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The unfolded protein response (UPR) regulates endoplasmic reticulum (ER) homeostasis and protects cells from ER stress.
IRE1� is a central regulator of the UPR that activates the transcription factor XBP1s through an unconventional splicing mecha-
nism using its endoribonuclease activity. IRE1� also cleaves certain mRNAs containing XBP1-like secondary structures to pro-
mote the degradation of these mRNAs, a process known as regulated IRE1�-dependent decay (RIDD). We show here that the
mRNA of CReP/Ppp1r15b, a regulatory subunit of eukaryotic translation initiation factor 2� (eIF2�) phosphatase, is a RIDD
substrate. eIF2� plays a central role in the integrated stress response by mediating the translational attenuation to decrease the
stress level in the cell. CReP expression was markedly suppressed in XBP1-deficient mice livers due to hyperactivated IRE1�.
Decreased CReP expression caused the induction of eIF2� phosphorylation and the attenuation of protein synthesis in XBP1-
deficient livers. ER stress also suppressed CReP expression in an IRE1�-dependent manner, which increased eIF2� phosphoryla-
tion and consequently attenuated protein synthesis. Taken together, the results of our study reveal a novel function of IRE1� in
the regulation of eIF2� phosphorylation and the translational control.

Overloading with excess cargo proteins in the endoplasmic re-
ticulum (ER) exceeding its folding capacity triggers the ER

stress response, which is also known as the unfolded protein
response (UPR) (1, 2). UPR is comprised of several intracellular
signaling pathways that promote the restoration of the ER homeo-
stasis through multiple mechanisms including the induction of
ER chaperones, the activation of ER-associated degradation
(ERAD) of misfolded proteins, and and inhibition of protein syn-
thesis (1, 3). The UPR consists of three branches that are initiated
by ER transmembrane sensor proteins: inositol-requiring enzyme
1� (IRE1�), activating transcription factor 6 (ATF6), and protein
kinase RNA-like ER kinase (PERK) (3, 4). These UPR branches are
simultaneously activated by ER stress in parallel and cooperatively
resolve the stress.

IRE1� is an evolutionarily well-conserved protein that pos-
sesses Ser/Thr kinase and endoribonuclease activities. IRE1� is
oligomerized and autophosphorylated in response to ER stress
and induces an unconventional splicing of XBP1 mRNA using its
endoribonuclease activity to generate the transcription factor
XBP1s, which plays a central role in the UPR (5). XBP1s increases
the protein folding capacity of ER by activating the transcription
of ER chaperones and other genes involved in the protein secre-
tory pathway (6–8). IRE1� also cleaves several mRNAs triggering
the degradation of the cleaved mRNA by cytosolic nucleases, a
pathway known as regulated IRE1�-dependent decay (RIDD) (9–
11). Based on the finding that a majority of the RIDD substrates in
D. melanogaster were mRNAs encoding transmembrane and se-
cretory proteins, RIDD was initially proposed as a mechanism to
reduce the ER stress by decreasing the input of the secretory cargo
proteins into ER (12). However, subsequent studies in mamma-
lian cells revealed that RIDD targets exhibited a wide range of
subcellular localization and biological functions and varied in dif-
ferent cell types (9–11, 13–17). A growing number of studies dem-

onstrate that RIDD plays a role in drug and lipid metabolism in
the liver (13, 14), neural regulation of vascular regeneration (15),
antigen presentation function of CD8�� dendritic cells (16), in-
sulin synthesis in � cells (11, 17), and ER stress-induced cell death
(11).

PERK-mediated phosphorylation of the �-subunit of eukary-
otic initiation factor 2 (eIF2�) causes the inhibition of general
protein translation, which is expected to decrease the burden on
the ER (18–20). Increased eIF2� phosphorylation represses the
guanine nucleotide-exchange function of eIF2B, interfering with
the formation of the eIF2/GTP/Met-tRNAi ternary complex re-
quired for translation initiation (21, 22). eIF2� phosphorylation is
also regulated by phosphatase complexes which are composed of
the catalytic subunit of protein phosphatase 1 (PP1c) and a regu-
latory subunit, GADD34 or CReP (23, 24). CReP is a constitu-
tively expressed regulatory subunit which is believed to determine
the basal level of eIF2� phosphorylation, whereas ER stress-in-
ducible GADD34 is important for the negative feedback regula-
tion of eIF2� phosphorylation in the recovery phase of the stress
response (23, 24). GADD34 is transcriptionally activated by ATF4
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which is induced by PERK-eIF2� pathway and stimulates the de-
phosphorylation of eIF2� during prolonged ER stress (25). On the
other hand, it remains poorly understood whether CReP expres-
sion and activity are regulated by external and internal signals, and
if so, how they impact eIF2� phosphorylation.

In this study, we identified CReP mRNA as a RIDD target. We
also demonstrated that IRE1�-mediated degradation of CReP
mRNA contributed to the increase in eIF2� phosphorylation dur-
ing ER stress. Hence, ER stress increased eIF2� phosphorylation
via two distinct mechanisms: increased phosphorylation by PERK
and decreased dephosphorylation due to IRE1�-mediated CReP
downregulation.

MATERIALS AND METHODS
Mice. Xbp1flox (26) and Ern1flox (27) mice carrying floxed Xbp1 and Ern1
(IRE1�) genes were crossed with albumin-cre transgenic mice [C57BL/6-
Tg(Alb-cre)21Mgn/J mice; Jackson Laboratory] to generate hepatocyte-spe-
cific XBP1 (Xbp1�) and IRE1� (Ire1�) knockout mice. Tunicamycin was
diluted in 150 mM dextrose at 200 �g/ml and intraperitoneally injected into
mice at 2 mg/kg (body weight). Animal experiments were approved and per-
formed according to the guidelines of the Animal Care and Use Committee of
Weill Cornell Medical College. In vivo delivery of lipidoid-formulated small
interfering RNAs (siRNAs) into XBP1 knockout mice has been previously
described (13, 14).

Western blotting. Liver tissues were homogenized in radioimmuno-
precipitation assay (RIPA) buffer (50 mM Tris-Cl [pH 8.0], 150 mM
NaCl, 1% NP-40, 0.5% sodium deoxycholate, 0.1% sodium dodecyl sul-
fate [SDS], 50 mM NaF) supplemented with protease inhibitors (Roche).
The homogenates were centrifuged twice at 12,000 � g for 10 min at 4°C,
and supernatants were analyzed as total lysates. Liver nuclear extracts were
prepared as described previously (26). Briefly, liver tissues were homoge-
nized in homogenization buffer (10 mM HEPES [pH 7.9], 10 mM KCl, 0.1
mM EDTA, 0.3 M sucrose, 0.5 mM dithiothreitol [DTT], 0.74 mM sper-
midine, protease inhibitors) and mixed with 2 volumes of cushion buffer
(10 mM HEPES [pH 7.9], 0.1 mM EGTA, 2.2 M sucrose, 0.5 mM DTT,

0.74 mM spermidine, 1 �g of aprotinin/ml, 2 �g of leupeptin/ml). The
mixture was overlaid on a 2-ml cushion buffer in a 14-by-89-mm tube and
centrifuged at 77,000 � g for 60 min at 4°C in a Beckman SW41 Ti rotor.
Precipitated nuclei were resuspended in RIPA buffer, briefly sonicated,
and cleared by centrifugation for 5 min. Total protein lysates of cultured
cells were prepared in RIPA buffer. Protein lysates were resolved on an
SDS-polyacrylamide gel and then transferred to polyvinylidene difluoride
membranes. For Phos-tag gel electrophoresis, Phos-tag reagent (NARD
Institute, Ltd.) and MnCl2 were added to the gel to final concentrations of
12.5 and 100 �M, respectively. The membrane was blocked in 5% nonfat
milk in TBST (20 mM Tris-HCl [pH 7.4], 0.15 M NaCl, 0.1% Tween 20)
and incubated with primary antibodies diluted in the blocking solution
for 1 h at room temperature or overnight at 4°C. The membrane was
washed with TBST, incubated for 1 h at room temperature with horserad-
ish peroxidase-conjugated secondary antibodies (Life Technologies), de-
veloped using chemiluminescence (SuperSignal West Pico; Pierce), and
visualized using a digital imaging system (Fluorchem E; ProteinSimple).
Individual bands were quantified with AlphaView software and normal-
ized by signals of Hsp90. The primary antibodies used were anti-CReP
(14634-1-AP; Proteintech), anti-eIF2� (sc-11386; Santa Cruz Biotechnol-
ogy), anti-phospho-eIF2� (catalog no. 9721; Cell Signaling), anti-Hsp90
(sc-7947; Santa Cruz Biotechnology), anti-IRE1� (catalog no. 3294; Cell
Signaling), anti-lamin B1 (sc-56145; Santa Cruz Biotechnology), anti-
PERK (catalog no. 3192; Cell Signaling), anti-phospho-PERK (catalog no.
3179; Cell Signaling), anti-GCN2 (catalog no. 3302; Cell Signaling), anti-
phospho-GCN2 (AF87605; R&D Systems), and anti-PKR (sc-6282; Santa
Cruz Biotechnology), and anti-phospho-PKR (sc-101784; Santa Cruz
Biotechnology) antibodies and rabbit serum raised against a synthetic
XBP1 peptide (EDTFANELFPQLISV).

RNA isolation and qRT-PCR. Total RNA was extracted using Qiazol
reagent (Qiagen) and reverse transcribed into cDNA using high-capacity
cDNA reverse transcription kit (Applied Biosystems). Quantitative re-
verse transcription-PCR (qRT-PCR) was performed using SYBR green
fluorescent reagent and the Mx3005P system (Stratagene). The relative
amounts of mRNAs were calculated from the threshold cycle (CT) values
by using �-actin as a control.
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FIG 1 Hyperactivated IRE1� suppressed CReP expression in XBP1-deficient liver. (A and B) qRT-PCR analysis of CReP mRNA in liver of Xbp1�, Ire1�, and
the littermate control (WT) mice (n � 3 to 5 mice per group). (C) Hepatic IRE1� and CReP mRNA levels measured 8 days after siRNA injection of Xbp1LKO mice
(n � 3 to 5 per group). (D and E) Mice were untreated or injected with tunicamycin 6 h prior to sacrifice. GADD34 mRNA levels were measured by qRT-PCR.
**, P 	 0.01; ***, P 	 0.001.
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Cell culture and transfection. Hepa1-6, HeLa, HEK293T, IRE1�
/
,
IRE1�
/
; IRE1�-HA, PERK
/
, and HRI
/
 murine embryonic fibro-
blast (MEF) cells were cultured in Dulbecco modified Eagle medium sup-
plemented with 10% fetal bovine serum. IRE1�
/
; IRE1�-HA cells were
generated by transducing IRE1�
/
 cells with MSCVhygro-IRE1�-HA
retrovirus and selected with 200 �g of hygromycin/ml, as described pre-
viously (28). Cells were transfected with plasmid DNA using Lipo-
fectamine 2000 (Invitrogen). For siRNA knockdown, Hepa1-6 cells were
transfected with IRE1� (target sequences, 5=-AUGCCGAAGUUCAGAU
GGADTSDT-3=), CReP (target sequences, 5=-GUAUGAAACGGCUAGA
AUU-3=), or control luciferase siRNA using the Lipofectamine RNAiMAX
(Invitrogen) and harvested 72 h later.

Lentiviral shRNA. pLKO.1puro lentiviral vectors containing shRNAs
for mouse XBP1 (target sequences, 5=-CCAGGAGTTAAGAACACGC
TT-3=), mouse CReP (target sequences, 5=-CCAACTCCGATAATGA
AGAAT-3=) were obtained from Broad Institute. pLKO.1 shRNA vec-
tor for human CReP was purchased from Open Biosystems (RHS4533-
EG84919). Lentiviruses were produced by transient transfectoion into
HEK293T cells of the vectors and pCMV �8.9 and pMD VSV-G pack-
aging plasmids. Target cells were infected with the viruses in the pres-
ence of 8 �g of Polybrene/ml and selected with 3 �g of puromycin/ml.

Cloning of CReP plasmid. CReP cDNA was PCR amplified from
pYX-Asc CReP (catalog no. BC058078; Open Biosystems) plasmid which
contained a T nucleotide deletion in the coding region (nucleotide 1817)
and inserted into pCMV-SPORT6 plasmid. The T nucleotide deletion was
corrected by QuikChange II XL site-directed mutagenesis kit (Strat-
agene).

In vitro IRE1�-mediated mRNA cleavage assays. Cleavage of in
vitro-transcribed CReP mRNA by recombinant IRE1� was tested as de-
scribed previously (17). Briefly, pCMV-SPORT6 CReP plasmid was lin-
earized by BmgBI digestion and incubated with SP6 polymerase (Invitro-
gen) to produce CReP RNA. The in vitro-transcribed RNAs were
incubated with recombinant IRE1� protein containing the cytosolic do-
main of human IRE1�, resolved on 1.2% denaturing agarose gel contain-
ing 0.67% formaldehyde, and visualized by ethidium bromide staining.

GEF activity of eIF2B and polysome analysis. Guanine nucleotide
exchange factor (GEF) activity was measured as previously described us-
ing eIF2 purified from rat liver as a substrate (29). Briefly, eIF2 was incu-
bated with [3H]GDP, and the resulting eIF2-[3H]GDP complex was sta-
bilized by the addition of MgCl2. The complex was incubated with cell
homogenate and nonradioactive GDP, and at various times aliquots of the
mixture were removed and filtered through nitrocellulose disks. The
amount of eIF2-[3H]GDP complex bound to the disks was assessed by
liquid scintillation counting. eIF2B activity was calculated as the rate of
exchange of [3H]GDP for nonradioactive GDP. Polysome analyses were
performed by centrifuging cell homogenates through linear sucrose gra-
dients, followed by fractionation of the gradients as described previously
(29).

Metabolic labeling. HeLa cells were transfected with CReP
(siGENOME SMARTpool; Dharmacon) or control luciferase siRNA us-
ing Lipofectamine RNAiMax (Life Technologies). After 72 h of transfec-
tion, the cells were pulse-labeled with 100 �Ci of [35S]methionine/ml in
complete medium for various times. Cell lysates were separated by SDS-
PAGE and visualized by autoradiography.
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FIG 2 CReP mRNA is cleaved by IRE1�. (A) Predicted secondary structure of a putative IRE1� cleavage site in CReP mRNA. An arrow indicates the predicted
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RESULTS
Decreased expression of CReP, a regulatory subunit of eIF2�
phosphatase, in XBP1 knockout liver. We previously demon-
strated that the loss of XBP1 increased both the activity and the
abundance of IRE1� in the liver presumably due to the decreased
expression of XBP1-dependent ER chaperones such as ERdj4 and BiP
(26). A comprehensive analysis of gene expression profiles in livers
from XBP1- and IRE1� knockout mice identified a group of RIDD
target mRNAs that are cleaved by IRE1� (13). Interestingly, consti-
tutive repressor of eIF2� phosphorylation (CReP/Ppp1r15b) mRNA
was identified as a potential RIDD target, since its abundance was
decreased in XBP1 knockout (Fig. 1A) but not in IRE1� knockout
livers compared to wild-type (WT) controls (Fig. 1B). Silencing of
IRE1� in XBP1 knockout livers restored the expression of CReP
mRNA to WT level (Fig. 1C). In contrast, neither basal nor tuni-
camycin-induced GADD34 expression were affected by the loss of
XBP1 or IRE1� (Fig. 1D and E), indicating the specific regulation
of CReP mRNA turnover by IRE1�.

CReP mRNA is a RIDD target. Analysis of the secondary
structure of mouse CReP mRNA predicted the presence of an
XBP1-like hairpin structure containing the consensus sequences
(5=-CUGCAG-3=) required for the cleavage by IRE1� (Fig. 2A).
To directly demonstrate that CReP mRNA was cleaved by IRE1�,
we performed an in vitro cleavage assay. Recombinant IRE1� ef-
ficiently cleaved the CReP mRNA into multiple small fragments
which were further degraded in the presence of high dose of
IRE1�, suggesting that CReP mRNA was cleaved by IRE1� at
multiple sites (Fig. 2B). Mutation in the predicted IRE1�-cleavage
site diminished the cleavage of CReP mRNA (Fig. 2B), indicating
that IRE1� indeed recognized this hairpin structure among many
in CReP mRNA to induce the degradation.

To further validate CReP mRNA as a RIDD substrate, a CReP
expression plasmid was transfected into HEK293T cells, together
with WT or K599A mutant IRE1� lacking both kinase and RNase
activities (30). CReP expression was decreased by the cotrans-

fected WT IRE1� but not by K599A mutant IRE1� (Fig. 2C and
D). On the other hand, the expression of the mutant CReP in
which the predicted IRE1� cleavage site was destroyed was unaf-
fected by the cotransfected IRE1� (Fig. 2E and F). These data
indicate that the hairpin region is critical for IRE1�-mediated
degradation of CReP mRNA. Interestingly, increasing doses of
CReP plasmid decreased the expression of cotransfected WT and
K599A mutant IRE1�, likely reflecting an inhibitory role of CReP
in global protein translation.

Suppression of CReP expression increased eIF2� phosphor-
ylation in XBP1 knockout liver. We next investigated the corre-
lation between CReP abundance and eIF2� phosphorylation.
CReP silencing by siRNA transfection markedly increased eIF2�
phosphorylation in mouse Hepa1-6 hepatoma cells (Fig. 3A and
B). Increased eIF2� phosphorylation was also observed by stable
expression of CReP shRNA in human HeLa cells (Fig. 3C). Nota-
bly, different shRNAs exhibited various degrees of CReP knock-
down efficiency, which correlated well with the degree of eIF2�
phosphorylation. In contrast, CReP overexpression almost com-
pletely abolished the basal eIF2� phosphorylation in Hepa1-6
cells (Fig. 3D). Tunicamycin-induced eIF2� phosphorylation was
also completely abolished by CReP overexpression (Fig. 3E).
These data suggest that the abundance of CReP is a critical deter-
minant of eIF2� phosphorylation, and the decreased expression
of CReP increased eIF2� phosphorylation in XBP1-deficient
livers.

To determine whether the downregulation of CReP increased
eIF2� phosphorylation in XBP1 knockout livers, we performed
Western blotting on liver lysates from XBP1- and IRE1� knockout
mice. Consistent with the decrease in CReP abundance, eIF2�
phosphorylation was markedly increased in XBP1 knockout livers
(Fig. 4A and B). In contrast, eIF2� phosphorylation was not in-
creased in IRE1�-deficient liver (Fig. 4A and B), suggesting that
the hyperactivation of IRE1� rather than the loss of XBP1s is re-
sponsible for the increased eIF2� phosphorylation in XBP1-defi-

BA

D

p-eIF2α

eIF2α

CReP

Hsp90

siCReP

shCReP 

CReP 

Hsp90

p-eIF2α

eIF2α 

C

V #1 #2 #3 #4 #5

siLuc

p-eIF2α

eIF2α

CReP

Hsp90

EGFP     CReP

0 

0.5 

1.0 

1.5 

siLuc siCReP

***

0 

1 

2 

3 

4 

5 

siLuc siCReP

***

R
el

at
iv

e 
ab

un
da

nc
e

p-eIF2αCReP

p-eIF2α

eIF2α

CReP

Hsp90

EGFP     CReP

Tun: – + – +

E

90 kDa 

38 kDa 

38 kDa 

110 kDa 

FIG 3 CReP abundance inversely correlates with eIF2� phosphorylation. (A) Hepa1-6 cells were transfected with siRNAs targeting luciferase or CReP.
Representative Western blot images of duplicate samples are shown. (B) Quantification CReP protein and eIF2� phosphorylation (n � 5 per group). (C) HeLa
cells were infected with lentiviruses expressing different CReP shRNAs. CReP and phosphorylated eIF2� were measured by Western blotting. (D) Hepa1-6 cells
were transfected with pCMV-SPORT6-EGFP or -CReP plasmids. eIF2� phosphorylation was measured by Western blotting. The data are representative of three
independent experiments. (E) HEK293T cells were transfected with indicated plasmids, treated with tunicamycin for 2 h, and analyzed by Western blotting.

So et al.

2764 mcb.asm.org August 2015 Volume 35 Number 16Molecular and Cellular Biology

http://mcb.asm.org


cient livers. Notably, despite constitutive eIF2� phosphorylation,
PERK-dependent ATF4 or CHOP were not induced in XBP1-
deficient livers but strongly induced by tunicamycin in both WT
and XBP1 knockout livers (Fig. 4C), suggesting that eIF2� phos-
phorylation was not sufficient for the activation of the ATF4-
CHOP pathway. BiP/Grp78, which plays a central role in UPR
sensing, was slightly downregulated in XBP1 knockout livers
(Fig. 4C).

The level of eIF2� phosphorylation is determined by the bal-
ance between kinase and phosphatase activities. To exclude the
possibility that eIF2� kinases are activated in XBP1 knockout liver
to increase eIF2� phosphorylation, we examined activation of
PERK, GCN2, and PKR kinases by Western blotting using phos-
pho-specific antibodies. In contrast to marked phosphorylation of
IRE1� as shown by the slow migration of the phosphorylated
IRE1� on a Phos-Tag SDS-PAGE gel, we unexpectedly found that
the abundance of PERK protein was markedly reduced in XBP1
knockout livers, which correlated with PERK mRNA expression
(Fig. 4C and D). The980 phosphorylated PERK species was also
hardly detectable in XBP1 knockout livers even after tunicamycin
treatment. The mechanism by which XBP1 deficiency caused the
reduction of PERK abundance, as well as its impact on eIF2�
phosphorylation, remains to be further investigated. Other eIF2�

kinases, such as GCN2 or PKR, were also not activated in XBP1-
deficient livers (Fig. 4E and F). These data suggest that the consti-
tutive eIF2� phosphorylation in XBP1 knockout liver is due to
suppression of eIF2� phosphatase activity secondary to the de-
crease of CReP abundance, rather than activation of eIF2� ki-
nases.

Hyperactivated IRE1� diminishes protein synthesis in XBP1-
deficient liver. Since eIF2� phosphorylation represses global pro-
tein synthesis, we sought to determine whether the protein syn-
thesis rate was decreased by the loss of XBP1 in the liver. We first
measured the guanine nucleotide exchange activity of eIF2B
which is suppressed by the phosphorylated eIF2� (21, 22). Con-
sistent with the marked increase in phosphorylated eIF2�, eIF2B
activity was decreased in XBP1-deficient livers compared to the
WT control (Fig. 5A). The proportion of RNA present in poly-
somes was also decreased in XBP1-deficient livers, indicating that
the number of ribosomes actively translating mRNA was de-
creased in the absence of XBP1 due to increased eIF2� phosphor-
ylation (Fig. 5B and C). Accordingly, protein concentrations in
plasma were significantly reduced in the liver-specific XBP1
knockout mice compared to WT littermate controls (Fig. 5D). On
the other hand, neither liver eIF2B activity nor plasma protein
concentrations were significantly altered in IRE1� knockout mice
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(Fig. 5E and F). The effect of decreased CreP abundance on eIF2�
phosphorylation and global protein synthesis was further exam-
ined in vitro. Consistent with the decreased protein synthesis as-
sociated with reduced CReP level in XBP1-deficient livers, CReP
silencing increased eIF2� phosphorylation leading the reduction
in protein synthesis in HeLa (Fig. 5G). These data indicate that the
increased eIF2� phosphorylation caused by IRE1� hyperactivata-
tion diminishes the rate of protein synthesis in the XBP1-deficient
liver.

IRE1�-mediated degradation of CReP mRNA contributes to
the increased eIF2� phosphorylation in ER stress response.
Since IRE1� cleaved CReP mRNA and induced its degradation,
we next sought to determine whether ER stress decreased the
abundance of CReP through IRE1� activation. Hepa1-6 mouse
hepatoma cells abundantly express IRE1� that is strongly acti-
vated by tunicamycin treatment (Fig. 6A). Interestingly, tunica-
mycin treatment gradually decreased CReP protein and mRNA
abundance and increased eIF2� phosphorylation and GADD34
mRNA expression (Fig. 6A to C). Notably, while CReP mRNA was
decreased by �40%, reaching a nadir within 4 h of tunicamycint
treatment, CReP protein was continuously decreased to near un-
detectable level by 16 h of tunicamycint treatment (Fig. 6A and B),
suggesting that CReP expression would be regulated at multiple
levels. Treatment of Hepa1-6 cells with other ER stress inducers,

such as thapsigargin, DTT, or brefeldin A, also increased the abun-
dance of phosphorylated IRE1� and phosphorylated eIF2� (Fig.
6D). In contrast, these reagents decreased CReP expression, ex-
hibiting an inverse correlation with eIF2� phosphorylation (Fig.
6D). These data suggest that the suppression of CReP expression
could contribute to the ER stress-induced eIF2� phosphorylation.

To investigate the role of IRE� in the suppression of CReP
expression and the induction of eIF2� phosphorylation in the ER
stress response, we silenced IRE1� using siRNA. Tunicamycin de-
creased the abundance of CReP mRNA and protein, and increased
eIF2� phosphorylation in control siRNA transfected cells (Fig. 7A
and B). IRE1� siRNA inhibited the tunicamycin-mediated sup-
pression of CReP expression and the induction of eIF2� phos-
phorylation (Fig. 7A and B), suggesting that ER stress-activated
IRE1� decreased CReP abundance, leading to the induction of
eIF2� phosphorylation. IRE1� knockout cells exhibited a modest
induction of CReP mRNA upon tunicamycin treatment, suggest-
ing that CReP transcription could be activated by ER stress in
certain cells (Fig. 7C). However, CReP protein was not increased
by tunicamycin in these cells (Fig. 7D), implicating multiple
mechanisms to regulate CReP abundance (e.g., protein stability).
Nonetheless, human IRE1�-reconstituted cells exhibited signifi-
cantly lower CReP mRNA and protein expression and higher
eIF2� phosphorylation compared to the control cells upon tuni-
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camycin treatment, suggesting that IRE1� could suppress CReP
expression by RIDD, increasing eIF2� phosphorylation during ER
stress (Fig. 7C and D).

We next sought to determine whether CReP downregulation
contributes to eIF2� phosphorylation during ER stress indepen-
dent of PERK. Consistent with the direct role of PERK in eIF2�
phosphorylation, PERK knockout MEF cells exhibited reduced
eIF2� phosphorylation compared to WT cells within 1 h of tuni-
camycin or thapsigargin treatment (Fig. 8). However, prolonged
treatment with tunicamycin or thapsigargin suppressed CReP ex-
pression and induced eIF2� phosphorylation in both PERK�/�

and PERK
/
 cells (Fig. 8). In summary, our study reveals an
unappreciated role of IRE1� in the regulation of eIF2� phosphor-
ylation independent of PERK kinase.

DISCUSSION

IRE1�-XBP1 and PERK-eIF2� UPR branches have been consid-
ered parallel pathways that are independently activated by ER
stress (1, 2). Unexpectedly, we found that IRE1� controlled eIF2�
phosphorylation by suppressing the expression of CReP regula-
tory subunit of the eIF2� phosphatase. CReP mRNA was cleaved
by IRE1� and subsequently degraded most likely by cellular nu-
cleases, a process known as RIDD. We showed that hyperactivated
IRE1� in XBP1-deficient livers suppressed CReP expression, lead-
ing to the induction of eIF2� phosphorylation and the attenuation
of protein synthesis. We also showed that IRE1�-dependent CReP
degradation contributed to the increased eIF2� phosphorylation
in the ER stress response. Taken together, the results of our study
revealed a novel function of IRE1� in the regulation of eIF2�
phosphorylation and translational control (Fig. 9).

Since eIF2� plays a central role in the host response to diverse

stress signals, four kinases, PERK, GCN2, PKR, and HRI that are
activated by distinct stress signals and phosphorylate eIF2� at-
tracted much attention as key regulators of eIF2� phosphoryla-
tion (31). In contrast, dephosphorylation of eIF2� has received
less attention as a control mechanism except the feedback inhibi-
tion of eIF2� phosphorylation by ER stress-inducible GADD34
(23, 24). CReP has been considered a constitutive PP1 activator
(24). In the present study, we demonstrated that CReP abundance
was negatively regulated by IRE1�. Modulation of CReP abun-
dance by RNA interference or gene overexpression had a major
impact on eIF2� phosphorylation such that CReP abundance and
eIF2� phosphorylation exhibited a strong inverse correlation.
This suggested that CReP abundance was a critical determinant of
eIF2� phosphorylation. eIF2� phosphorylation is known to be
increased under various stressful conditions to suppress mRNA
translation (31). Further studies will determine the relative con-
tributions by eIF2� kinases and phosphatases to eIF2� phosphor-
ylation status under different physiological and pathological con-
ditions.

Although we demonstrated that IRE1� could regulate eIF2�
phosphorylation via CReP mRNA degradation, it is not known
whether this occurs in normal physiological or pathological con-
ditions. One caveat is that RIDD requires hyperactivation of
IRE1� which can be induced by chemical ER stress inducers or by
the loss of XBP1 in certain cell types (32). Although IRE1� acti-
vation has been reported in numerous studies investigating the
role of UPR in the development of secretory cells and the patho-
logical conditions associated with protein misfolding in ER, the
involvement of RIDD has not been carefully assessed. Further
studies will define the relative contributions by RIDD and XBP1s
downstream of IRE1� in the physiological UPR.
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ATF4 is induced by ER stress at both transcriptional and post-
transcriptional levels. PERK-mediated eIF2� phosphorylation fa-
cilitates ATF4 translation through a mechanism involving the
short open reading frames in the 5= untranslated region (33). Ab-
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lation of PERK or S51A mutation of eIF2� precluding PERK-
mediated phosphorylation abolished ATF4 protein induction by
ER stress, suggesting that ATF4 is posttranscriptionally regulated
by the PERK-eIF2� pathway (33, 34). Interestingly, however, de-
spite the increased eIF2� phosphorylation, neither ATF4 nor its
downstream CHOP was induced in XBP1-deficient livers, indicat-
ing that eIF2� phosphorylation was not sufficient for the activa-
tion of ATF4 pathway. These data are in accordance with previous
reports showing that UV irradiation strongly induces IF2� phos-
phorylation but not ATF4 or CHOP proteins (35, 36). It is notable
that ATF4 mRNA abundance is increased by ER stress or amino
acid starvation but not by UV irradiation or CReP depletion.
Taken together, these data suggest that the transcriptional activa-
tion is critical for the expression of ATF4 proteins and warrants
further investigation focusing on the mechanism of transcrip-
tional control of ATF4.

Translational control is a rapid and effective way for the cell to
respond to many different stresses. For example, suppression of
translation by phosphorylated eIF2� lessens the burden on ER,
while a protective gene expression program is activated to curtail
the stress damage (3). It has been shown that CReP silencing in-
creased the viability of the cells under oxidative stress, peroxyni-
trite stress, and ER stress, underscoring the cytoprotective effects
of the attenuation of protein synthesis in the stress response (24).
On the other hand, in vivo function of CReP remains poorly un-
derstood. CReP knockout mice showed severe growth retardation
and perinatal lethality, precluding the exploration of the patho-
physiological roles of CReP (37). It would be interesting to test if
the increased eIF2� phosphorylation owing to CReP depletion in
a cell-type-specific manner is beneficial to the cell viability and
secretory function of osteoblasts and pancreatic acinar cells and
beta cells contrasting to the phenotypes of PERK or eIF2� mutant
mice (38–41). Pharmacological augmentation of eIF2� phos-
phorylation has been also shown to protect cells from ER stress-
induced apoptosis (42, 43). Interestingly, two small molecules that
promote eIF2� phosphorylation, salubrinal and gaunabenz, were
shown to inhibit dephosphorylation of eIF2�, implicating that
eIF2� phosphatase complex is a feasible pharmacological target.
Given the tight control of eIF2� phosphorylation by CReP, target-
ing CReP function by small molecule inhibitors would be a novel
therapeutic strategy.
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