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Abstract
Background: Both endoplasmic reticulum (ER) stress, a fundamental cell response associated 
with stress-initiated unfolded protein response (UPR), and loss of Klotho, an anti-aging 
hormone linked to NF-κB-induced inflammation, occur in chronic metabolic diseases such 
as obesity and type 2 diabetes. We investigated if the loss of Klotho is causally linked to 
increased ER stress. Methods: We treated human renal epithelial HK-2, alveolar epithelial 
A549, HEK293, and SH-SH-SY5Y neuroblastoma cells with ER stress-inducing agents, 
thapsigargin and/or tunicamycin. Effects of overexpression or siRNA-mediated knockdown 
of Klotho on UPR signaling was investigated by immunoblotting and Real-time PCR. Results: 
Elevated Klotho levels in HK-2 cells decreased expression of ER stress markers phospho-
IRE1, XBP-1s, BiP, CHOP, pJNK, and phospho-p38, all of which were elevated in response to 
tunicamycin and/or thapsigargin. Similar results were observed using A549 cells for XBP-1s, 
BiP, and CHOP in response to thapsigargin. Conversely, knockdown of Klotho in HEK 293 cells 
using siRNA caused further thapsigargin-induced increases in pIRE-1, XBP-1s, and BiP. Klotho 
overexpression in A549 cells blocked thapsigargin-induced caspase and PARP cleavage and 
improved cell viability. Conclusion: Our data indicate that Klotho has an important role in 
regulating ER stress and that loss of Klotho is causally linked to ER stress–induced apoptosis.
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Introduction 

Several metabolic diseases, including obesity, insulin resistance, metabolic syndrome, 
and diabetes, are associated with an elevated cellular and inflammatory stress [1-4]. A key 
player in the cellular stress response is the endoplasmic reticulum (ER), a membranous 
network that functions in the synthesis and processing of secretory and membrane proteins. 
Among the conditions that trigger ER stress are nutrient deprivation, viral infections, lipids, 
increased synthesis of secretory proteins, and accumulation of mutant or misfolded proteins 
[5-7]. Disruption of ER homeostasis due to accumulation of unfolded or misfolded proteins 
in the ER lumen, activates a signal transduction system called the unfolded protein response 
(UPR) [8, 9]. UPR induces a number of protective pathways to restore ER homeostasis, 
including transient attenuation of protein translation, induction of molecular chaperones 
and folding enzymes, and increased degradation of misfolded proteins. Apoptotic pathways 
are activated to eliminate the damaged cells if these adaptive responses fail to alleviate the 
stress [10]. The molecular basis for the switch between prosurvival and proapoptotic UPR 
function is poorly understood.

To date, three ER-resident transmembrane proteins have been identified as proximal 
sensors of the presence of ER stress: the kinase and endoribonuclease IRE1 (α and β), the 
PERK kinase, and the basic leucine-zipper transcription factor ATF6 (α and β). IRE1 and PERK 
have cytoplasmic serine/threonine kinase domains. ER stress induces luminal-domain-
driven homodimerization, autophosphorylation and activation [11-13]. Accumulation of 
unfolded proteins in the ER lumen leads to ATF6 transit to the Golgi complex, where it is 
processed by the proteases S1P and S2P, to produce an active transcription factor [14]. 
Transcription of genes downstream of ATF6 is upregulated by the translocation of the ATF6 
cytoplasmic domain to the nucleus. IRE-1-dependent transcription is upregulated when the 
endoribonuclease domain of the activated IRE-1 molecule catalyzes the removal of a small 
(26-nucleotide) intron from the mRNA of the gene encoding X-box-binding protein (XBP-1). 
This splicing event creates a translational frame shift in XBP-1 mRNA to produce an active 
transcription factor [15, 16]. PERK activation leads to the phosphorylation of the α subunit 
of the translation initiation factor eIF2, which inhibits 80S ribosome assembly and results 
in a general inhibition of protein synthesis, decreasing the functional demand on ER [17]. 

Activation of all three components of the UPR depends on the dissociation of the proximal 
signaling molecule from the abundant luminal chaperone BiP/GRP78. Accumulating 
evidence supports the idea that BiP plays a key role in UPR signaling, not only as an ER-
chaperone but also as an ER-stress sensor [18-21]. BiP as a master negative regulator of 
the UPR provides a unifying hypothesis to account for the simultaneous activation of PERK, 
IRE-1 and ATF6 upon ER stress. However, why only a selective branch of the UPR appears to 
be more important for some developmental events or cellular functions but not the others 
is still not understood.

Activation of UPR can also trigger pro-apoptotic signals. Activation of the PERK-eIF2α 
pathway leads to inhibition of translation in general, resulting in a global slowdown of 
cellular protein translation, preventing excessive protein load in ER-stressed cells. However, 
activation of this pathway enhances translation of selected small group of mRNA such as 
ATF-4. Consequently, ATF4 induces expression of pro-apoptotic CCAAT/enhancer-binding 
protein homologous protein (CHOP) (also called growth arrest and DNA damage-inducible 
protein 153 [GADD153]) through activation of the amino acid response element (AARE). 
The ATF6 pathway and the IRE-1 pathway may also induce expression of CHOP [22]. ER 
stress activates caspase-12 (caspase-4 in humans) localized at the ER membrane through 
an interaction with IRE1 and tumor necrosis factor receptor-associated factor 2 (TRAF2), 
inducing apoptosis. The IRE-1-TRAF2 interaction also allows for recruitment and activation 
of apoptosis signal-regulating kinase 1 (ASK1) and downstream c-Jun N-terminal kinase 
(JNK), that are involved in a variety of pro-apoptotic signaling [10]. Thus, under conditions 
of ER stress, there exists a delicate balance between cell survival and apoptosis, the 
outcome depending upon the load of stress inducer and duration of the stress. ER stress, 
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inflammation and oxidative stress are significant contributors in the development of several 
chronic diseases, yet molecular and cellular mechanisms linking these stress pathways are 
poorly understood and infrequently explored in vivo. 

Klotho is a single-pass transmembrane protein that is expressed in multiple tissues, but 
particularly in renal tubular cells [23]. Development of transgenic mice that over-express 
Klotho showed up to 30 % longer life spans compared with wild-type mice [24, 25], suggesting 
that Klotho functions as an aging-suppressor gene [23, 24, 26]. Klotho also confers resistance 
to oxidative stress primarily by activating FOXO family of transcription factors that regulate 
expression of superoxide dismutase (SOD2) [27]. Treatment with Klotho increased FOXO1 
recruitment on the SOD2 gene promoter and increased its expression level in various cell types 
[25, 28, 29]. Klotho suppressed paraquat-induced lipid oxidation, suggesting a protective 
effect of Klotho on cellular oxidative damage. Transgenic mice overexpressing Klotho had 
50 % lower urinary excretion of 8-hydroxydeoxy-guanosine (8-OHdG), a biological marker 
of in vivo oxidative DNA damage [25]. We recently reported that Klotho modulates NF-κB-
driven inflammation, and loss of renal Klotho in db/db mice (a type 2 diabetes model) was 
associated with increased production of inflammatory cytokines [30]. Here, we investigated 
the possibility that Klotho, an anti-aging hormone with anti-oxidant and anti-inflammatory 
properties, might regulate ER stress.

We induced ER stress in human embryonic kidney (HEK) 293, human kidney cortex 
proximal tubular (HK-2), alveolar epithelial A549, and SH-SY5Y neuroblastoma cells with 
two potent ER stressors, thapsigargin and tunicamycin. These agents disrupt ER homeostasis 
by affecting ER Ca2+ pump and N-linked glycosylation of proteins, respectively. We observed 
a significant reduction in ER stress responses in cells overexpressing Klotho vs controls; 
conversely, downregulation of Klotho in cultured cells (by siRNA) resulted in an increased ER 
stress and activation of UPR signaling. These results provide strong evidence for a potentially 
novel ER stress regulation by Klotho.

Materials and Methods

Cell culture
HEK 293 cells were cultured in DMEM media supplemented with 10 % FBS, 50 units/ml penicillin and 

50 µg/ml streptomycin in an atmosphere of 5 % CO2, at 37° C. A retrovirus cloning system was used to deliver 
the mouse Klotho gene into human kidney cortex proximal tubular cells (HK-2) and SH-SY5Y neuroblastoma 
cells to generate Klotho stable cell lines, HK-2/KL and SH-SY5Y/KL respectively. Both SH-SY5Y/KL and 
HK-2/KL cells as well as their respective control cell lines were grown and maintained in DMEM/Ham’s 
F12 (50/50) supplemented with 10 % FBS, 50 units/mL penicillin and 50 µg/mL streptomycin, epidermal 
growth factor (2.5 ng/mL), and bovine pituitary extract (1.5 µg/mL) in a humidified atmosphere of 5 % 
CO2. Both growth factors were removed from the culture media 48 hours prior to experiments with stress 
inducers. Cells were treated with tunicamycin (5 µg/mL) and thapsigargin (500 nM) for indicated times to 
induce ER stress.

Retroviral infection and preparation of stable cell lines
Mouse transmembrane form of Klotho containing a C-terminus Flag tag (pEFmKLcFT) was cloned into 

the retroviral expression vector pCX4-puro. Retrovirus stocks produced in Bosc23 cells were co-transfected 
with pCX4-pur-mKL-flag plasmid and amphotrophic packaging plasmid pCL-10A1. A549, HK-2, and SH-
SY5Y cells were infected and selected for puromycin resistance (2.0 and 0.5 μg/ml, respectively).

Transfection 
Transient transfection using lipofectamine PLUS reagent (Invitrogen) was performed according to the 

manufacturer’s instructions. Cells were transfected with mouse Klotho plasmid or the control vector and 
treated with the ER stress-inducing agents 48 hrs later.
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SiRNA-mediated Klotho knockdown
Cells were treated with 100 nM Klotho siRNA (Dharmacon) or with 100 nM non-specific siRNA 

(Dharmacon) using TransIT-siQUEST transfection reagent (Mirus) 48 hrs prior to treatment with 
thapsigargin (500 nM).

Preparation of cell lysates
For whole cell lysates, culture media was removed, plates rinsed with ice-cold PBS, and cells scraped 

into eppendorf tubes using ice-cold PBS, and then spun at 2000 rpm for 2 min at 4° C. The supernatant was 
removed and 100-200 µL 1X RIPA buffer containing protease (Sigma) and phosphatase (Thermo scientific) 
inhibitors were added to the cell pellet for 15 min on ice, followed by centrifugation for 25 min at 4° C at 
13,200 rpm. The supernatant was stored as whole cell lysate at -80° C.

Western immunoblotting
Proteins were fractionated by SDS-PAGE and transferred to nitrocellulose or polyvinylidene diflouride 

(PVDF) membranes (Millipore). Membranes were blocked in 5 % milk or 5 % BSA for 1 hr and then 
incubated with the indicated primary antibody at 4° C overnight. Membranes were washed in Tris-buffered 
saline, 0.1 % Tween-20, and incubated with secondary antibody at 20° C for 1 hr. Signals were visualized on 
a chemiluminescence detection film using the ECL (GE Healthcare) system. β-actin was used as a loading 
control. Each target protein was quantified using the ImageJ software. The specific antibodies used were: 
phospho-IRE-1 (Abcam, ab124595), IRE-1 (Cell Signaling, catalog # 3294), XBP-1s (Biolegend, catalog # 
647502; clone 143F), BiP (Cell Signaling, catalog # 3177), phospho JNK (Cell Signaling, catalog # 9251), 
JNK (Cell Signaling, catalog # 9252), phospho-p38 (Cell Signaling, catalog # 9216S; clone 28B10), p38 (Cell 
Signaling, catalog # 9212), CHOP (Cell Signaling, catalog # 2985).

MTT assay for cell survival
Klotho or empty vector expressing stable A549/HK-2 cells (5 – 10 x 103/well) were seeded in 96 well 

plates overnight. Cells were further incubated for 24 hrs with different concentrations of thapsigargin. At 
the end of thapsigargin treatment, cells were loaded with MTT and incubated for 3.5 hrs at 37° C followed 
by cell lysis with MTT solvent (containing 4 mM HCl, 0.1 % NP-40), and the absorbance read at 590 nm.

Quantitative real-time PCR
Cellular RNA was extracted using Tri Reagent (Sigma). A total of 2 μg RNA was used for reverse 

transcription using the SuperScript III First-Strand Synthesis System from Invitrogen (Carlsbad, CA). A total 
of 2 μL cDNA products was amplified in a 20-μL reaction system containing 10 μL iQ SYBR Green Supermix 
(Bio-Rad) and 400 nmol/L primer mixture. CHOP primer was purchased from SA Bioscience (Frederick, 
MD). All reactions were processed in a MyiQ Single Color Real-Time PCR thermocycler using a two-step–
plus–melting curve program. Results were analyzed by the iQ5 program (Bio-Rad), and the data were 
analyzed using the ΔΔCT method in reference to GAPDH [31].

Statistical analysis
All tabulated data are reported as mean ± SEM, except where otherwise indicated. We tested all data 

for normal distribution using the Kolmogorov-Smirnov test, followed by two-way ANOVA test to evaluate 
overall group differences. This was followed by Tukey’s post-hoc test to determine pair-wise significance 
if the ANOVA test indicated that a significant difference was present in the data set. In the case of only two 
group comparisons, a two-sample Student's t-test was performed after checking for variance distribution 
via Levene’s test. In all cases, p<0.05 was considered significant.

Results

Klotho inhibits IRE-1 (ERN1) activation and subsequent splicing of XBP-1
Serine/threonine-protein kinase/endoribonuclease ERN1, a human homologue of 

the yeast IRE-1 gene product, is an enzyme that in humans is encoded by the ERN1 gene. 
In response to ER stress, N-terminal ER luminal domains of IRE-1 oligomerize to promote 
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autophosphorylation by its cytoplasmic kinase domain, leading to activation of the 
endoribonuclease function present in the cytoplasmic domain that splices XBP-1 mRNA, 
generating an active XBP-1s transcriptional activator [32, 33]. Spliced XBP-1 mRNA encodes 
a transcription activator that drives transcription of ER chaperone genes, whose products 
directly participate in ER protein folding [34]. 

We treated HK-2 control and Klotho overexpressing cells with thapsigargin (TG; 500 
nM) or tunicamycin (TM; 5 µg/mL; Figs. 1A and 1B, respectively) for 2, 4 and 6 hrs (TM only). 
Increased phosphorylation was observed following treatment with ER stress inducers within 
2 hrs, and was reduced in Klotho over expressing cells by 4 hrs in both TG- and TM-treated 
cells. To determine the activation status of IRE-1 after ER stress, we examined XBP-1 splicing 
by Western blot. In agreement with our previous finding, we found a diminution of XBP-1s in 
Klotho-overexpressing cells treated with TG (Fig. 2A) as early as 2 hrs after initiating stress 
treatment, becoming highly significant by 6 hours. Comparable results were observed using 
TM (Fig. 2B). We made similar observations in HEK293 cells transiently transfected with 
Klotho (data not shown). These results indicate that Klotho inhibits IRE-1 signaling under 
conditions of ER stress. To assess whether the UPR branch elicited by PERK is also affected 
by Klotho, we assayed phosphorylation of PERK. We were not able to detect PERK activation 
using tunicamycin or thapsigargin in the given cell types (data not shown). We repeated 
these experiments using SH-SY5Y neural cells that previously have been shown to activate 
this signaling pathway [35]. For this, the control or Klotho overexpressing stably transfected 
SH-SY5Y cells were treated with thapsigargin for 0 and 4 hr followed by immunoblotting 
for phospho-PERK and phospho-elF2α. A 60 % induction in PERK phosphorylation was 
observed in TG-treated control cells, whereas no induction was observed in TG-treated, 
Klotho-overexpressing cells (Fig. 2C). A more robust elF2α phosphorylation in TG-treated SH-
SY5Y cells was completely blocked by Klotho overexpression (Fig. 2D). A significant decline 
in PERK and elF2α phosphorylation in these cells vs control cells suggests an inhibitory role 
of Klotho in TG-induced PERK pathway activation. 

Fig. 1. Klotho inhibited ER stress-induced IRE-1  
phosphorylation. HK-2 cells stably transfected with 
either Flag-Klotho (K) or empty vector controls (C) 
were treated with A) thapsigargin (500 nM) or B) 
tunicamycin (5 μg/ml) for the indicated times. To-
tal and phospho-IRE1protein levels were determi-
ned by immunoblotting and representative blots are 
shown in A and B. β-actin served as a loading control. 
TG: thapsigargin, TM: tunicamycin. Quantification of 
three repeat TG experiments is shown in the lower 
panel in Fig. 1A. Results are plotted as mean ± SEM. 
Significantly different from control (black bars) base-
line: * p<0.01, ** p<0.001; significantly different from 
Klotho-treated (gray bars) baseline: # p<0.01; signi-
ficantly different from respective control at 6 hours: 
† p<0.01. TM experiment performed once to confirm 
TG results. 

A

B
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Klotho decreases BiP levels by inhibiting ER stress
The ER luminal protein BiP is believed to serve as an ER stress sensor, triggering UPR. 

Under ER stress, the translation efficiency of BiP transcripts is enhanced, allowing cells to 
produce more protein. Western blot analysis indicated that BiP/GRP78 levels were less in 
Klotho-overexpressing cells 6 hrs after TG and TM stimulation (Figs. 3A and B). A beneficial 

Fig. 2. Klotho reduced ER stress-induced XBP-1 splicing. HK-2 cells stably overexpressing Klotho (K) or a 
control vector (C) were subjected to A) thapsigargin (500 nM) or B) tunicamycin (5 μg/ml) for indicated 
times. A representative Western blot shows spliced XBP-1 (XBP-1s). Expression of recombinant Flag-Klotho 
was determined by probing the membrane with anti-Flag (Fig. 2B). Quantification of three repeat TG 
experiments is shown in the lower panel in Fig. 2A. Results are plotted as mean ± SEM. Significantly different 
from control (black bars) baseline: * p<0.001; significantly different from Klotho-treated (gray bars) baseline: 
# p<0.001; significantly different from respective control at 2 hours: † p<0.05; significantly different from 
respective control at 6 hours: †† p<0.001. TM experiment performed once to confirm TG results. Control 
SH-SY5Y and SY5Y/KL cells were treated with thapsigargin for indicated time and immunoblotted for C) 
phospho-PERP and D) phospho-elF2α. Both figures show a representative Western blot. Immunoblots were 
probed with β-actin for loading control.Quantification of three repeat TG experiments is shown in the lower 
panel of each Figure. Results are plotted as mean ± SEM. Significantly different from control (black bars) 
baseline: * p<0.001; significantly different from control at 4 hours: † p<0.01. Klotho-expressing samples 
(gray bars). TG: thapsigargin, TM: tunicamycin. 

A

B

C

D
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effect of Klotho was observed in TM-treated cells as early as 2 hrs. In order to demonstrate 
the Klotho effect is generalized, A549 cells stably transfected with Klotho were treated 
with TG for the indicated times, and probed for BiP (Fig. 3C). A protective effect of Klotho is 
present as early as 4 hrs after initiation of TG exposure. 

Loss of Klotho increases susceptibility to ER stress
Transfection of HEK293 cells with Klotho siRNA resulted in a 60 % decrease in Klotho 

assessed with RT-PCR (data not shown). 48 hrs post-transfection, cells were treated with 
TG (500 nM), and phospho-IRE-1, total IRE-1, XBP-1s and BiP levels were assayed using 
Western blotting. These ER stress markers were increased in Klotho-silenced cells vs cells 
transfected with control siRNA as early as 2 hrs for phospho-IRE-1 (Fig. 4A), 4 hrs for XBP-
1, and 4-6 hrs for BiP (Fig. 4B). While loss of Klotho increased phospho-IRE-1 after 2 and 4 
hours, these differences were not statistically significant by 2 way ANOVA testing (p<0.084), 
primarily due to the decrease in the Klotho group at 6 hours.

Klotho modulates ER stress activated cell death pathways
UPR-associated signaling events are initially intended to reestablish homeostasis and 

normal ER function by activating transcriptional factors that induce expression of genes 
capable of enhancing the protein folding capacity of the ER, and genes for ER-associated 
degradation (ERAD) to help clear the ER of unfolded proteins and export them for cytosolic 
degradation. When the UPR adaptive mechanisms fail, cell death is induced typically by 
apoptosis [36]. Among the major UPR signal transduction pathways, the IRE-1 pathway has 
been most clearly connected to cell death, as it leads to activation of stress kinases, including 

A B

C

Fig. 3. Klotho significantly reduced BiP induction by ER inducers. HK-2 cells stably overexpressing Klotho 
were treated with A) thapsigargin (500 nM) or B) tunicamycin (5 μg/ml) for the indicated times. TG: 
thapsigargin, TM: tunicamycin. Both figures show a representative Western blot of BiP induction by TG 
and TM. Quantification of three repeat TG experiments is shown in the lower panel in Fig. 3A. Results are 
plotted as mean ± SEM. Significantly different from control (black bars) baseline: * p<0.001; significantly 
different from Klotho-treated (gray bars) baseline: # p<0.01; significantly different from respective control 
at 6 hours: † p<0.001. TM experiment performed once to confirm TG results. C) A549 cells stably transfected 
with Klotho were treated with thapsigargin and probed for BiP. This experiment was performed once to 
document similar results in different cell types. Klotho overexpression in A549 cells was determined by 
probing the membrane with anti-Flag. All blots were probed with β-actin for loading control. 
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p-38 and JNK [37]. JNK and p38 kinase are proline-directed serine/threonine kinases that 
are frequently activated after cells are exposed to toxic chemicals and/or environmental 
stress such as UV exposure, γ-ray irradiation and agents that trigger ER stress [38]. 

Since ER stress culminates in the activation of the proapoptotic kinases JNK and p38 
[39], we investigated if Klotho modulated JNK and p38 kinase activity downstream of IRE-1 
and PERK signaling. Phosphorylation of JNK and p38 kinase, determined by Western blot 
analysis using specific antibodies to phosphorylated forms of both kinases, increased after 
TG treatment (Figs. 5A and 5B, respectively). Both JNK and p38 kinase phosphorylation was 
suppressed in Klotho stable cell line, whereas the levels of non-phosphorylated (inactive) 
JNK and p38 kinase were comparable in all samples (Figs. 5A and B). Our results suggest 

B

AFig. 4. Klotho knockdown sensitized cells to ER 
stress. HEK293 cells transfected with either control 
scrambled siRNA (C) or Klotho specific siRNA (K) 
for 48 hrs before treating with thapsigargin (500 
nM) for indicated times. A representative Western 
blot demonstrates effect of Klotho knockdown 
on A) phospho- and total IRE-1 protein levels. 
Quantification of three repeat TG experiments is 
shown in the lower panel in Fig. 4A. Results are 
plotted as mean ± SEM. Significantly different 
from control (black bars) baseline: * p<0.001; 
significantly different from Klotho-treated 
(gray bars) baseline: # p<0.05, ## p<0.001; 
significantly different from respective control at 6 
hours: † p<0.01 B) XBP-1s and BiP protein levels. 
Quantification of three repeat TG experiments is 
shown in the two lower panels in Fig. 4B for XBP-
1s and BiP. Results are plotted as mean ± SEM. 
For XBP-1s, significantly different from control 
(black bars) baseline: * p<0.001; significantly 
different from Klotho-treated (gray bars) baseline: 
# p<0.001; significantly different from respective 
control at 4 hours: † p<0.05. For BiP, significantly 
different from control (black bars) baseline: * 
p<0.05, ** p<0.001; significantly different from 
Klotho-treated (gray bars) baseline: # p<0.001; 
significantly different from respective control at 4 
and 6 hours: † p<0.01. β-actin is shown as loading 
control. 
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that Klotho modulates apoptosis through the IRE1-initiated pathway via inactivation of JNK 
and p38 stress kinases.

The downstream elements of all three UPR pathways converge on the promoter of the 
CHOP gene that has been implicated in the cellular response to stress. It is a bZIP family 
transcription factor that reportedly induces expression of the pro-apoptotic protein Bim 
and suppresses expression of anti-apoptotic protein Bcl-2 [40]. These events have been 
causally linked to ER stress-induced apoptosis. In HK-2 cells stably transfected with Klotho, 
induction of CHOP mRNA expression was 50 % less than the induction in the control cell 
line (Fig. 6A). A similar effect of Klotho overexpression on TG-induced CHOP was observed 
at protein levels (Fig. 6B). Consistent results were observed in A549 cells stably transfected 
with control vector or Klotho, then treated with TG for extended time intervals (Fig. 6C). We 
observed induction in CHOP 16 hrs after TG treatment that was sustained through 24 hrs 
but reduced after 48 hrs (Fig. 6C). Klotho overexpressing cells showed a lower level of CHOP 
induction, especially after 24 and 48 hrs of TG treatment. These results suggest that Klotho 
expression may protect cells from ER stress-induced cell death. 

ER stress-induced cell death is usually mediated via activation of apoptotic signals. 
Thus, we further investigated the effect of Klotho expression on TG-induced caspase and 
PARP cleavage. TG treatment caused a time-dependent increase in the cleavage of various 
caspases involved in ER stress-mediated apoptosis, including caspase-3, -9 and -7 in control 
cells. Klotho overexpressing stable cells displayed no increase in caspase cleavage through 
24 hrs and lower levels of cleaved caspases after 48 hrs of TG exposure versus controls (Fig. 
7A). Induction in PARP cleavage was observed in control cells after 48 hrs of TG treatment, 
with substantially lower levels of cleaved PARP detected in Klotho expressing stable cells 
(Fig. 7B). Taken together, these data suggest an anti-apoptotic role of Klotho under cell 

A B

Fig. 5. Klotho expression inhibited thapsigargin-induced JNK and p38 phosphorylation. HK-2 cells 
expressing Klotho (K) and the control vector (C) were treated with thapsigargin (500 nM) for indicated times. 
Activation of MAPKs was detected with A) anti-phospho-JNK. Quantification of three repeat TG experiments 
is shown in the lower panel in Fig. 5A. Results are plotted as mean ± SEM. Significantly different from control 
(black bars) baseline: * p<0.001; significantly different from Klotho-treated (gray bars) baseline: # p<0.05; 
significantly different from respective control at 1 and 2 hours: † p<0.001. B) phospho-p38. Quantification 
of two repeat TG experiments is shown in the lower panel in Fig. 5B. Results are plotted as mean ± SEM. 
Significantly different from control (black bars) baseline: * p<0.01; significantly different from respective 
control at 4 hours: † p<0.005. Total proteins were measured by probing with anti-JNK and p38 antibodies. 
β-actin served as a loading control.
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conditions of ER-stress. This was substantiated further by a cell survival assay, where Klotho 
overexpressing cells demonstrated significantly higher cell survival over a wide range of TG 
doses compared to control cells (Fig. 8).

Discussion

The anti-aging function of Klotho has been attributed to its ability to modulate phosphate 
and 1,25-dihydroxy-vitamin D metabolism, and its function in combating oxidative stress 
has been linked to its regulation of key enzymes involved in anti-oxidative pathways 
[41]. Recently, we have reported that Klotho regulates inflammation by suppressing NF-
κB activation in response to various inflammatory stimuli by inhibiting RelA serine 536 
phosphorylation and RelA transactivation. In a senescence model, anti-inflammatory effects 
of Klotho are reported to be mediated by its interaction with retinoic acid-inducible gene-I 
(RIG-I) [42]. Klotho appears to have an important role in modulating cellular stress pathways 
and thus, loss of Klotho has been associated with increased inflammation and oxidative stress 
in various diseases and conditions. Since these cellular stresses also have been linked to ER 
stress, we explored the potential role of Klotho in regulating ER stress, and have shown that 
increased Klotho expression mitigates ER stress. Conversely, decreases in Klotho activity in 
an in vitro cell culture model increased the cellular ER stress response.

Our data therefore suggest that Klotho activity may play an important role in alleviating 
the pathophysiological insults that lead to the accumulation of unfolded proteins in the ER 
and aberrant activation of ER stress. Our data support the idea that Klotho activity might 
play an important protective role in mitigating ER stress that arises from hypoxia, nutrient 
deprivation, alterations in the redox balance, changes in calcium homeostasis, and failure of 
posttranslational modifications [43]. Evaluation and monitoring of ER stress are required 
for investigation of molecular events involved in ER stress-related pathophysiologies. Based 
on the above-mentioned knowledge on UPR, several methods have been used to assess ER 

Fig. 6. Klotho inhibited CHOP induction in 
response to thapsigargin. A) Real-time PCR analysis 
demonstrating mRNA levels of CHOP in control and 
Klotho-overexpressing HK-2 cells. Data represent 
mean ± SD of three replicate experiments. * p<0.001 
by Student’s t test. B) Representative Western blot 
indicating CHOP protein levels after thapsigargin 
treatment in control and Klotho-overexpressing 
HK-2 cells. C) A549 cells stably transfected with 
Klotho were treated with thapsigargin and probed 
for CHOP. Klotho was determined by probing the 
membrane with anti-Flag. Blots were probed with 
β-actin for loading control. 

A

B
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Fig. 7. Klotho inhibits thapsigargin-induced PARP 
cleavage and caspase activation. A549 cells stably 
transfected with Klotho (K) or control vector (C) 
were cultured for 16, 24 and 48 hrs in the presence 
or absence of thapsigargin (500 nM), and cell lysates 
were used for immunoblotting to probe for A) cleaved 
caspase-3, -7 and -9 or B) PARP. Blots probed with 
β-actin for loading control. Klotho was determined 
by probing the membrane with anti-Flag. 

A

B

Fig. 8. Klotho prevented thapsigargin-induced cell 
death. A549 Klotho stable and control cells were 
treated with thapsigargin at different concentrations 
for 24 hrs. Cell viability was measured by MTT 
assay as described in Materials and Methods. 
Quantification of three repeat TG experiments is 
shown with the data presented as mean ± SD. Filled 
circles, control; open circles, Klotho overexpressing 
cells. 2 way ANOVA indicated significant differences 
(p<0.03), and Tukey’s post-hoc test for pair-
wise differences was significant (p<0.001) for all 
thapsigargin concentrations.

stress in pathophysiological conditions. Expression of endogenous biomarkers, e.g., GRP78 
and CHOP, is most commonly used for this purpose [22, 44]. Our results demonstrate that 
cells overexpressing Klotho are resistant to chemical-induced ER stress and activation of ER 
stress sensor BiP/Grp78 compared with control cells. Phosphorylation of IRE-1α, PERK and 
eIF2α, cleavage of ATF6 and procaspase-12, and splicing of XBP-1 mRNA have also been used 
as endogenous indicators for ER stress [45, 46]. Activated PERK phosphorylates eukaryotic 
translation initiation factor 2 subunit α (eIF2α). After stress-induced phosphorylation of 
eIF2α, global protein translation of normal cellular mRNAs is repressed [1]. 

Prosurvival or anti-apoptotic role of Klotho has been appreciated in different apoptotic 
models. A genetically manipulated mouse model of progressive renal injury showed a 
significant improvement in renal function along with reduction in oxidative stress and 
apoptosis [47]. In this context, Sugiura et al. reported that Klotho reduced apoptosis in 
experimental ischemic acute kidney injury by increasing HSP-70 [48]. Similarly, Klotho 
overexpression attenuated cellular apoptosis and senescence in vascular cells via mitogen-
activated kinase kinase and extracellular-regulated kinase pathway after hydrogen peroxide 
treatment [49]. Our data suggest that Klotho can reduce apoptotic signals and increase 
cell survival after chemical ER-inducer treatment. Here we have shown that Klotho 
overexpressing cells have lower levels of CHOP expression and reduced IRE-1, PERK and 
elF2α phosphorylation and JNK activation after TG treatment. Although we do not yet have 
a clear mechanism for the anti-apoptotic effect of Klotho in these cells after exposure to a 
pharmacologic ER inducer, the process does seem to be very different than the cell survival 
action HSP72 that depends on its ability to bind with IRE1α and increase XBP1 cleavage 
[50]. In addition to inhibition of thapsigargin-induced PERK pathway activation, other 
potential pro-survival mechanisms of Klotho may include: 1) acting as an anti-oxidative 
stress agent, and 2) interfering with the TRAF2–ASK1–IRE1α complex formation. Certainly, 
the well recognized ability of Klotho to increase anti-oxidative enzymes such as superoxide 
dismutase [25] may decrease cellular and tissue levels of oxygen-derived free radicals that 
have been implicated in ER stress [51, 52]. 
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Activation of the IRE-1 arm of UPR signaling is linked to apoptosis via a variety of 
mechanisms. Activated IRE-1 is coupled to JNK activation by interacting with TRAF-2 and 
apoptosis signal-regulating kinase-1 (ASK-1) [53]. A recent study suggests that Klotho 
overexpression suppresses ASK1 activation [54]. Thus, Klotho expression could alter the 
formation of this pro-apoptotic complex and thereby leading to JNK inhibition. In addition 
to JNK activation, binding of activated IRE-1 to TRAF-2 causes the release and subsequent 
cleavage of procaspase-12 into an active enzyme [55]. Our failure to observe caspase-12 
activation in our experiments is consistent with the controversial role of capsase-12 
activation in ER stress [56, 57]. 

In conclusion, our data indicate that higher levels of Klotho expression can ameliorate 
chemically-induced ER stress by decreasing levels of UPR signaling markers in stressed cells. 
Our data further suggest that Klotho serves as a part of cellular defense machinery engaged 
in providing protection against a wide variety of cellular stresses that include oxidative and 
inflammatory stresses as well as the cellular response to unfolded proteins. Thus, loss of 
Klotho as observed in diabetes and aging could make cells more vulnerable to these stresses, 
leading to increased apoptosis and cell death associated with these conditions.
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