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Abstract. The potential pro-survival role of phos-

phatidylinositol 3-kinase (PI3K)/Akt during endo-

plasmic reticulum stress has been well-character-

ized. However, the detailed mechanisms remain 

largely unknown. Here, we showed that PI3K/Akt 

inhibition promoted endoplasmic reticulum stress-

induced apoptosis in a glucose-regulated protein 78 

(GRP78)-dependent manner. During endoplasmic 

reticulum stress, high levels of Akt phosphorylation 

were sustained for at least 18 h in HEK293 cells. Im-

portantly, PI3K/Akt enhanced GRP78 accumulation 

through increasing its stability following endoplas-

mic reticulum stress. Furthermore, Akt1, but not 

Akt2 or Akt3, was involved in GRP78 stability regu-

lation. These results suggest that PI3K/Akt inhibits 

endoplasmic reticulum stress-induced apoptosis in 

HEK293 cells, at least in part, by promoting GRP78 

protein sta bility.

Introduction

The endoplasmic reticulum (ER) is the site of synthesis 
and folding of secreted, membrane-bound, and some or-
ganelle-targeted proteins. When the function of ER is im-
paired by disturbances (such as disruption of Ca2+ homeo-
stasis, inhibition of protein glycosylation or disulfide bond 
formation and hypoxia), the unfolded or misfolded pro-
teins accumulate in the ER lumen, which subsequently 
triggers an evolutionarily conserved response, termed the 
unfolded protein response (UPR) (Mori, 2000; Harding et 
al., 2002; Rutkowski and Kaufman, 2004). The activation 
of UPR is believed to alleviate ER stress and promote cell 
survival (Gething and Sambrook, 1992; Harding et al., 
1999; Mori, 2000; Harding et al., 2002; Rutkowski and 
Kaufman, 2004). Glucose-regulated protein 78 (GRP78), 
an UPR target gene, is one of the best-characterized ER 
chaperone proteins. Under unstressed conditions, the lu-
minal domains of ER stress sensors, inositol-requiring 
protein 1 (IRE1), activating transcription factor 6 (ATF6), 
and PRK (RNA-dependent protein kinase)-like ER kinase 
(PERK), are occupied by GRP78, which represses the 
UPR signalling pathways. Upon ER stress, sequestration 
of GRP78 by unfolded proteins activates these sensors, 
inducing UPR (Hendershot, 2004; Schröder and Kaufman, 
2005). GRP78 induction plays pivotal roles in maintain-
ing ER homeostasis and protecting the cells against ER 
stress-induced apoptosis (Hendershot, 2004; Lee, 2005; 
Dong et al., 2008).

Akt/protein kinase B (PKB) has been identified as 
a direct target of phosphatidylinositol 3-kinase (PI3K) 
(Franke et al., 1995; Datta et al., 1996). Akt is phospho-
rylated at Thr308 and Ser473 by 3-phosphoinositide-de-
pendent kinase 1/2 (PDK1/2) and is fully activated when 
both residues are phosphorylated (Anderson et al., 1998; 
Stephens et al., 1998). PI3K/Akt is a critical mediator of 
growth factor-induced cell survival and has been shown 
to suppress cell death induced by a variety of apoptotic 
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stimuli (Marte and Downward, 1997). It has been re-
ported that Akt activation was increased by short-term 
exposure to ER stress but was down-regulated by long-
term exposure to ER stress, and Akt inactivation plays 
an important role in growth arrest and DNA damage-
inducible protein 153 (GADD153) induction (Hyoda et 
al., 2006; Hosoi et al., 2007). Although PI3K/Akt has 
been shown to prevent ER stress-induced cell death (Hu 
et al., 2004; Hyoda et al., 2006), the detailed mecha-
nisms remain largely unknown. Here, we found that the 
PI3K/Akt pathway is critical for ER stress-induced 
GRP78 accumulation, which subsequently facilitates 
the cells to cope with ER stress.

Material and Methods

Material

Thapsigargin (TG) and dithiothreitol (DTT) were 
purchased from Sigma Chemical Company (St. Louis, 
MO). PI3K inhibitor LY294002, mitogen-activated pro-
tein kinase (MAPK) or Erk kinase (MEK)1/2 inhibitor 
U0126, mammalian target of rapamycin (mTOR) inhib-
itor rapamycin and glycogen synthase kinase (GSK)3β 
inhibitor TDZD-8 were purchased from Merck Chemi-
cals (Darmstadt, Germany). Antibodies against GRP78, 
GRP94, cleaved poly-(ADP-ribose) polymerase (PARP), 
GADD153, phospho-Akt1 and Akt1 were purchased 
from Santa Cruz Biotechnology (Santa Cruz, CA). Anti-
bodies against HA-tag, Myc-tag, phospho-Akt (Ser473), 
Akt, phospho-mTOR (Ser2448), mTOR, phospho-p70 
S6 kinase (Thr389), p70 S6 kinase, phospho-extracel-
lular signal-regulated kinase (ERK)1/2 (Thr202/Tyr204), 
ERK1/2 and β-actin were purchased from Cell Signal-
ing Technology (Beverly, MA).

Cell culture and treatment
Human embryonic kidney (HEK) 293 cells and 

mouse embryonic fibroblast cell line (NIH 3T3) cells 
were maintained at 37 °C in a humidified incubator 
containing 5 % CO

2
, in Dulbecco’s Modified Eagle Me-

dium (DMEM) supplemented with 10 % foetal bovine 
serum and 1 % penicillin/streptomycin. Dithiothreitol 
(2.5 mM) and thapsigargin (1 μM) were used to induce 
ER stress response. The cells were pretreated with 
30 μM LY294002, 10 μM U0126 or 10 μM TDZD-8 for 
1 h prior to dithiothreitol or thapsigargin treatment to 
block PI3K/Akt, MEK/ERK or GSK3β. The constitu-
tively active expression vectors for Akt (myr-HA-Akts) 
and the dominant negative kinase-dead mutant vector 
for HA-Akt1 (K179M) were kindly provided by Pro-
fessor Jin Q. Cheng. Transient transfection of HA-Akts, 
GRP78, murine double minute-2 (MDM2), and the 
control constructs were performed using polyethylen-
imine (PEI) (Invitrogen, Carlsbad, CA). The oligonu-
cleotides and protocol used for Akt isoforms and GRP78 
knockdown have been previously described (Li and 
Lee, 2006; Hara et al., 2008); the control siRNA against 
GFP was used.

Reverse transcription PCR and real-time PCR

Total RNA was isolated with TRIzol reagent (Invitro-
gen, Carlsbad, CA) according to the manufacturer’s in-
structions. The reverse transcription reactions were car-
ried out using the M-MLV Reverse Transcriptase 
(Promega, Madison, WI) according to the manufactur-
er’s protocol. The PCRs were optimized for a number of 
cycles to ensure product intensity within the linear phase 
of amplification. PCR products were separated by elec-
trophoresis in 2% or 4% agarose gel, stained with ethid-
ium bromide. All tests were repeated three times, and 
one of the repeats was shown in the results. Real-time 
PCR analyses were performed using SYBR Premix Ex 
Taq (TaKaRa, Tokyo, Japan). Results were normalized 
with 18S. The primers used in this study are as follows: 
human GRP78 sense primer, 5’-ATC ACG CCG TCC 
TAT GTC GC-3’ and anti-sense primer, 5’-TCT CCC 
CCT CCC TCT TAT CC-3’; human XBP1 sense primer, 
5’-CCT TGT AGT TGA GAA CCA GG-3’ and anti-
sense primer, 5’-GGG GCT TGG TAT ATA TGT GG-
3’; human 18S sense primer, 5’-GGG AGG TAG TGA 
CGA AAA AT-3’ and anti-sense primer, 5’-ACC AAC 
AAA ATA GAA CCG CG-3’.

Western blot analysis
Cells were lysed in Triton lysis buffer (20 mM Tris, 

pH 7.4, 137 mM NaCl, 10 % glycerol, 1 % Triton X-100, 
2 mM EDTA, 1 mM PMSF, 10 mM NaF, 5 mg/ml apro-
tinin, 20 mM leupeptin, and 1 mM sodium orthovanad-
ate) and centrifuged at 12,000 g for 15 min. Protein 
concentrations were measured using the BCA assay 
(Santa Cruz, CA). Equal proteins were applied to SDS-
PAGE. After electrophoresis, proteins were blotted to 
polyvinylidene fluoride (PVDF) membranes and then 
blocked with 5% skim milk powder with 0.1% Tween-20. 
The blots were then probed at 4 °C overnight with the 
relevant primary antibodies, washed three times with 
TBST (TBS containing 0.1 % Tween-20), and probed 
with the appropriate horseradish-peroxidase-conjugat-
ed secondary antibodies at room temperature for 2 h. 
Immunoreactive material was detected using the ECL 
kit (Santa Cruz, CA) according to the manufacturer’s 
instruction. The bands were quantified densitometri-
cally.

Apoptosis analysis 
Cells were treated with dithiothreitol (2.5 mM) and 

thapsigargin (1 μM) for the indicated time. Apoptosis 
was detected using Annexin V-FITC Apoptosis Detec-
tion Kit (BD PharMingen, Franklin Lakes, NJ) accord-
ing to the manufacturer’s manual. Annexin V staining 
was analysed by flow cytometry within 1 h. The experi-
ments were repeated three times.

Statistical analysis
Results are expressed as mean ± standard deviation. 

Statistical analysis was performed using Student’s t-test. 
P < 0.05 was considered statistically significant.
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Results

PI3K/Akt is involved in ER stress-induced 
apoptosis in HEK293 cells

Incubation of HEK293 cells with ER stress inducers 
dithiothreitol and thapsigargin markedly elevated 
GRP78 protein level and rapidly induced XBP1 mRNA 
splicing (Fig. 1A), indicating UPR activation (Yoshida 
et al., 2001a; Hu et al., 2004). It has been reported that 
long-term exposure to ER stress stimuli results in rap-
idly decreasing PI3K/Akt activity (Hu et al., 2004; Hy-
oda et al., 2006; Hosoi et al., 2007). During ER stress, 
the phosphorylation levels of Akt in HEK293 cells were 
investigated. Western blot analysis showed that high 
levels of Akt phosphorylation were sustained for at least 
18 h after dithiothreitol and thapsigargin treatment (Fig. 
1B). It is notable that phospho-Akt was slightly reduced 
within 3 h following ER stress, and restored in 6 h. An 
obvious decrease in the phosphorylation level of Akt 
was observed 24 h after dithiothreitol and thapsigargin 
treatment (Fig. 1B). Consistent with previous data (Hy-
oda et al., 2006), we found that Akt protein levels were 
not changed in response to ER stress (Fig. 1B). Further-
more, Fig. 1B shows that Akt activation was increased 
within 6 h under ER stress but was decreased by long-
term exposure to ER stress stimuli. Taken together, these 
data indicate that PI3K/Akt plays an important role in 
HEK293 cells under ER stress.

Next, we examined whether the PI3K/Akt pathway 
can protect HEK293 cells against ER stress-induced 
death. HEK293 cells were treated with dithiothreitol 
and thapsigargin in the presence or absence of PI3K-
specific inhibitor LY294002 (30 μM). The results 
showed that LY294002 significantly sensitized HEK293 
cells to dithiothreitol- and thapsigargin-induced apopto-
sis (Fig. 1C). Furthermore, myr-HA-Akt transient trans-
fection inhibited ER stress-induced apoptosis in HEK293 
cells (Fig. 1C). These results reveal that the activity of 
PI3K/Akt is critical for protecting HEK293 cells from 
the ER stress-induced apoptosis.

PI3K/Akt is required for GRP78 accumulation 
in HEK293 cells

It has been reported that PI3K/Akt can inhibit ER 
stress-mediated GADD153, an important promoter of 
apoptosis induction (Hyoda et al., 2006; Hosoi et al., 
2007). We investigated whether PI3K/Akt plays some 
role in regulating ER stress-mediated GADD153 induc-
tion in HEK293 cells. As shown in Figs. 2A and 2B, 
PI3K/Akt inhibition or myr-HA-Akt transient transfec-
tion had no appreciable effect on GADD153 induction 
in dithiothreitol- and thapsigargin-treated HEK293 cells. 
These data imply that PI3K/Akt is not involved in 
GADD153 induction in HEK293 cells under ER stress.

Since the sustained high levels of Akt phosphoryla-
tion were observed in ER-stressed HEK293 cells, we 
suspected that PI3K/Akt might play some roles in GRP78 

Fig. 1. PI3K/Akt is involved in ER stress-induced HEK293 cell apoptosis. (A) Dithiothreitol (2.5 mM)- and thapsigargin 
(1 μM)-induced UPR in HEK293 cells. GRP78 protein, unspliced and spliced XBP-1 mRNA were detected by Western blot 
and RT-PCR, respectively. (B) Western blot analysis for the phosphorylation of Akt in HEK293 and NIH 3T3 cells after 
dithiothreitol (2.5 mM) or thapsigargin (1 μM) treatment for indicated times. (C) HEK293 cells were treated with dithio-
threitol (2.5 mM) or thapsigargin (1 μM) for 24 or 48 h with or without LY294002 (30 μM) pre-incubation for 1 h or myr-Akt 
transient transfection. Apoptosis was measured using flow cytometry after staining with FITC-conjugated Annexin V and 
propidium iodide. Columns, mean of three individual experiments; bars, SE. *, significantly different from control value.
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accumulation. This hypothesis was supported by our 
data, which demonstrated that PI3K inhibitor LY294002 
(30 μM) pre-incubation inhibited GRP78 protein up-reg-
ulation in dithiothreitol- and thapsigargin-treated 
HEK293 cells at the indicated time (Fig. 2C). Moreover, 
Fig. 2C shows that ER stress-induced GRP94, another 
ER chaperone, expression was not affected by PI3K/Akt 
inhibition, which suggests that the regulation of GRP78 
by PI3K/Akt under ER stress is specific. The role of 
PI3K/Akt in GRP78 regulation was also investigated in 
NIH 3T3 cells, and the data showed that LY294002 (30 
μM) pre-incubation had no effect on ER stress-mediated 
GRP78 induction (Fig. 2D). Furthermore, Akt1, but not 
Akt2 or Akt3, transient transfection obviously up-regu-
lated the protein level of GRP78 in dithiothreitol- and 
thapsigargin-treated HEK293 cells (Fig. 3A). These re-
sults indicate that Akt1 is the predominant isoform that is 
involved in regulating GRP78 accumulation.

To further confirm the role of Akt1 in GRP78 accumu-
lation, HEK293 cells were transiently transfected with 
the dominant-negative Akt1 (K179M) or the control con-
structs 24 h before dithiothreitol and thapsigargin treat-
ment. It is notable that Akt1 (K179M) not only blocked 
the phosphorylation of Akt1, but also inhibited ER stress-
induced GRP78 protein accumulation (Fig. 3B). ER 
stress stimuli induced no apparent changes in the level 
of phospho-Akt1; this may be due to the fact that differ-

ent Akt isoforms have different dynamic features of ki-
nase activity following ER stress. Consis tent with these 
data, Akt1 (but not Akt2 or Akt3) siRNA significantly 
down-regulated GRP78 protein level in dithiothreitol- 
and thapsigargin-treated HEK293 cells (Fig. 3C). Thus, 
it is confirmed that Akt1, but not Akt2 or Akt3, is in-
volved in GRP78 accumulation.

Exogenous GRP78 expression inhibits PI3K/Akt 
inhibition-mediated apoptosis in HEK293 cells

Considering that PI3K/Akt inactivation decreases 
GRP78 protein accumulation, it seems that GRP78 may 
contribute to the anti-apoptotic function of PI3K/Akt. To 
confirm the role of GRP78 in preventing HEK293 cells 
from ER stress-induced apoptosis, GRP78 expression 
was suppressed by the GRP78-specific siRNA. Fig. 4A 
shows that GRP78 suppression substantially increased 
the sensitivity of HEK293 cells to dithiothreitol- and 
thapsigargin-induced apoptosis. Moreover, GRP78 over-
expression inhibited dithiothreitol- and thapsigargin-me-
diated HEK293 cell apoptosis (Fig. 4A). In order to make 
sure whether exogenous GRP78 expression inhibits 
PI3K/Akt inactivation-mediated cell death under ER 
stress, HEK293 cells with or without GRP78 vector tran-
sient transfection were treated with LY294002 (30 μM) 
before dithiothreitol and thapsigargin administration. As 
shown in Fig. 4B, GRP78 over-expression inhibited 
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Fig. 2. PI3K/Akt is required for GRP78 accumulation in HEK293 cells. (A) LY294002 (30 μM) pretreatment for 1 h had 
no effect on GADD153 protein induction in dithiothreitol (2.5 mM)- or thapsigargin (1 μM)-treated HEK293 cells. (B) 
Akt transient transfection had no effect on GADD153 protein induction in dithiothreitol (2.5 mM)- or thapsigargin (1 
μM)-treated HEK293 cells. (C) LY294002 (30 μM) pretreatment for 1 h inhibited dithiothreitol (2.5 mM)- or thapsigargin 
(1 μM)-induced GRP78, but not GRP94, protein accumulation in HEK293 cells. (D) LY294002 (30 μM) pretreatment for 
1 h had no effect on ER stress-induced GRP78 expression in NIH 3T3 cells. (E) Thapsigargin (1 μM) treatment induced 
GRP78 expression in NIH 3T3 cells.
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PI3K/Akt inhibition-mediated apoptosis in dithiothrei-
tol- or thapsigargin-treated HEK293 cells. Furthermore, 
GRP78 over-expression inhibited Akt1 (K179M)- and 
siAkt1-induced apoptosis under ER stress (Fig. 4C). 
These observations suggest that the cytoprotective pro-
file of PI3K/Akt under ER stress is dependent, at least in 
part, on GRP78 accumulation. Furthermore, GRP78 sup-
pression did not completely block the protective role of 
PI3K/Akt in dithiothreitol- and thapsigargin-treated 

HEK293 cells (Fig. 4D), indicating that GRP78 suppres-
sion reduced the cytoprotective ability of PI3K/Akt un-
der ER stress only in part.

PI3K/Akt regulates GRP78 expression at the 
protein level in HEK293 cells

We next studied whether PI3K/Akt regulates GRP78 
induction at the transcription level. After HEK293 cells 
were treated with dithiothreitol and thapsigargin for in-

P13K/Akt Regulates GRP78 under ER Stress

Fig. 3. Akt1 is the predominant isoform that is involved in regulating GRP78 accumulation. (A) Akt1 transient transfec-
tion up-regulated the GRP78 protein level in dithiothreitol (2.5 mM)- or thapsigargin (1 μM)-treated HEK293 cells, 
whereas transfection with Akt2 or Akt3 had no effect. (B) Domain-negative Akt1 transient transfection suppressed ER 
stress-induced GRP78 protein expression in HEK293 cells. (C) Akt1 siRNA transient transfection suppressed ER stress-
induced GRP78 protein expression in HEK293 cells, whereas transfection with Akt2 or Akt3 siRNA had no effect.
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dicated time periods in the presence or absence of 30 
μM LY294002, real-time PCR analysis was performed 
to detect the effect of PI3K/Akt inhibition on GRP78 
transcription. As shown in Fig. 5A, PI3K/Akt inhibition 
did not suppress ER stress-induced GRP78 mRNA ex-
pression in HEK293 cells. Furthermore, Akt1 over-ex-
pression did not cause GRP78 mRNA elevation (Fig. 
5B). Akt2 and Akt3 over-expression also had no appre-
ciable effects on the GRP78 mRNA induction (data not 
shown). These data indicate that PI3K/Akt does not par-
ticipate in GRP78 mRNA induction following ER stress. 

Thus, it is reasonable that PI3K/Akt regulates ER stress-
induced GRP78 accumulation at the protein level.

It has been suggested that mTOR, an established tar-
get of Akt, is involved in cell survival and proliferation 
through regulating protein synthesis (Chung et al., 2002; 
Wendel et al., 2004). Therefore, it is interesting to inves-
tigate whether PI3K/Akt cascade mediates GRP78 pro-
tein induction through mTOR. We found that the phos-
phorylation of mTOR at Ser2448 was blocked by 
LY294002 (30 μM) in dithiothreitol- and thapsigargin-
treated HEK293 cells (Fig. 5C). Further data showed 
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Fig. 4. GRP78 over-expression protects HEK293 cells against PI3K/Akt inhibition-mediated apoptosis. (A) GRP78 pro-
tects HEK293 cells from ER stress-induced apoptosis. After transfection with GRP78 construct or siRNA for 24 h, 
HEK293 cells were treated with or without dithiothreitol (2.5 mM) and thapsigargin (1 μM) for another 36 h. Apoptosis 
was evaluated by AnnexinV-FITC flow cytometry and reconfirmed by PARP cleavage. Columns, mean of three individu-
al experiments; bars, SE. *Significantly different from control value; **significantly different from *value. (B) After 
transient transfection with the control or GRP78 construct for 24 h, HEK293 cells were treated with or without dithioth-
reitol (2.5 mM) and thapsigargin (1 μM) in the presence or absence of LY294002 (30 μM) for another 36 h. Apoptosis was 
evaluated by AnnexinV-FITC flow cytometry and reconfirmed by PARP cleavage. Columns, mean of three individual 
experiments; bars, SE. *Significantly different from control value; **significantly different from *value. (C) GRP78 over-
expression protects HEK293 cells from Akt1 inhibition-induced apoptosis. After transient transfection with GRP78 con-
struct, Akt1 (K179M) construct or Akt1 siRNA for 24 h, HEK293 cells were treated with or without dithiothreitol (2.5 
mM) and thapsigargin (1 μM) for another 36 h. Apoptosis was evaluated by AnnexinV-FITC flow cytometry and recon-
firmed by PARP cleavage. Columns, mean of three individual experiments; bars, SE. *Significantly different from control 
value; **significantly different from * value. (D) PI3K/Akt inhibition aggravates GRP78 suppression-enhanced HEK293 
cell apoptosis. After transfection with GRP78 siRNA for 24 h, HEK293 cells were treated with dithiothreitol (2.5 mM) 
and thapsigargin (1 μM) in the presence or absence of LY294002 (30 μM) for another 36 h. Apoptosis was evaluated by 
AnnexinV-FITC flow cytometry and reconfirmed by PARP cleavage. Columns, mean of three individual experiments; 
bars, SE. *Significantly different from control value; **significantly different from *value.
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Fig. 5. PI3K/Akt mediates GRP78 accumulation at the protein level. (A, B) LY294002 (30 μM) and Akt1 had no effects 
on the GRP78 mRNA induction in dithiothreitol (2.5 mM)- or thapsigargin (1 μM)-treated HEK293 cells. GRP78 mRNA 
levels were analysed by real-time RT-PCR. Columns, mean of three individual experiments; bars, SE. (C) LY294002 (30 
μM) treatment inhibited the mTOR phosphorylation level (top panels), and mTOR inhibitor rapamycin had no effect on 
GRP78 protein expression (bottom panels) in dithiothreitol (2.5 mM)- or thapsigargin (1 μM)-treated HEK293 cells at the 
indicated times. (D) LY294002 (30 μM)-mediated GRP78 down-regulation in dithiothreitol (2.5 mM)- or thapsigargin (1 
μM)-treated HEK293 cells was blocked by MG-132 (20 μM) administration for up to 6 h before cell harvest. (E) Akt1-
mediated GRP78 up-regulation in dithiothreitol (2.5 mM)- or thapsigargin (1 μM)-treated HEK293 cells was blocked by 
MG-132 (20 μM) administration for up to 6 h before cell harvest. (F) CHX had no effect on LY294002-mediated GRP78 
down-regulation. After treatment with dithiothreitol (2.5 mM) or thapsigargin (1 μM) for 12 h, HEK293 cells were 
treated with CHX (50 μg/ml) for another 12 h in the presence or absence of 30 μM LY294002. (G) GSK3β inhibitor 
TDZD-8 and MDM2 construct had no effect on GRP78 protein induction in HEK293 cells.
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that pretreatment with 50 nM mTOR inhibitor rapamy-
cin for 1 h had no effect on ER stress-induced GRP78 
protein expression (Fig. 5C). These data suggest that ER 
stress induces activation of mTOR in an Akt-dependent 
manner; however, this process is not involved in GRP78 
accumulation.

Under normal conditions, the endogenous GRP78 
protein is very low in HEK293 cells (Fig. 2C, Fig. 3A), 
despite the presence of relatively high basal levels of 
GRP78 transcripts, indicating its poor stability in 
HEK293 cells. Our data showed that proteasome inhibi-
tor MG-132 (20 μM) treatment inhibited LY294002-
mediated GRP78 protein reduction in HEK293 cells 
under ER stress (Fig. 5D), suggesting that PI3K/Akt 
plays a vital role in controlling the stability of GRP78 
protein. Furthermore, MG-132 (20 μM) treatment inhib-
ited Akt1 over-expression-mediated GRP78 protein in-
crease (Fig. 5E). To test whether PI3K/Akt promotes 
GRP78 protein synthesis, HEK293 cells were treated 
with protein synthesis inhibitor cycloheximide (CHX) 
with or without LY294002 after dithiothreitol or thapsi-
gargin treatment for 12 h. As shown in Fig. 5F, CHX has 
no effect on PI3K/Akt inhibition-mediated GRP78 pro-
tein reduction. Taken together, these data confirm the 
idea that PI3K/Akt promotes GRP78 accumulation 

through increasing the stability of GRP78 protein. As 
GSK3β and MDM2, which both play pivotal roles in the 
regulation of protein stability, are established targets of 
Akt (Cross et al., 1995; Mayo and Donner, 2001), we 
also investigated whether GSK3β and MDM2 are in-
volved in Akt-mediated GRP78 up-regulation. Fig. 5G 
shows that neither GSK3β inhibition nor MDM2 over-
expression had effect on GRP78 induction, suggesting 
that the effect of Akt on GRP78 regulation is not me-
diated by GSK3β and MDM2.

MEK/ERK is not required for GRP78 induction 
in HEK293 cells

Previous studies have shown that ERK1/2 is constitu-
tively activated in various cell types under ER stress, 
and the MEK/ERK pathway is believed to play an im-
portant role in ER stress-induced GRP78 induction (Arai 
et al., 2004; Jiang et al., 2007; Zhang et al., 2009). How-
ever, we found that the phosphorylation of ERK1/2 
 rapidly decreased (within 1 h) in dithiothreitol- or thap-
sigargin-treated HEK293 cells (Fig. 6A). Re-phosphor-
ylation of ERK1/2 was observed at 24 h (Fig. 6A). These 
data imply that MEK/ERK might play little role in 
GRP78 induction in HEK293 cells. To test this hypoth-
esis, we examined whether GRP78 induction could be 

Fig.6. MEK/ERK is not involved in GRP78 induction in HEK293 cells. (A) Western blot analysis for the phosphorylation 
of ERK in HEK293 cells after dithiothreitol (2.5 mM) or thapsigargin (1 μM) treatment at indicated times. (B) U0126 (10 
μM) pretreatment for 1 h had no effect on GRP78 protein induction in dithiothreitol (2.5 mM)- or thapsigargin (1 μM)-
treated HEK293 cells.

Rongyang Dai et al.
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blocked by MEK/ERK inhibition. We monitored protein 
levels of GRP78 following exposure of HEK293 cells to 
dithiothreitol or thapsigargin with or without 10 μM 
U0126 pretreatment. As shown in Fig. 6B, MEK/ERK 
inhibition had no effect on ER stress-induced GRP78 
expression, indicating that the induction of GRP78 is 
independent of MEK/ERK activity in HEK293 cells.

Discussion

It has been demonstrated that PI3K/Akt plays a piv-
otal role in regulating cell survival under ER stress con-
ditions (Hu et al., 2004; Srivanasan et al., 2005), but the 
underlying mechanisms remain unclear. In this study, we 
reported that the PI3K/Akt pathway protects HEK293 
cells against ER stress-induced apoptosis through GRP78 
regulation. During ER stress, GRP78 plays an essential 
role in protection of cells from apoptosis (Hendershot, 
2004; Dong et al., 2008). Here, we found that PIK/Akt 
was required for ER stress-induced GRP78 accumula-
tion in HEK293 cells. Furthermore, the findings that 
knockdown of GRP78 by siRNA enhanced apoptosis in-
duced by dithiothreitol or thapsigargin, and GRP78 over-
expression inhibited the apoptosis-inducing potential 
mediated by PI3K/Akt inhibition under ER stress, strong-
ly suggest that PI3K/Akt protects HEK293 cells against 
ER stress-induced apoptosis through GRP78 regulation.

The expression of GRP78 is primarily regulated by 
ATF6, X-box binding protein 1 (XBP1), activating tran-
scription factor 4 (ATF4) and p38 MAPK at the tran-
scriptional level (Yoshida et al., 2001b; Luo and Lee, 
2002; Li and Lee, 2006; Yamamoto et al., 2007). Our 
data showed that PI3K/Akt regulates GRP78 accumula-
tion under ER stress at the protein level, but not at the 
transcriptional level. mTOR, an established target of 
Akt, regulates translation in response to nutrients and 
growth factors. Although ER stress-induced phosphor-
ylation of mTOR was PI3K/Akt-dependent, it was not 
involved in GRP78 accumulation under ER stress. As 
GRP78 has been found to be a potential target of Akt 
phosphorylation in mesangial cells (Barati et al, 2006), 
it seems that PI3K/Akt can regulate the stability of 
GRP78 protein through phosphorylation. This specula-
tion is supported by our demonstration that MG132 
treatment blocked PI3K/Akt inhibition-mediated GRP78 
protein reduction, but CHX had no effect on PI3K/Akt-
mediated GRP78 regulation. Mechanistically, these re-
sults suggest that PI3K/Akt up-regulates GRP78 through 
increasing the stability of GRP78 protein under ER 
stress conditions. Akt established targets GSK3β and 
MDM2, which play pivotal roles in the regulation of 
protein stability, are not involved in the effect of Akt on 
GRP78 regulation. Further studies are needed to clarify 
the mechanisms by which Akt may contribute to in-
creasing the stability of the GRP78 protein. 

Mammalian cells express three different Akt iso-
forms, known as Akt1, Akt2, and Akt3, which share a 
high degree of amino acid identity and have a consider-
able functional overlap (Brazil et al, 2004). However, it 

is widely accepted that Akt1, Akt2 and Akt3 have phys-
iologically diverse roles. It is notable that only Akt1, but 
not Akt2 or Akt3, is involved in GRP78 regulation in 
HEK293 cells under ER stress.

Although ER stress-mediated Akt gradual inactiva-
tion plays an important role in GADD153 induction 
(Hyoda et al., 2006), we found that PI3K/Akt had no 
appreciable effect on GADD153 accumulation in 
HEK293 cells under ER stress. Thus, our evidence indi-
cates that GADD153 is not involved in the anti-apop-
totic effects of PI3K/Akt in HEK293 cells under ER 
stress. Recently, it has been reported that ER stress can 
activate MEK/ERK rapidly, which in turn protects the 
cells against ER stress-induced apoptosis through pro-
moting GRP78 induction (Jiang et al., 2007; Zhang et 
al., 2009). Here, we found that the phosphorylation lev-
els of ERK1/2 rapidly decreased in dithiothreitol- and 
thapsigargin-treated HEK293 cells, and MEK/ERK in-
hibition had no effect on GRP78 induction. This sug-
gests that MEK/ERK is not involved in ER stress-medi-
ated GRP78 induction in HEK293 cells.

In this work, we reported that PI3K/Akt is required 
for ER stress-induced GRP78 accumulation in HEK293 
cells, which consequently facilitates the cells to adapt to 
ER stress. However, PI3K/Akt inhibition in NIH 3T3 
cells had no effect on ER stress-induced GRP78 expres-
sion, implying that the link between PI3K/Akt and 
GRP78 is cell-specific. As the activation of Akt de-
creased obviously within 6 h under ER stress, and 
GRP78 protein accumulated notably after 6 h exposure 
to ER stress in NIH 3T3 cells (Fig. 2E), it is reasonable 
that NIH 3T3 cells utilize other compensating pathways 
to stabilize GRP78. We also showed that only Akt1 is 
the predominant isoform which is involved in the regu-
lation of GRP78 accumulation. We further found that 
PI3K/Akt promotes GRP78 accumulation at the protein 
level but not at the mRNA level. Further studies on the 
detailed mechanisms of PI3K/Akt-mediated GRP78 sta-
bility regulation will contribute to understanding the im-
portant role of the PI3K/Akt pathway under ER stress.
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