs in hypoxia.  

 
 Monolayers of primary TECs from the kidney cortex of WT or CLU KO mice were 

grown in K1+/+ medium overnight, followed by incubation under normoxia (~20% O2) or 

hypoxia (1% O2) for 24 h. Cell death was determined by FACS analysis with 7-AAD (late 

apoptosis and necrosis) and Annexin-V-PE (apoptosis) staining. (A) A representative FACS 

graph for each group. (B) Statistical comparison of cell viability indicated by the percentage 

of doublenegatively staining population in the left lower quadrant in a FACS graph. Data are 

presented as mean ± SD in each group (WT vs. KO: p = 0.0028 in normoxia; p = 0.0009 in 

hypoxia, two-tailed t-test, n = 9).   
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Fig. 5: Increased cell survival in TECs with ectopic expression of human CLU in 
hypoxia.  

 
  

Monolayers of TEC-CLUhCLU and TEC-CLU-/- cells were grown in K1+/+ medium 

overnight, followed by incubation under normoxia (~20% O2) or hypoxia (1% O2) for 24 h. 

Cell death was determined by FACS analysis with both 7-AAD and Annexin-V-PE staining. 

(A) A representative FACS graph for each group. (B) Statistical comparison of cell viability 

indicated by the percentage of double negatively staining population in the left lower quadrant 

in a FACS graph. Data are presented as mean ± SD in each group (TEC-CLUhCLU vs. TEC-

CLU-/-: p = 0.9011 in normoxia; p = 0.0028 in hypoxia, two-tailed t-test, n = 3).   
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Fig. 6: Decreased cell survival in TECs by autophagy inhibition.  

Monolayers of HKC-8 and MKC-1 cells were grown in K1+/+ medium overnight, 

followed by incubation in the absence of presence of Baf-A1 (5 or 10 nM) under normoxia 

(~20% O2) or hypoxia (1% O2) for 24 h. Cell death was determined by FACS analysis with 

both 7-AAD and Annexin-V-PE staining. (A) A representative FACS graph for each group. 

(B) Statistical comparison of cell viability of HKC-8 cells treated with different 

concentrations of Baf-A1 (normoxia: p = 0.7961, hypoxia: p = 0.0245; one-way ANOVA, 

n=3).(C) Statistical comparison of cell viability of MKC-1 cells treated with different 

concentrations of Baf-A1 (normoxia:p = 0.004, hypoxia:p = 0.0004; one-way ANOVA, n=3). 
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Fig. 7: Decreased cell survival in CLU-expressing TECs but not in CLU null TECs by 

autophagy inhibition.  

 Monolayers of TEC-CLUhCLU and TEC-CLU-/- cells were grown in K1+/+ medium 

overnight, followed by incubation in the absence of presence of Spautin-1 (1, 5 or 10 µM) 

under normoxia (~20% O2) or hypoxia (1% O2) for 24 h. Cell death was determined by FACS 

analysis with both 7-AAD and Annexin-V-PE staining. (A) A representative FACS graph for 

each group. B) Statistical comparison of cell viability of TEC-CLUhCLU cells treated with 

different concentrations of Spautin-1 (normoxia: p = 0.0039, hypoxia: p = 0.0003; one-way 

ANOVA, n = 3). (C) Statistical comparison of cell viability of TEC-CLU-/- cells treated with 

different concentrations of spautin-1 (normoxia: p = 0.8447, hypoxia: p = 0.7157; one-way 

ANOVA, n = 3).  
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Fig. 8: Activated IRE1 in CLU-expressing TECs but not in CLU null TECs in hypoxia.   

  
 

Monolayers of TEC-CLUhCLU and TEC-CLU-/- cells were grown in K1+/+ medium 

overnight, followed by incubation under normoxia (~20% O2) or hypoxia (1% O2) for 24 h. 

The total cellular protein was extracted from the cultures using RIPA buffer and was 

fractionated by 7% SDS-PAGE. The levels of total IRE1, phospho-IRE1 (p-IRE1) and  -

actin in each sample were determined using Western blot. Each lane represented one sample. 

hCLU: TEC-CLUhCLU cells, CLU: TEC-CLU-/- cells. Data were a representative of three 

separate experiments.   
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Table 1. CLU-dependent UPR pathways in hypoxic kidney cells.  

 Functional pathways (total number 
of related genes) Number of affected genes Percentage of affected 

genes/function 

Regulation of translation (4) 4 up-regulated 100% 

Heat shock proteins (10) 9 up-regulated 90% 

ER protein folding quality control 
(10) 

7 up-regulated, 2 down-regulated 

(Ganc, Uggt2) 
90% 

Protein folding (19) 16 up-regulated 84.21% 

Unfolded protein binding (21) 
13 up-regulated; 3 down-regulated 

(Ero1lb, Hspa2, Hspb9) 
76.19% 

Protein disulfide isomerization (8) 
5 up-regulated, 1 down-regulated 

(Ero1lb) 
75% 

Anti-apoptosis (18) 
11 up-regulated, 2 down-regulated 

(Ern2, Hspb9) 
72.22% 

Regulation of cholesterol 
metabolism (7) 

5 up-regulated 71.43% 

Ubiquitination (13) 9 up-regulated 69.23% 

ER associated degradation 

(19) 

12 up-regulated, 1 down-regulated 

(Htra4) 
68.42% 

Transcription factors (17) 
8 up-regulated, 2 down-regulated 

(Creb3l3, Ern2) 
58.82% 
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Table 2. CLU-dependent Unfolded Protein Response (UPR)-related gene expression in 
hypoxic TECs.  

Functions  Gene (full name)  Fold change  P value  

Unfolded  

Protein Binding  

Cct4 (Chaperonin containing Tcp1, subunit 4)  2.2138  0.0069  

Cct7 (Chaperonin containing Tcp1, subunit 7)  1.8599  0.0026  

Htra2 (HtrA serine peptidase 2)  1.722  0.0272  

Tcp1 (T-complex protein 1)      

ER Protein  

Folding Quality  

Control  

Edem1 (ER degradation enhancer, mannosidase alpha-like 
1)  

1.7007  0.0075  

Erp44 (ER protein 44)  1.9689  0.0076  

Ganab (Alpha glucosidase 2 alpha neutral subunit)  1.5721  0.0012  

 Ganac (Glucosidase, alpha, neutral c)  -0.3576  0.0002  

Prkcsh (Protein kinase C substracte 80K-H)  2.097  0.002  

Serp1 (Stress-associated ER protein 1)  2.1261  0.0005  

Sil1 (ER chaperone SIL1 homolog, S.  

cerevisiae)  

1.9358  <0.0001  

Uggt1 (UDP-glucose glycoprotein glucosyltransferase 1)  1.754  0.0023  

Regulation of  

Cholesterol  

Metabolism  

Insig1 (Insulin induced gene 1)  2.3327  0.0083  

Srebf2 (Sterol regulatory element binding factor  

2)  

2.1412  0.038  

Regulation of  Eif2a (Eukaryotic translation initiation factor 2a)  2.1484  0.0101  
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Translation  Eif2ak3 (Eukaryotic translation initiation factor  

2 alpha kinase 3  

1.8803  0.0064  

ER-Associated  

Degradation  

Herpud1 (Homocysteine-inducible, ER stress inducible, 
ubiquitin-like domain member 1  

2.2256  0.0075  

Mbtps2 (Membrane-bound transcription factor peptidase, 
site 2)  

1.922  0.0012  

Sel1l (Sel-1 suppressor of lin-12-like, C.  

elegans)  

2.0743  0.0017  

Ubxn4 (UBX domain protein 4)  1.786  0.0035  

Ubiquitination  Sec62 (SEC62 homolog, S. cerevisiae)  1.6157  0.0011  

 Ube2j2 (Ubiquitin – conjugating enzyme E2, J2 homolog, 
yeast)  

1.9523  0.0365  

Ufd1l (Ubiquitin fusion degradation 1 like)  1.726  0.0195  

Usp14 (Ubiquitin specific peptidase 14)  1.8476  0.0147  

Vcp (Valosin containing protein)  1.7661  0.0158  

Transcription  

Factor  

Atf4 (Activating transcription factor 4)  4.2857  0.0038  

Atf6 (Activating transcription factor 6)  2.477  0.0019  

Xbp1 (X-box binding protein 1)  1.7543  0.0001  

Ern2 (ER to nucleus signaling 2)  -0.288  0.0059  

Protein Folding  Dnajb2 (DnaJ-Hsp40 homolog, subfamily b, member 2)  1.7447  0.0227  
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Dnajc3 (DnaJ-Hsp40 homolog, subfamily c, member 3)  1.6201  0.0058  

Hspa4I (Heat shock protein 4 like)  2.9044  0.0006  

Pfdn2 (Prefoldin 2)  1.95  0.0012  

Ppia (Peptidylprolyl isomerase A)  1.82  0.0433  

Sec63 (SEC63-like – S. cerevisiae)  1.785  0.0049  

Protein  

Disulfide  

Isomerization  

None      

Heat Shock  Haspa4 (Heart shock protein 4)  3.1924  0.0068  

Proteins  Haspa5 (Heat shock protein 5)  4.9698  <0.0001  

Hsph1 (Heat shock 105kDa/110kDa protein 1)  2.9439  <0.0001  

Apoptosis  H47 (Histocompatibility 47)  1.9258  0.0391  

Hspb9 (Heat shock protein, alpha-crystallinrelated, B9)  -0.464  0.0012  

Manf (Mesencephalic astrocyte-derived neutrophic 
factor)  

2.0582  0.0056  

Mapk10 (Mitogen-activated protein kinase 10)  1.88  0.0083  

Mapk8 (Mitogen-activated protein kinase 8)  2.0566  <0.0001  

 The levels of UPR-related genes were analyzed using mouse UPR PCR array (Catalog No. 

PAMM-089Z, QIAGEN, Toronto, ON, Canada).  
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6. Discussion.  

 AKI due to IRI is a common pathological factor leading to unacceptably high 

morbidity and mortality, and to the development of chronic kidney disease (CKD) or the 

transition from preexisting CKD to end-stage renal disease(87); however, the pathogenesis of 

renal IRI is not fully understood. Recently, many studies have demonstrated that autophagy 

is a cytoprotective mechanism in the kidneys against IRI(20,28,29), but the molecular 

mechanisms regulating this prosurvival autophagy remains largely unknown. This study for 

the first time demonstrates that CLU expression is required for the activation of the autophagy 

during IRI in the kidneys or by hypoxia in cultured kidney cells, and the CLU-dependent 

autophagy is at least one of pathways mediating the cytoprotection of CLU, indicated by less 

IRI in WT kidneys or more survived cells in cultures of CLU-expressing kidney cells under 

hypoxia as compared to their CLU null controls. The activation of CLU-dependent, 

prosurvival autophagy in hypoxic kidney cells also positively correlates with the induction of 

UPR, but how CLU regulate UPR in kidney cells in response to hypoxia needs further 

investigation. The kinetics of autophagic activity in the kidneys with IRI has been investigated 

in a strain of transgenic mice expressing both markers of autolysosome and early autophagic 

vacuoles, showing that both early autophagic vacuoles and autolysomes reach the maximal at 

day 1 after surgery, and the early autophagic vacuoles return to the control level at day 3 while 

the autolysosomes remain unchanged(52). Also, the proliferative activity decreases in cells 

containing the autolysosomes (52). This study suggests the autophagy initiation at day 1 and 

autophagosome clearance during renal recovery at day 3, and the autophagic cells are less 

likely to involve in renal repair after IRI(52).  
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The present study confirms that hypoxia- or IRI-stimulated autophagy is associated 

with increased cell survival in the kidneys or cultured kidney cells, and incubation with 

autophagy inhibitors results in an increase in cell death, suggesting a prosurvival function of 

autophagy in kidney cells under hypoxia. Many previous studies have shown that autophagic 

activity in renal tissues is stimulated by ischemia-reperfusion (28,29,44,52) and in cultured 

TECs by hypoxia (20,21,53); however, the molecular pathways to activating prosurvival 

autophagy in the kidney in response to hypoxia or IRI are not fully understood. It has been 

known that AMP-activated kinase (AMPK) is a sensor of cellular energy homeostasis (54), 

and its activity is required for autophagy activation in response to starvation (55) and 

hypoxia(56). Indeed, AMPK is strongly activated in the kidneys within 1 min of ischemia and 

remains so until 30 min(57), and agonist enhancement of AMPK activity improves autophagy 

and reduces renal IRI(58,59), suggesting that AMPK may be a key regulator of autophagy in 

the kidneys with IRI. Furthermore, it has been well documented that many biochemical events 

occur in renal tubular cells during the ischemia or hypoxia, which include a rapid degradation 

of ATP to ADP and AMP, and an increase in cytosolic Ca2+ and reactive oxygen (ROS) 

species (60). Interestingly, literature reports that hypoxia-activated AMPK in different 

experimental systems has been found due to elevating mitochondrial ROS and AMP through 

the activation loop of the upstream kinase LKB1 (61,62). and/or increasing cytosolic Ca2+ via 

Ca2+/calmodulin-dependent kinase kinase beta (62,63). However, a recent study shows that a 

significant reduction of AMPK activity in the kidneys of AMPK-Beta1 KO mice does not 

affect renal IRI at all as compared to WT controls(64), indicating that the role of AMPK in 

the activation of prosurvival autophagy, in particular CLU-dependent, in kidney cells under 

hypoxia or ischemia needs further investigation.  
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One of interesting findings in this study is that the prosurvival autophagy is detected in  

CLU-expressing kidney cells, even in those with ectopic expression of CLU, suggesting a role 

of CLU in the activation of prosurvival autophagy in the kidneys with IRI or hypoxic kidney 

cells. If CLU takes part in hypoxia-induced autophagy, autophagy-related proteins together 

with CLU are likely up-regulated by hypoxia in WT kidney cells. Indeed, hypoxia activates 

many transcription factors, including hypoxia-inducible factor-1 (HIF-1) (11). Activation of 

HIF-1 has been seen in the kidneys subjected to 45 min of renal ischemia and in cultured renal 

epithelial LLC-PK cells under hypoxia within 30 min and persisted for 4 h (20). HIF-1 

regulates gene expression through its interaction with a hypoxia response element (HRE) in 

target gene promoter (65). A recent study identifies three putative HRE sites (A/GCGTG) in 

CLU gene promoter and demonstrates the binding of HIF-1 to these sites(66), which may 

result in upregulation of CLU expression in the kidneys in the response to IRI  (35,38,39) and 

in HKC-8 cells (Fig. 3A) or others (67) under hypoxia. On the other hand, HIF-1 activity is 

also required for hypoxia-induced autophagy, in which HIF-1 induces the expression of Bcl-

2/adenovirus E1B 19 kDa-interacting protein 3 (BNIP3) and BNIP3L that play important 

roles in the induction of autophagy by disrupting the interaction of Beclin 1 with Bcl-2 via 

their BH3 domain (53,68,69). The second substantial evidence to support the role of CLU in 

autophagy in hypoxic kidney cells comes from recent studies, showing that CLU is 

colocalized with autophagy proteins (LC3 II and p62) in renal TECs from patients with 

nephropathic cystinosis (70) and with LC3 within the autophagosome in prostate cancer cells 

to enhance cell survival(4). However, how CLU regulates prosurvival autophagy in hypoxic 

kidney cells is not fully understood as of yet.  
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Although the biology of autophagy has received increasing interest recently, the 

understanding of its pathways and functions still remains in its infancy. Beside non-selective 

macroautophagy, there are several selective autophagies including chaperone-mediated 

autophagy (CMA), pexophagy and mitophagy  – to contribute to degradation of intracellular 

components in lysosomes in mammalian cells (5); however, the regulatory pathways of each 

type of these autophagies remain poorly defined. It has been reported that HIF-1-BNIP3 

pathway involves autophagy in the kidneys with IRI or hypoxic kidney cells (49), and the 

HIF-1-BNIP3mediated autophagy selectively targets the mitochondria – mitophagy (49). The 

prosurvival role of the mitophagy is also found in human umbilical vein endothelial cells and 

cardiac myocytes under hypoxia (72). Hypoxia or reduced oxygen availability primarily 

impacts mitochondrial oxidation, and results in mitochondrial damage in renal TECs 

(73,74,89), and the damaged mitochondria could release inter-membrane proteins or other 

internal molecules that may trigger autophagy through an unknown mechanism (71). CLU is 

a chaperone protein containing several large molten globule domains, amphipathic regions 

and coiled-coil α-helices (1,75), which allow CLU protein to bind various substrate proteins 

or lipids with high affinity and low specificity (28,64,75). Thus, it is possible that CLU may 

act as an adaptor protein that facilitates the mitophagy by binding to mitochondrial inter-

membrane components, which however needs further investigation. Moreover, there is a low 

level of autophagic activity in CLU null kidneys with IRI (Fig. 1) as well as in hypoxic CLU 

deficient kidney cells (Fig. 3), implying that probabaly there is CLU-independent autophagy 

in kidney cells in response to hypoxia. Indeed, in addition to the HIF-1-BNIP3-mitophagy, 

p53-sestrin-2 also induces autophagy in hypoxic kidney cells (53), and CMA in hypoxic 
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neuronal cells for cell survival (74). Whether or not these types of autophagy occur in the 

absence of CLU remains elusive.      

In addition to autophagy, ER stress is also induced by IRI in the kidneys as indicated 

by the accumulation of aberrant unfolded and misfolded proteins in the ER lumen, and 

subsequently activates UPR pathway (75). The primary purpose of the UPR to enhance the 

protein-folding capacity by activating the transcription of UPR target genes, such as Ca2+-

dependent molecular chaperones, including glucose-regulated protein-78 (GRP78), GRP94, 

and calreticulin (60), and to eliminate unfolded or misfolded proteins within the ER (51). In 

the absence of IRE1, doublestranded RNA-activated protein kinase-like ER kinase (PERK), 

and the activating transcription factor-6 (ATF6) are normally held in an inactive state in the 

ER membranes by binding to GRP78, but under the ER stress or as unfolded or misfolded 

proteins accumulate in the ER lumen, GRP78 releases these transmembrane ER proteins 

(IRE1, PERK and ATG6), which consequently initiate the UPR signaling (75). By activating 

the UPR, the unfolded or misfolded proteins are eliminated through an ER-associated 

degradation pathway (ERAD) (76,77), in which the soluble targeted proteins are 

retrotranslocated into the cytosol, ubiquitinated, and are degraded by the proteasome in 

ERAD I (78,79), or the insoluble misfolded protein aggregates are degraded by 

autolysosomes/lysosome - autophagy in ERAD II (76). The present study shows that the 

cytoprotection of CLU in hypoxic kidney cells is associated with an increase in the activity 

of IRE1 (Fig. 8) and the expression of a panel of UPR-targeted genes (Suppl Table 1), 

suggesting that CLU may play an important role in the elimination of the unfold or misfolded 

protein within the ER. However, the mechanisms by which CLU facilitates the UPR to restore 

the functions of the ER for cell survival are not well understood. CLU is associated with 
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GRP78 in prostate cancer cells under the ER stress (80), and is retrotranslocated into the 

cytosol by a mechanism similar to ERAD I (80,81) and co-localized with the mitochondria 

(45). Furthermore, GRP78 stabilizes CLU protein and its hypoglycosylated form, and is 

required for stress-induced up-regulation of CLU (80) or vice versa (82), resulting in the 

inhibition of cell apoptosis. It seems that the requirement of CLU for prosurvival UPR in 

hypoxic kidney cells via the enhancement of GRP67 expression, which may mediate the 

prosurvival mitophagy via ERAD II pathway.  
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7. Conclusion.  

 In conclusion, the incidence of AKI due to transient renal hypoxia is rising but 

effective treatments and preventative approaches are currently lacking. Hypoxia- or IRI-

induced kidney injury significantly contributes to DGF of the kidney transplants as well as to 

the development of kidney disease after ischemic AKI. Both clinical and experimental studies 

have demonstrated the cytoprotection of CLU in the kidney (38); however, the protective 

properties or actions of CLU in the kidney are not fully understood. The finding of this 

preliminary study for the first time demonstrates that the protection of CLU in hypoxic kidney 

cells is associated with the prosurvival autophagy and UPR, indicating that CLU-dependent 

autophagy and/or UPR may be as a potential target for the development of new therapeutic 

strategies for preventing and/or enhancing recovery following ischemic AKI in patients, but 

prior to this, an increased mechanistic understanding of the protective nature of CLU is 

needed, in particular further investigation of how these CLU-dependent pathways are 

coordinated in the response to hypoxia to increase cell survival.   
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