
mTORC1 serves ER stress-triggered apoptosis via
selective activation of the IRE1–JNK pathway
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Mammalian target of rapamycin (mTOR) has a key role in the regulation of an array of cellular function. We found that rapamycin,
an inhibitor of mTOR complex 1 (mTORC1), attenuated endoplasmic reticulum (ER) stress-induced apoptosis. Among three
major branches of the unfolded protein response, rapamycin selectively suppressed the IRE1–JNK signaling without affecting
PERK and ATF6 pathways. ER stress rapidly induced activation of mTORC1, which was responsible for induction of the IRE1–
JNK pathway and apoptosis. Activation of mTORC1 reduced Akt phosphorylation, which was an event upstream of IRE–JNK
signaling and consequent apoptosis. In vivo, administration with rapamycin significantly suppressed renal tubular injury and
apoptosis in tunicamycin-treated mice. It was associated with enhanced phosphorylation of Akt and suppression of JNK activity
in the kidney. These results disclosed that, under ER stress conditions, mTORC1 causes apoptosis through suppression of Akt
and consequent induction of the IRE1–JNK pathway.
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The endoplasmic reticulum (ER) serves several important cell
functions, including protein folding, maturation and trafficking,
as well as cholesterol synthesis. The quality control of newly
synthesized proteins by the ER is essential for normal cell
function and survival. However, integrity of the ER is often
perturbed by accumulation of unfolded or misfolded proteins,
leading to the unfolded protein response (UPR).1 The UPR
alleviates ER stress by reducing immature proteins in the ER,
whereas severe or prolonged ER stress leads to activation of
the pro-apoptotic UPR and consequent cellular death.2

The UPR comprises three major signaling pathways
mediated by ER type I transmembrane kinases, including
inositol-requiring enzyme 1 (IRE1) and RNA-dependent
protein kinase-like ER kinase (PERK), and a type II
transmembrane protein, that is, activating transcription factor
6 (ATF6).1,3 IRE1 has an endoribonuclease domain and a
serine/threonine kinase domain. The endoribonuclease
domain removes a 26-nucleotide intron from the mRNA of
X-box binding protein 1 (XBP1), resulting in production of the
spliced form of XBP1 and consequent induction of ER
chaperones that reinforce ER folding capacity. The kinase
domain of IRE1 activates c-Jun N-terminal kinase (JNK) via
interaction with TNF receptor-associated factor 2 (TRAF2)
and apoptosis signal-regulating kinase 1 (ASK1). This
molecular event contributes to the induction of apoptosis.

Activation of PERK leads to phosphorylation of eukaryotic
translation initiation factor 2a (eIF2a) and causes inhibition of
translation. In addition, the PERK–eIF2a pathway selectively
induces a transcription factor ATF4 and thereby enhances
expression of pro-apoptotic CCAAT/enhancer-binding pro-
tein-homologous protein (CHOP). Upon ER stress, ATF6 is
transported to the Golgi apparatus where it is cleaved by site-1
protease and site-2 protease. The cleaved cytosolic domain of
ATF6 translocates into the nucleus and activates transcription
of ER chaperones such as 78 kDa glucose-regulated protein
(GRP78) and GRP94.1,3

Mammalian target of rapamycin (mTOR) has a central role in
the regulation of cellular processes including proliferation,
differentiation and metabolism.4 It forms distinct multi-protein
complexes, mTOR complex 1 (mTORC1) and mTORC2. The
mTORC1 is composed of mTOR, regulatory associated protein
of mTOR (Raptor) and mLST8, and is sensitive to rapamycin.
mTORC1 is one of key regulators for cell growth and metabolism
thorough mTORC1-mediated direct phosphorylation of riboso-
mal p70S6 kinase (p70S6K) and eIF4E-binding protein 1.5 The
mTORC2 is composed of mTOR, Rictor, Sin1 and mLST8. It
controls actin cytoskeleton organization and cell spreading,
which is resistant to inhibition by rapamycin.5

Rapamycin is known as a macrolide antibiotic with potent
immunosuppressive activities and has been used to prevent
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immunological rejection of transplants in organ transplanta-
tion. However, activation of mTORC1 is observed in a variety
of other intractable pathologies including cancers, heart
disease, metabolic diseases and neurodegenerative disor-
ders.5,6 Rapamycin may be useful for the treatment of these
mTORC1-related diseases. Indeed, therapeutic utility of
rapamycin has been suggested for malignant diseases,
diabetes, cardiovascular diseases and neurological disor-
ders.7 Interestingly, these diseases are also considered as ER
stress-related disorders.8–11 Rapamycin could exert thera-
peutic effects via modulating ER stress and/or subsequent
UPR. However, currently, relationship between ER stress and
mTORC1 remains elusive.

The serine/threonine kinase Akt/protein kinase B functions as
a critical mediator for many biological functions, for example,
cell proliferation, differentiation and survival.12 Akt activates
mTORC1 through inactivation of tuberous sclerosis complex 2
(TSC2) within the TSC1–TSC2 complex.13 Increased activation
of mTORC1 triggers a negative feedback loop for the
phosphatidylinositol 3-kinase–Akt pathway, leading to suppres-
sion of Akt.14,15 In the present investigation, we examine roles of
mTORC1, Akt and the UPR in ER stress-induced apoptosis.
Our current results disclose that, under ER stress conditions,
activated mTORC1 causes apoptosis through suppression of
Akt and consequent induction of the IRE1–JNK pathway, and
that inhibition of the mTORC1 signaling attenuates ER stress-
induced apoptosis in vitro and in vivo.

Results

Involvement of mTORC1 in ER stress-induced
apoptosis. To investigate involvement of mTORC1 in
cellular responses to ER stress, we first examined activity
of mTORC1 following exposure to ER stress. Phosphoryla-
tion of p70S6K was used as an indicator for mTORC1
activation. As shown in Figure 1a, basal activity of mTORC1
was observed, and it was rapidly upregulated following
the treatment with ER stress inducers thapsigargin and
tunicamycin. This activation progressed time-dependently for
at least 24 h (Figure 1b). When cells were simultaneously
treated with rapamycin, the activation of mTORC1 was
completely suppressed (Figures 1a and b).

We next examined an effect of rapamycin on ER stress-
induced cellular death. Microscopic analysis revealed that
inhibition of mTORC1 by rapamycin attenuated ER stress-
induced cell death (Figures 1c and d). Activation of caspase-3
by tunicamycin and thapsigargin was also suppressed by the
treatment with rapamycin (Figure 1e). Of note, thapsigargin-
and tunicamycin-induced cell death was inhibited by caspase
inhibitor Z-VAD-fmk (Supplementary Figure S1). To further
confirm the role of mTORC1 in ER stress-induced apoptosis,
we employed RNA interference to knock down Raptor, an
essential component of mTORC1. As expected, transfection
with siRaptor attenuated activation of mTORC1 by ER stress
inducers (Figure 1f). The downregulation of mTORC1 by
siRaptor significantly suppressed cellular death caused by ER
stress (Figures 1g and h). These results suggest that
mTORC1 has a crucial role in the induction of apoptosis by
ER stress.

Selective induction of the IRE1 pathway by
mTORC1. ER stress induces apoptosis via the UPR, and
the three major branches of the UPR may modulate the
apoptotic process positively or negatively.2 To investigate
involvement of individual UPR pathways in the pro-apoptotic
effect of mTORC1, we first examined whether or not
rapamycin influences ER stress-induced activation of the
PERK–eIF2a pathway. Exposure of cells to thapsigargin or
tunicamycin rapidly induced phosphorylation of PERK and
eIF2a, whereas it was unaffected by rapamycin (Figures 2a
and b). Consistent with this result, ER stress-triggered
induction of ATF4 and consequent expression of CHOP, a
signaling event downstream of eIF2a, was not affected by
rapamycin (Figures 2c and d). We also examined
involvement of the ATF6 pathway using cleavage of
p90ATF6 and consequent induction of GRP78 as
indicators.1 As shown in Figures 2e and f, ER stress
inducers cleaved p90ATF6, and expression of GRP78 was
induced following the treatment with thapsigargin and
tunicamycin. However, these molecular events were not
inhibited by rapamycin.

We further investigated whether activation of the IRE1
pathway is involved in the pro-apoptotic action of mTORC1.
For this purpose, splicing of XBP1 mRNA and activation of the
UPR element (UPRE) were used as indicators for IRE1
endoribonuclease activity. The results showed that XBP1
splicing and UPRE activation were triggered by ER stress
inducers, which was significantly suppressed by the treatment
with rapamycin (Figures 2g–i). We also tested an effect of
rapamycin on IRE1 kinase activity. The kinase domain of IRE1
activates JNK via interaction with TRAF2 and ASK1, which
contributes to ER stress-induced apoptosis.2 Western blot
analysis revealed that phosphorylation of JNK1 and JNK2,
especially JNK1, was induced by ER stress, and it was
abolished by the treatment with rapamycin (Figure 2j). Of
note, the activation of JNK1 by ER stress was abrogated by
dominant-negative inhibition of IRE1 (Figure 2k).

To further confirm the potential of mTORC1 to trigger IRE1
signaling, we employed RNA interference to knock down
TSC2, a key negative regulator for mTORC1.13 In the cells
transiently transfected with siTSC2, TSC2 protein was down-
regulated, and it was correlated with activation of mTORC1
evidenced by phosphorylation of p70S6K (Figure 3a).
Reporter assays showed that basal splicing of XBP1 was
significantly enhanced by siTSC2 (Figure 3b). Similarly, basal
phosphorylation of JNK was also reinforced by knockdown of
TSC2 (Figure 3c), and it was not observed in IRE1-knock-
down cells (Figure 3d). Of note, phosphorylation of PERK and
eIF2a was not induced, and the level of GRP78 protein was
unaffected by siTSC2 (Figure 3c).

The results described above were also observed under ER
stress conditions. Treatment of cells with thapsigargin and
tunicamycin induced splicing of XBP1 mRNA and phosphory-
larion of JNK (especially JNK1), and it was enhanced by
siTSC2 (Figures 3e and f). In contrast, phosphorylation of
PERK and eIF2a and induction of GRP78 were not reinforced.
Under this experimental condition, enhancement of mTORC1
by siTSC2 accelerated cellular death caused by ER stress
(Figures 3g and h). The enhancement of cell death by
mTORC1 was associated with enhanced activation of

mTORC1 and ER stress-induced apoptosis
H Kato et al

311

Cell Death and Differentiation



procaspase-3 (Figure 3i). In contrast, this pro-apoptotic effect
of siTSC2 was not observed in IRE1-knockdown cells
(Figure 3j, Supplementary Figure S2). These data further
support the idea that, under ER stress conditions, activation of
mTORC1 triggers the IRE1–JNK signaling and thereby
causes apoptosis.

Induction of the IRE1–JNK pathway by mTORC1 through
suppression of Akt. To identify mediators for the mTORC1-
induced activation of IRE1, we focused on a role of Akt. There
is a close link between mTORC1 and Akt; that is, Akt activates
mTORC1, but activated mTORC1 may downregulate Akt
signaling.15 We hypothesized that Akt might be involved in
mTORC1-triggered activation of the IRE1 pathway. To examine

this possibility, we first investigated whether activation of
mTORC1 modulates activity of Akt. As shown in Figure 4a,
activation of mTORC1 by siTSC2 caused suppression of basal
Akt activity. This repression was reversed by the treatment with
rapamycin (Figure 4b), confirming the potential of mTORC1 to
suppress Akt.

As we previously reported,16 exposure of cells to ER stress
causes transient Akt phosphorylation. Indeed, as shown in
Figure 4c, treatment with thapsigargin and tunicamycin
induced early phosphorylation of Akt. However, this activation
was transient and biphasic. Twenty-four hours after the
exposure to ER stress, the basal level of phosphorylated Akt
was abolished. When the cells were treated with rapamycin,
the early phosphorylation of Akt was enhanced, and late
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Figure 1 Involvement of mTORC1 in ER stress-induced apoptosis. (a and b) NRK-52E cells were exposed to thapsigargin (Tg; 500 nM) or tunicamycin (Tm; 2.5mg/ml) in
the absence or presence of rapamycin (Rap; 100 nM) for indicated time periods and subjected to western blot analysis of phosphorylated p70S6K. The level of p70S6K protein
is shown at the bottom as a loading control. (c and d) Cells were treated with thapsigargin or tunicamycin in the absence or presence of rapamycin for 72 h and subjected to
phase-contrast microscopy (c) and quantitative assessment of cell death (d). Assays were performed in quadruplicate, and data are shown as means±S.E. Asterisks indicate
statistically significant differences (Po0.05). (e) Cells were treated with indicated agents for 48 h, and western blot analysis was performed to analyze cleavage of
procaspase-3. The level of b-actin is shown at the bottom as a loading control. (f) Cells were transfected with siRaptor (20 nM) or control siRNA (ctrl; 20 nM), treated with
indicated agents and subjected to western blot analysis of phosphorylated p70S6K. (g and h) Cells were transfected with control or siRaptor, treated with ER stress inducers
and subjected to phase-contrast microscopy (g) and trypan blue analysis (h)
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dephosphorylation of Akt was inhibited, leading to its
sustained activation (Figure 4c).

Under ER stress conditions, the suppression of Akt in the late
phase was inversely correlated with phosphorylation of JNK1, and
recovery of Akt phosphorylation by rapamycin was associated
with blunted JNK activation (Figure 4d). The preserved phosphor-
ylation of Akt by rapamycin was also observed in glomerular

mesangial cells (Supplementary Figure S3). Consistent with
these results, inhibition of mTORC1 by siRaptor resulted in
elevation of phosphorylated Akt and blunted activation of JNK in
ER stress-exposed cells (Figure 4e).

To examine a link between Akt and the IRE1 pathway, we
investigated whether inhibition of Akt results in induction of
IRE1 signaling. For this purpose, Akti-1/2, a selective inhibitor
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of Akt1 and Akt2, was used. When cells were treated with Akti-
1/2, basal and ER stress-induced IRE1 activity was upregu-
lated (Figures 5a and b). Furthermore, suppression of IRE1
activation by rapamycin was reversed by the inhibition of Akt
(Figure 5c). Consistent with these results, the suppressive
effect of rapamycin on phosphorylation of JNK1 and JNK2
was also reversed by the blockade of Akt activation
(Figure 5d). Of note, treatment of cells with Akti-1/2 enhanced
basal phosphorylation of JNK1 and JNK2. The stimulatory
effect of Akti-1/2 on JNK was not observed in IRE1-knock-
down cells (Figure 5e).

We tested the effects of Akt inhibition on ER stress-induced
apoptosis. As shown in Figure 5f, rapamycin attenuated ER
stress-induced cell injury, and this pro-survival effect was
abolished by the treatment with Akti-1/2. ER stress-induced
apoptosis was enhanced by inhibition of Akt (Figure 5g). The

antiapoptotic effect of rapamycin was reversed by inhibition of
Akt in ER stress-exposed cells (Figure 5h). Consistent with
these results, suppression of caspase-3 activation by rapamy-
cin was abrogated in the presence of Akti-1/2 (Figure 5i). Of
note, the pro-apoptotic effect of Akti-1/2 was not observed in
IRE1-knockdown cells (Figure 5j, Supplementary Figure S4).

To further confirm our conclusion, another set of experi-
ments – gain-of-function studies – were performed using
overexpression of constitutively active Akt (Akt-CA). As
shown in Figure 6a, ER stress-induced activation of IRE1
was attenuated by transfection with Akt-CA. Consistently,
phosphorylation of JNK by ER stress inducers was also
attenuated by Akt-CA (Figure 6b). The reduction in the activity
of the IRE1–JNK pathway was correlated with attenuated ER
stress-induced cell death (Figures 6c and d). Furthermore,
Akt-CA inhibited activation of caspase-3 by ER stress
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inducers (Figure 6e). Taken together, these results support
our conclusion that mTORC1 induces the IRE1–JNK pathway
by suppression of Akt.

IRE1 induces the ASK1–JNK pathway via interaction with
TRAF2. To elucidate molecular mechanisms underlying the
link between Akt and IRE1, we brought TRAF2 into focus.
Western blot analysis showed that TRAF2 was constitutively
expressed in unstimulated cells, and it was enhanced by the
treatment with Akti-1/2 (Figure 6f). On the contrary, transfec-
tion with Akt-CA downregulated the level of TRAF2
(Figure 6g). These results suggest a possibility that Akt
downregulates TRAF2 and thereby blocks the IRE1 signaling,
which may be involved in the suppressive effect of rapamycin
on JNK. Indeed, rapamycin markedly suppressed the level of
TRAF2 under ER stress conditions (Figure 6h). Furthermore,
activation of mTORC1 by siTSC2 increased the level of
TRAF2. It was correlated with enhanced phosphorylation of
JNK, especially JNK1 (Figure 6i), supporting our hypothesis.

In vivo suppression of ER stress-induced apoptosis by
blockade of mTORC1. To evaluate in vivo effects of
mTORC1 inhibition on ER stress-induced apoptosis, mice
were treated with or without rapamycin and exposed to ER
stress by intraperitoneal injection of tunicamycin. After three
days, kidneys and livers were subjected to western blot
analysis. As shown in Figure 7a, activation of mTORC1 was
induced by tunicamycin in kidneys, and it was suppressed by
the administration with rapamycin. Similar results were also

observed in livers (Supplementary Figure S5). Consistent with
our in vitro results, the suppression of mTORC1 was correlated
with suppression of JNK and activation of Akt. Of note, although
phosphorylation of eIF2a was evident in kidneys and livers in
tunicamycin-exposed mice, it was not affected by the treatment
with rapamycin (Figure 7a, Supplementary Figure S5).

Tunicamycin induces tubular injury and apoptosis in murine
kidneys.17 Indeed, histopathological analysis evidenced
vacuolation of the renal proximal tubules (Figure 7b, right-
top), and administration of rapamycin suppressed this
pathological change (Figure 7b, right-bottom). Furthermore,
terminal deoxynucleotidyl transferase-mediated dUTP-biotin
nick end labeling (TUNEL) staining exhibited numerous
TUNEL-positive cells in kidneys of tunicamycin-exposed
mice, and the number of apoptotic cells was substantially
reduced in tunicamycin/rapamycin-treated mice (Figure 7c).
Quantitative analysis showed that the number of TUNEL-
positive cells was significantly reduced by the administration
with rapamycin from 193±44 cells/field to 55±8 cells/field
(Figure 7d). These results provide in vivo evidence supporting
our conclusion that, under the ER stress condition, mTORC1
causes apoptosis through suppression of Akt and consequent
induction of the IRE1–JNK pathway.

Discussion

Previous reports suggested that rapamycin, the potent
immunosuppressant, may be useful for the treatment of ER
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stress-related disorders.7 However, molecular mechanisms
underlying its therapeutic utility are largely unknown. In the
present report, we elucidated the potential of rapamycin to
attenuate ER stress-induced apoptosis. Our results dis-

closed; (1) mTORC1 is activated under ER stress conditions,
(2) inhibition of mTORC1 selectively suppresses the IRE1–
JNK pathway, but not the PERK and ATF6 pathways, and (3)
activation of mTORC1 triggers the IRE1–JNK pathway, but
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not other UPR branches. We also elucidated that mTORC1
causes inhibition of Akt and consequent activation of the
IRE1–JNK pathway, leading to apoptosis. These results
suggest that, under ER stress conditions, mTORC1 causes
apoptosis through suppression of Akt and consequent
induction of the particular pro-apoptotic pathway. The outline
of our current findings was summarized in Figure 7e.

Some previous reports showed that activation of mTORC1
resulted in induction of ER stress. For example, Ozcan et al.
reported that loss of TSC1 or TSC2 and consequent activation
of mTORC1 caused ER stress, leading to increased vulner-
ability of cells to apoptotic cell death.18 The authors showed
that three major branches of the UPR were activated in TSC-
deficient cells. In contrast, in the present report, we showed
that activation of mTORC1 by knockdown of TSC2 triggered
the IRE1–JNK pathway, but not PERK and ATF6 pathways.
The discrepancy between our current results and the previous
finding is possibly owing to the level of mTORC1 activation.
That is, complete deletion of TSC results in strong, constitu-
tive activation of mTORC1 and sustained overproduction and
attenuated degradation of proteins,19 leading to activation of
three branches of the UPR. In contrast, as we demonstrated,

partial knockdown of TSC does not trigger substantial ER
stress and causes activation of the IRE1 pathway without
induction of PERK and ATF6 signaling. The fact that GRP78,
the most popular ER stress marker, was not induced by the
treatment with siTSC2 supports our speculation.

In the present report, we demonstrated that ER stress
triggers activation of mTORC1. What is the event upstream of
mTORC1 activation? One possible answer is Akt. As
demonstrated in this report, ER stress rapidly induces
phosphorylation of Akt. However, this early activation is only
transient. In the later phase, the phosphorylation level of Akt is
depressed below basal phosphorylation levels. It is caused by
the negative feedback loop initiated by mTORC1, because
rapamycin abolished the suppression of Akt in the late phase.
It is known that mTORC1 is upregulated by Akt.12 The
activation of mTORC1 by ER stress is possibly mediated by
the early phosphorylation of Akt. Huang and Manning reported
that mTORC2 activation was severely blunted in mTORC1-
activated cells. On the other hand, suppression of mTORC1
increased mTORC2 kinase activity.20 mTORC2 is known to
serve as an upstream activator of Akt via direct phosphoryla-
tion at S473.21 The ability of mTORC2 to phosphorylate Akt is
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negatively regulated by mTORC1-mediated activation of
p70S6K.22 Based on these previous findings, activation of
mTORC1 by ER stress may lead to suppression of mTORC2
and consequent inhibition of Akt.

Three major branches of the UPR are activated in response
to ER stress. Chemical inhibitors of ER stress (e.g., chemical
chaperones) usually block all three arms of the UPR.
Currently, little is known about agents that selectively inhibit
particular UPR branches. In the present report, we demon-
strated the potential of rapamycin for selective inhibition of the
IRE1 pathway. As rapamycin did not affect ER stress-induced
activation of the PERK and ATF6 pathways, and downstream

expression of CHOP and GRP78, its suppressive effect on the
IRE1–JNK pathway is not via attenuation of ER stress per se.
If so, how does Akt suppress the IRE1 pathway selectively?
Currently, the mechanism is not fully understood, but our
current results indicate possible involvement of TRAF2, an
essential component for IRE1-mediated ASK1–JNK activa-
tion.23 We found; (1) inhibition of mTORC1 by rapamycin
upregulated Akt and downregulated TRAF2, (2) activation of
mTORC1 by siTSC2 downregulated Akt and upregulated
TRAF2, (3) activation of Akt decreased TRAF2, whereas
inhibition of Akt increased TRAF2, and (4) under ER stress
conditions, the kinetics of TRAF2 levels was closely corre-
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lated with the kinetics of JNK activity. These results indicate
that suppression of TRAF2 is, at least in part, responsible for
Akt-mediated inhibition of JNK activation.

The action of IRE1 as kinase requires TRAF2, whereas its
action as endoribonuclease does not. The fact that Akt inhibited
splicing of XBP1 mRNA implies additional mechanisms under-
lying the suppression of IRE1 by Akt. Previous studies suggested
that Bcl-2 family proteins including Bax, Bak and Bcl-2 homology
domain 3 (BH3)-only proteins directly interacted with IRE1 and
regulated both its kinase and endoribonuclease activity.24 Akt is
known to directly phosphorylate and inhibit Bax and BH3-only
proteins.12,25 The selective blockade of the IRE1 pathway by
rapamycin might also be ascribed to the suppression of Bcl-2
family members via Akt.

In this report, we examined a role of mTORC1 in ER stress-
induced apoptosis. However, mTORC1 may also be involved
in cellular senescence.26 Rapamycin could inhibit ER stress-
induced cellular death via intervention in the senescence
program. We examined this possibility using senescence-
associated b-galactosidase (SA-b-gal) as a marker.27

However, in our experimental setting, neither thapsigargin
nor tunicamycin caused senescence of NRK-52E cells
(Supplementary Figure S6), excluding this possibility.

Individual UPR pathways possess both pro-apoptotic and
antiapoptotic aspects. For example, the PERK pathway
causes translational suppression that attenuates ER stress,
whereas it also induces pro-apoptotic molecules including
CHOP and GADD34 (growth arrest and DNA damage gene
34). The IRE1 pathway triggers apoptosis via activation of
ASK1 and JNK, but this pathway also induces ER chaperones
and ER stress-associated degradation factors, both of which
attenuate ER stress.28 In general, however, the PERK and
the ATF6 pathways are considered pro-survival, whereas the
IRE1 pathway is regarded pro-apoptotic.29–32 A selective
inhibitor of the IRE1 pathway should, therefore, have an
advantage for the treatment of ER stress-related disorders.
Indeed, in the present report, we showed that in vivo
administration with rapamycin markedly suppressed ER
stress-triggered activation of the IRE1–JNK pathway and
consequent apoptosis in the kidney. Our current results raise
a possibility that rapamycin may be useful for therapeutic
intervention in a wide range of ER stress-related pathologies
including infections, diabetes, ischemia, cancers and neuro-
degenerative disorders.

Materials and Methods
Reagents. Rapamycin, thapsigargin, tunicamycin, actinomycin D and 5-bromo-4-
chloro-3-indolyl-b-D-galactopyranoside (X-gal) were purchased from Sigma-Aldrich
Japan (Tokyo, Japan). Akti-1/2 was obtained from Calbiochem (San Diego, CA, USA).
Z-VAD-fmk was purchased from MBL International Corporation (Nagoya, Japan).

Cells and stable transfectants. The rat renal tubular epithelial cell line
NRK-52E was purchased from American Type Culture Collection (Manassas, VA,
USA). The rat mesangial cell line SM43 was established as described previously.33

Cells were maintained in Dulbecco’s modified Eagle’s medium/Ham’s F-12 (Gibco-
BRL, Gaithersburg, MD, USA) supplemented with 5% fetal bovine serum (FBS).
All experiments were performed in the presence of 1% FBS. NRK/UPRE-Luc
cells were established by stable transfection with pUPRE-Luc (provided by
Dr. Laurie H Glimcher, Harvard Medical School)34 that introduces a luciferase gene
under the control of the UPRE. NRK/IRE1-DN cells were established by transfection
with pCAG-hIRE1a.K599A encoding a kinase-defective, dominant-negative mutant

of IRE1a (provided by Dr. Masayuki Miura, University of Tokyo).35 NRK-52E cells
transfected with pcDNA3.1 (Invitrogen, Carlsbad, CA, USA) were used as a control.

Transient transfection. Using GeneJuice Transfection Reagent (Novagen,
Madison, WI, USA), cells were transiently transfected with pCMV-3xFLAG-ATF6
(provided by Dr. Ron Prywes, Columbia University),36 pcDNA3-myrHA-Akt1
encoding Akt-CA (provided by Dr. Kenneth Walsh, Boston University School of
Medicine),37 pCAX-F-XBP1DDBD-Luc (provided by Dr. Takao Iwawaki, RIKEN),38

pMv-src or siRNAs. siTSC2 and siRaptor were purchased from TAKARA (Shiga,
Japan). The nucleotide sequences are: siTSC2, 50-GGCCCUCACAGACAAUGGA-30;
and siRaptor, 50-GCCUGAGUCUGUGAAUGUA-30.39 50-GCUGCAAUCGAUUGAUA
GC-30 was used as a control siRNA.

Western blot analysis. Western blot analysis was performed as described
previously.40 Anti-caspase-3, anti-phospho-PERK (Thr980), Anti-PERK, anti-phospho-
eIF2a (Ser51), anti-eIF2a, anti-phospho-JNK (Thr183/Tyr185), anti-JNK, anti-phospho-
c-Jun (Ser63), anti-phospho-p70S6K (Thr389), anti-p70S6K, anti-TSC2, anti-phospho-
Akt (Ser473), anti-Akt and anti-TRAF2 antibodies were purchased from Cell Signaling
Technology (Beverly, MA, USA). GRP78 was detected by anti-GRP78 antibody (Santa
Cruz Biotechnology, Santa Cruz, CA, USA). Analysis of ATF6 was performed using
anti-FLAG antibody (Cell Signaling). As a loading control, the level of b-actin was
evaluated using anti-b-actin antibody (Sigma-Aldrich Japan). Densitometric analysis was
performed using ImageJ Software (National Institutes of Health, Bethesda, MD, USA).

Northern blot analysis. Total RNA was extracted by the single-step method,
and northern blot analysis was performed as described before.40 cDNAs for GRP78
(provided by Dr. Kazunori Imaizumi, University of Miyazaki),11 CHOP (provided by Dr.
David Ron, New York University School of Medicine) and ATF4 (provided by
Dr. David Ron) were used for preparation of radio-labeled probes. Expression of
glyceraldehyde-3-phosphate dehydrogenase (GAPDH) was used as a loading control.

RT-PCR. Reverse transcription was performed using Omniscript Reverse
Transcriptase (Qiagen, Valencia, CA, USA). Splicing of XBP1 mRNA was
examined using the following primers: 50-ACACGCTTGGGGATGAATGC-30 and
50-CCATGGGAAGATGTTCTGGG-30 (Sigma-Aldrich Japan).

Assessment of cell death. After exposure to ER stress, morphologic
examination was performed by phase-contrast microscopy. The number of viable
cells was estimated by trypan blue exclusion. Cleavage of procaspase-3 was used
as another indicator for apoptosis.

Luciferase assay. Activity of luciferase was evaluated by Luciferase Assay
System (Promega, Madison, WI, USA) according to the manufacturer’s protocol.

Animal experiment. C57BL/6 mice (20–25 g body weight; 11 male mice) were
intraperitoneally injected (i.p.) with PBS or rapamycin (1.5 mg/kg) on day 1, 2, 3 and
4. On day 2, mice were exposed to ER stress by single i.p. injection of tunicamycin
(1.5 mg/kg). After three days (day 5), kidneys were removed and processed for
tissue sectioning for histopathological analysis and TUNEL assay, as described
below. Renal cortex and liver were also used for western blot analysis.

Histopathological analysis and TUNEL assay. Kidneys were fixed in
4% phosphate-buffered paraformaldehyde overnight at 41C and embedded in
paraffin. Tissue sections were stained with hematoxylin and eosin (HE). TUNEL
assay was performed using Apoptosis Detection System, Fluorescein (Promega,
Madison, WI, USA), as described previously.32 The number of TUNEL-positive cells
per field was counted. 40-6-Diamidino-2-phenylindole (DAPI; Sigma-Aldrich Japan)
was used for nuclear staining.

SA-b-gal staining. Cells were fixed for 3 min in 3% formaldehyde and
subjected to X-gal assay, as described previously.26

Statistical analysis. Reporter assays and assessment of cell death were
performed in quadruplicate. Data were presented as means±S.E. Statistical analysis was
performed by non-parametric Mann–Whitney U-test to compare data in different groups.
P-value o0.05 was considered to indicate a statistically significant difference.
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