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Phosphorylation of eukaryotic initiation factor 2� (eIF2�) controls transcriptome-wide changes in mRNA translation in
stressed cells. While phosphorylated eIF2� (P-eIF2�) attenuates global protein synthesis, mRNAs encoding stress proteins are
more efficiently translated. Two eIF2� phosphatases, containing GADD34 and CReP, catalyze P-eIF2� dephosphorylation. The
current view of GADD34, whose transcription is stress induced, is that it functions in a feedback loop to resolve cell stress. In
contrast, CReP, which is constitutively expressed, controls basal P-eIF2� levels in unstressed cells. Our studies show that GADD34
drives substantial changes in mRNA translation in unstressed cells, particularly targeting the secretome. Following activation of the
unfolded protein response (UPR), rapid translation of GADD34 mRNA occurs and GADD34 is essential for UPR progression. In the
absence of GADD34, eIF2� phosphorylation is persistently enhanced and the UPR translational program is significantly attenuated.
This “stalled” UPR is relieved by the subsequent activation of compensatory mechanisms that include AKT-mediated suppression of
PKR-like kinase (PERK) and increased expression of CReP mRNA, partially restoring protein synthesis. Our studies highlight the coor-
dinate regulation of UPR by the GADD34- and CReP-containing eIF2� phosphatases to control cell viability.

The phosphorylation of eukaryotic initiation factor 2� (eIF2�)
on serine-51 is a major point of translation control in cells

experiencing environmental or metabolic stress (1, 2). Phosphor-
ylated eIF2� inhibits eIF2B, attenuating its capacity to assemble
the eIF2-GTP-tRNAi

Met ternary complex and thereby resulting
in the global suppression of mRNA translation. While generally
attenuating translation, eIF2� phosphorylation also enhances the
translation of mRNAs to promote the expression of proteins re-
quired to execute the stress response (3–5). This mode of transla-
tional regulation is common to many stresses, including nutrient
deprivation, iron deficiency, viral infection, and hypoxia (6), that
employ four distinct eIF2� kinases to various degrees (7).

Counteracting the eIF2� kinases are two eIF2� phosphata-
ses, each of which redirects protein phosphatase 1� (PP1�) to
dephosphorylate phosphorylated eIF2� (P-eIF2�) (8–10).
GADD34, encoded by the Ppp1r15a gene, displays increased ex-
pression, mediated by transcription and translation (11, 12), fol-
lowing eIF2� phosphorylation. Thus, GADD34 expression gener-
ates a feedback loop that reverses eIF2� phosphorylation (9). A
second eIF2� phosphatase is assembled by CReP (encoded by
Ppp1r15b), which shares structural homology with GADD34, par-
ticularly in the C-terminal PP1�-binding site (10, 13). However,
unlike GADD34, CReP protein and mRNA levels are unchanged
by stress (10). Thus, current models of stress signaling assign func-
tions for GADD34 only in stressed cells, while CReP is thought to
maintain low P-eIF2� levels in unstressed cells.

A major pathway that drives eIF2� phosphorylation is the un-
folded protein response (UPR), an adaptive cellular response that
is triggered by the accumulation of misfolded proteins in the en-
doplasmic reticulum (ER) (53, 54). In cells lacking GADD34,
eIF2� phosphorylation remains chronically high and blocks the
recovery of protein synthesis in later stages of UPR (14, 15).
While the prolonged translational repression impairs the expres-
sion of key stress proteins, paradoxically, the pharmacological in-
hibition of GADD34/PP1� activity is remarkably cytoprotective

(16, 17) and most likely functions by reducing the oxidative stress
that results from the enhanced synthesis and folding of proteins
(18). These studies suggest that eIF2� phosphatases play key roles
in both the progression and resolution of UPR.

Analyses of GADD34 or CReP knockout mice provide critical
insights into the roles of these eIF2� phosphatases. Disruption of
the GADD34 gene yields live mice (14, 19, 20) that exhibit mild
phenotypes, including modest deficits in hemoglobin synthesis
(19) and metabolic dysregulation, namely, enhanced obesity
when fed a high-fat diet (21). In contrast, the loss of the mouse
CReP gene yields pups that die shortly after birth, displaying se-
vere anemia (20). The combined GADD34/CReP gene knockout
yields the most severe phenotype, with no detectable mouse em-
bryos resulting from implantation defects (20). These data suggest
that GADD34 and CReP play partially overlapping roles, such that
the presence of only one of these eIF2� phosphatases is sufficient
for mouse development. On the other hand, the different pheno-
types of the GADD34 and CReP null mice also point to specialized
roles for these eIF2� phosphatases. Current studies are focused
on delineating how these eIF2� phosphatases, particularly the
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GADD34-containing enzyme, regulate mRNA translation in rest-
ing and stressed cells.

We utilized ribosome profiling in wild-type (WT) and
GADD34�/� mouse embryonic fibroblasts (MEFs) to delineate
the role of GADD34 in transcriptome-wide mRNA translation in
resting and stressed cells. We report an unexpected role for
GADD34 in the control of eIF2� phosphorylation and mRNA
translation in resting cells. When cells were stressed, translation of
GADD34 mRNA was rapidly and dramatically increased during
early UPR. In the absence of GADD34, ER stress-induced eIF2�
phosphorylation was elevated for prolonged periods and resulted
in a stalled UPR, in that the molecular hallmarks of early UPR
were maintained for many hours. Thus, in the cells that lacked
GADD34, UPR progression was delayed due to the severe inhibi-
tion of protein synthesis, despite the continued recruitment of
ribosomes to transcripts encoding the stress response proteins. At
later stages of UPR, alternative mechanisms were activated in the
GADD34 null cells suppressing PERK activity and increasing
CReP mRNA levels, resulting in the partial reversal of eIF2� phos-
phorylation and reexpression of key UPR proteins. Together, our
results highlighted the essential roles played by GADD34 and
CReP in regulating mRNA translation during unstressed condi-
tions and following ER stress.

MATERIALS AND METHODS
Cell culture. Mouse embryonic fibroblasts (MEFs) were generated from
wild-type (WT) and GADD34�/� mice (19) obtained from the Mutant
Mouse Regional Resource Center (MMRRC) at the University of North
Carolina, Chapel Hill, NC. MEFs were generated using 5 embryos at
day 13.5 and immortalized by ectopic expression of simian virus
40 (SV40) large T antigen as previously described (http://ron.cimr
.cam.ac.uk/protocols/ImmortalizeMEFs.pdf). CReP�/�, GADD34�/�C,
and CReP�/�, GADD34�/�C MEFs were provided by David Ron, Cam-
bridge Institute for Medical Research, University of Cambridge, United
Kingdom.

MEFs were maintained in Dulbecco’s modified Eagle medium
(DMEM; Invitrogen/Life Technologies) supplemented with 10% fetal bo-
vine serum (HyClone/GE Healthcare), 100 U/ml penicillin-streptomycin
(Gibco/Life Technologies), 1� minimal essential medium (MEM) non-
essential amino acids (Gibco/Life Technologies), and 55 �M 2-mercap-
toethanol (Sigma) at 37°C in a 5% CO2 incubator. Cells were cultured to
80% to 90% confluence and treated with the ER stress-inducing drugs
thapsigargin (Tg) and tunicamycin (Tm) (purchased from Sigma-Al-
drich) dissolved in dimethyl sulfoxide (DMSO).

For immunoblotting, cells were washed twice with cold phosphate-
buffered saline (PBS) and lysed with radioimmunoprecipitation assay
(RIPA) buffer containing 10 mM Tris-HCl (pH 7.4), 150 mM NaCl, 1%
(wt/vol) NP-40, 0.1% (wt/vol) SDS, 0.1% (wt/vol) sodium deoxycholate,
and 1 mM EDTA, supplemented with a cOmplete mini-protease inhibitor
cocktail tablet (Roche) and a PhosSTOP phosphatase inhibitor cocktail
tablet (Roche).

For ribosome profiling, cells were treated with 180 �M cycloheximide
(CHX), washed with cold PBS, and fractionated between cytosol and en-
doplasmic reticulum (22, 23). Briefly, the plasma membrane was perme-
abilized by addition of a buffer containing 100 mM potassium acetate, 25
mM HEPES (pH 7.2), 15 mM MgCl2, 0.03% (wt/vol) digitonin (Calbi-
ochem), 1 mM dithiothreitol (DTT), 50 �g/ml CHX, and 2 mM CaCl2.
Digitonin-permeabilized cells were washed with the buffer described
above containing 0.004% (wt/vol) digitonin. The ER was solubilized in a
buffer containing 200 mM potassium acetate, 25 mM HEPES (pH 7.2), 15
mM MgCl2, 50 �g/ml CHX, 4 mM CaCl2, and 1% (vol/vol) NP-40 or 2%
(wt/vol) N-dodecyl �-D-maltoside. All chemicals were purchased from
Sigma-Aldrich.

SDS-PAGE and immunoblotting. Cell lysates were subjected to cen-
trifugation at 10,000 � g for 15 min at 4°C to clear the insoluble fraction.
Protein quantification was performed using a Pierce bicinchoninic acid
(BCA) protein assay kit (Thermo Scientific). Lysates were heated at 95°C
for 5 min in sample buffer containing 375 mM Tris-HCl (pH 6.8), 60%
glycerol, 6% SDS, 0.03% (vol/vol) bromophenol blue, and 9% (vol/vol)
2-mercaptoethanol. Equal amounts of total protein were subjected to
SDS-PAGE and subsequently transferred to Immun-Blot polyvinylidene
difluoride (PVDF) membranes (Bio-Rad). Membranes were incubated in
Tris-buffered saline (TBS)-Tween containing 5% (wt/vol) bovine serum
albumin (BSA) (Sigma-Aldrich) or 5% (wt/vol) nonfat milk (Sigma-Al-
drich) prior to addition of primary antibodies followed by the secondary
antibody conjugated to horseradish peroxidase (HRP) (Santa Cruz;
1:10,000 dilution). Antigen detection was performed using Pierce ECL
Western blotting substrate or SuperSignal West Femto chemiluminescent
substrate (Thermo Scientific), the blots were scanned, and band intensi-
ties were quantified using NIH ImageJ densitometry software.

The following antibodies were used in the current study: eIF2� (sc-
11386; Santa Cruz; 1:500 dilution), phospho-eIF2� (Ser51) (3398; Cell
Signaling Technologies; 1:1,500), ATF4 (10835-1-AP; ProteinTech;
1:1,500), CHOP (5554; Cell Signaling Technologies; 1:1,000), GADD34
(sc-825; Santa Cruz; 1:500), phospho-AKT (Ser473) (4060; Cell Signaling
Technologies; 1:2,000), AKT (9272; Cell Signaling Technologies; 1:1,000),
phospho-p70 S6 kinase (Thr389) (9206; Cell Signaling Technologies;
1:1,000), p70 S6 kinase (9202; Cell Signaling Technologies; 1:1,000),
XBP-1 (sc-7160; Santa Cruz; 1:750), cleaved poly(ADP-ribose) polymer-
ase (PARP) (9544; Cell Signaling Technologies; 1:1,000), cleaved
caspase-3 (9661; Cell Signaling Technologies; 1:1,000), anti-phospho-
PERK (Thr980) (16F8; Cell Signaling Technologies; 1:1,000), and tu-
bulin (T5168; Sigma; 1:10,000).

RNA isolation and qRT-PCR. Total RNA was extracted from cells and
tissues using an RNeasy minikit (Qiagen). The yield and purity were
assessed via UV spectrophotometry (NanoDrop 2000 UV-visible (UV-
Vis) spectrophotometer; Thermo Scientific). RNA (1 �g) was used for
cDNA synthesis performed with an iScript cDNA synthesis kit (Bio-Rad).
Quantitative real-time PCR (qRT-PCR) was performed on a CFX96
Touch real-time PCR detection system (Bio-Rad) using SsoFast EvaGreen
Supermix (Bio-Rad) and the following primer pairs: for ATF4, ATGGCC
GGCTATGGATGAT and CGAAGTCAAACTCTTTCAGATCCATT; for
CHOP, GCGACAGAGCCAGAATAACA and GATGCACTTCCTTCTG
GAACA; for CReP, TGCTGGAGAAAGATACACCCATA and AATTCTT
CCCATGGTCCTTTG; and for beta-actin, GATCTGGCACCACACCTTCT
and GGGGTGTTGAAGGTCTCAAA. Transcripts were normalized to �-ac-
tin mRNA using the threshold cycle (��CT) method.

Protein synthesis measurement. Cells were starved for 30 min by
incubation in Met-Cys-deficient DMEM. Cells were incubated for 5 min
with 50 �Ci/ml of [35S]Met-Cys EasyTag Express protein labeling mix
(PerkinElmer), followed by addition of 180 �M CHX. Cells were lysed in
buffer containing 1% (wt/vol) CHAPS, 200 mM potassium acetate, and 15
mM HEPES (pH 7.2). Trichloroacetic acid (TCA) was added to a 10%
(wt/vol) solution and kept on ice for 20 min. Incorporation of 35S label
into TCA-precipitated protein was measured by liquid scintillation
counting.

Ribosome profiling and data analyses. Ribosome profiling was per-
formed essentially as previously described (22, 24). Briefly, cell fractions
were adjusted to 100 mM potassium acetate by dilution and were treated
with 10 �g/ml micrococcal nuclease (Sigma-Aldrich) for 30 min at 37°C.
Ribosomes were isolated by centrifugation over a 500 mM sucrose cush-
ion at 100,000 � g for 30 min using a TLA 100.3 rotor (Beckman-Coulter).
RNA from the ribosome pellet was extracted by phenol-chloroform ex-
traction and was treated with 1 U/ml T4 polynucleotide kinase (PNK)–1�
PNK buffer (New England BioLabs)–100 mM ATP for 1 h at 37°C. Ribo-
some footprints were isolated by electrophoresis on a 15% acrylamide gel
containing 8 M urea–1� Tris-borate-EDTA (TBE) buffer. Gels were
stained with SYBR gold (Invitrogen/Life Technologies). Ribosome foot-
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prints were excised, and RNA was extracted by crushing a gel slice in 375
mM sodium acetate (pH 5.2) and freezing to �80°C, followed by consec-
utive cycles of heating to 95°C and vortex mixing. The RNA samples were
filtered through a SpinX column (Costar), and RNA was recovered by
ethanol precipitation.

Deep-sequencing libraries were prepared using a NEBNext multiplex
small RNA library prep set for Illumina (New England BioLabs) according
to the manufacturer’s protocol. In parallel, high-throughput RNA se-
quencing (RNA-seq) libraries were prepared by first depleting rRNAs us-
ing a RiboMinus kit (Ambion/Life Technologies), followed by the use of a
TruSeq RNA sample preparation kit (Illumina), according to the manu-
facturer’s instructions. Libraries were bar coded and sequenced using an
Illumina HiSeq 2500 system by the Duke University’s Genome Sequenc-
ing and Analysis Core Resource.

Reads were mapped to indexed mouse RefSeq mRNAs, using the lon-
gest coding sequence for each gene. The reads were aligned using Bowtie
1.0 (25), allowing for one mismatch, and translation and mRNA levels
were quantified by read density within the coding sequence. All libraries
were normalized by distribution of ribosomes in the ER or cytosol (22).

Contributions of translation efficiency and mRNA levels to changes in
total translation levels were calculated as described previously (26). Coef-
ficients of correlation between overall change in translation and the
change in mRNA levels (to determine the relative contribution of mRNA
levels) or the change in translation efficiency (to determine the relative
contribution of translation efficiency) were then calculated. The percent-
age of change in total translation attributable to each variable was then
calculated as the geometric mean of the data from all replicates of mRNA
levels or translational efficiency divided by the geometric mean of the data
from all biological replicates of the variables in question.

RNA-seq and ribosome footprinting were undertaken on duplicate
cell samples representing each of two distinct genotypes (WT and
GADD34�/�), following their treatment with either vehicle (DMSO) or
Tg for increasing periods (0, 0.5, 1, 2, and 4 h), with mRNA translation
also monitored in two separate subcellular compartments (namely, ER
and cytosol). Thus, a total of 40 independent libraries were analyzed, and,
where appropriate (e.g., for assessing translation efficiency), the quanti-
tation of all ribosome-protected mRNA fragments was adjusted for the
changes in the total levels of individual mRNAs.

Gene ontology enrichment analyses. For each gene, the log2 change
in expression between the control and treatment conditions was calcu-
lated. These values were used to calculate the mean change for each set of
gene ontology values. Bootstrapping was used to calculate P values, where
gene values were shuffled and means of gene ontologies were recalculated
(27).

CellTiter-Glo luminescent cell viability assay. Cells were plated in
96-well plates. After drug treatments, cells were lysed with CellTiter-Glo
luminescent cell viability assay reagent (Promega) according to the man-
ufacturer’s instructions, and luminescence was read using a Tecan Infinite
M200 microplate reader. Percent cell viability was calculated relative to
DMSO-treated cells.

Tm administration in mice. Male mice (13 to 15 weeks old) were
housed in a temperature- and humidity-controlled room with light/dark
cycles and given free access to standard chow diet and water. Tunicamycin
(Tm) injections were performed on 4 to 8 animals per group as previously
described (28, 29). Briefly, mice were injected intraperitoneally with Tm
(1 mg/kg body weight) or vehicle DMSO dissolved in 200 �l of 150 mM
dextrose and were monitored for up to 8 days after injection. All proce-
dures were reviewed and approved by the SingHealth Institutional Animal
Care and Use Committee (IACUC).

Histology. Following CO2 narcosis, kidneys were dissected and fixed
in 10% neutral buffered formalin (Sigma) overnight. Samples were em-
bedded in paraffin, sectioned at 5 �m, and used for hematoxylin and
eosin (H&E) staining or for immunohistochemistry (IHC) for cleaved
caspase-3. For IHC, kidney sections were incubated with rabbit anti-
active caspase-3 antibody (G7481; Promega; 1:250 dilution). Sections

were stained with 3,3=-diaminobenzidine tetrahydrochloride (DAB), and
the nuclei were counterstained with hematoxylin.

Tissue analyses. Following CO2 narcosis, kidneys were dissected,
snap-frozen in liquid nitrogen, and stored at �80°C until analysis or were
stored in RNAlater RNA stabilization reagent (Qiagen) according to the
manufacturer’s instructions. Tissues were lysed in a buffer containing 50
mM Tris-HCl (pH 7.4), 150 mM NaCl, 0.05% (wt/vol) SDS, and 1%
(wt/vol) NP-40, supplemented with protease and phosphatase inhibitors.
Tissue lysates were precleared by centrifugation at 10,000 � g for 15 min
at 4°C. Protein quantification and immunoblotting were undertaken as
described above.

XBP-1 splicing was assayed by the use of a modified protocol from
Marcie Calfon and Heather Harding at Cambridge Institute for Medical
Research, University of Cambridge. Briefly, 1 �g of total RNA was used for
cDNA synthesis performed with a iScript cDNA synthesis kit (Bio-Rad).
Amplification was performed with GoTaq Hot Start polymerase (Pro-
mega) using the following primer pair: AAACAGAGTAGCAGCGCAGA
CTGC and TCCTTCTGGGTAGACCTCTGGGAG. The amplified frag-
ments were resolved on a 2.5% agarose gel, stained with SYBR-Safe
(Invitrogen), and detected with ChemiDoc MP (Bio-Rad).

Puromycin labeling. Cells were treated with 10 �g/ml puromycin for
the final 30 min prior to cell lysis. Cells were then lysed in a mixture of 25
mM HEPES (pH 7.5), 150 mM NaCl, 1.5 mM MgCl2, 0.2 mM EDTA, 5%
glycerol, 1 mM Na3VO4, and 1% Triton X-100. Protein concentrations
were normalized according to Bradford assay, and samples were pro-
cessed for SDS-PAGE and immunoblotting with a mouse anti-puromycin
antibody (Kerafast 3RH11). Puromycin labeling intensity was quantified
using ImageJ.

Nucleotide sequence accession numbers. All libraries are available on
the Gene Expression Omnibus (accession no. GSE69800 and GSE53743).

RESULTS
GADD34 regulates mRNA translation in unstressed MEFs. It
has been widely reported that GADD34 is detected only in stressed
cells. To assess the potential role for GADD34 in unstressed cells,
we analyzed RNA-seq data from unstressed MEFs under normal
growth conditions (Fig. 1A). GADD34 mRNA was detected at
levels comparable to those seen with transcripts, such as mito-
chondrial ribosomal protein L35 and chloride channel Clcn5, that
are constitutively expressed. Parallel experiments established that
the GADD34 mRNA was undetectable in the GADD34�/� MEFs.
Ribosome profiling also demonstrated that the GADD34 mRNA
was actively translated in the unstressed WT cells (Fig. 1A) and,
surprisingly, at a higher level than majority of the genes. More-
over, immunoblotting with an anti-GADD34 antibody estab-
lished the presence of the GADD34 protein in the unstressed WT
MEFs (Fig. 1B), albeit at much lower levels than in the cells ex-
posed to ER stress (30). The approximately 100-kDa immunore-
active band represented GADD34 and was not observed in
GADD34�/� MEFs, regardless of whether or not the cells were
subjected to ER stress.

To test whether the basal GADD34 protein functioned as an
active eIF2� phosphatase, we compared eIF2� phosphorylation
in unstressed WT and GADD34�/� MEFs. Basal P-eIF2� levels
were approximately doubled (P 	 0.014 [paired t test]) in the
GADD34�/� MEFs (Fig. 1C and D). These data indicated that the
GADD34 protein assembled an active eIF2� phosphatase in
the unstressed MEFs.

To examine the role of the GADD34-assembled eIF2� phos-
phatase in the transcriptome-wide gene expression in unstressed
cells, we subjected unstressed WT and GADD34�/� MEFs to ri-
bosome profiling and RNA-seq (see Table S1 in the supplemental
material). In both cells, the ribosome profiling and RNA-seq data
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were highly reproducible (see Fig. S1). Ribosome profiling showed
that the broad gene expression profile seen in WT MEFs was
largely conserved in the GADD34�/� MEFs (Fig. 2A). There was,
however, a cohort of mRNAs that showed different levels of
translation in unstressed GADD34�/� MEFs compared to WT
MEFs. Using a cutoff of a change in translation of at least 2-fold
and a P value of 
0.05 (Student’s t test), we estimated that 414
genes showed enhanced translation whereas 470 genes demon-
strated translational suppression selectively in the unstressed
GADD34�/� MEFs. To determine whether these changes were
driven by translational efficiency or changes in mRNA levels, we
employed a previously described mathematical approach (26).
Translational efficiency accounted for �80% of the change in to-
tal translation, while changes in mRNA levels contributed to the
remaining �20%. The heavy reliance on translational efficiency is
consistent with eIF2� phosphorylation being the primary driver
of these changes rather than any downstream changes in gene
transcription.

To assess whether the translational changes in unstressed
GADD34�/� cells resembled those seen following ER stress, we
compared the ribosome profiling data in GADD34�/� cells and
WT cells following their treatment with 1 �M thapsigargin (Tg)
for 30 min (31). Surprisingly, there was only a weak correlation
between the gene expression changes induced by the loss of
GADD34 and those induced by UPR activation (Fig. 2C). This
highlighted that the loss of GADD34 function generates a cellular
response in unstressed cells that is quite distinct from that seen in
response to acute ER stress and may result from long-term, low-
level increases in P-eIF2� levels in the mutant cells.

Gene ontology analysis of the mRNAs whose translation was

enhanced following the loss of GADD34 function highlighted spe-
cific classes of genes (Fig. 2D; see also Table S2 in the supplemental
material). In these analyses, the mean change in total translation
was calculated for all genes in any single ontology category, and P
values were calculated by random permutation of gene values.
Most notably, genes associated with insulin-like growth factor
(IGF) binding showed significantly enhanced expression, with the
most prominent among these being the mRNA encoding insulin-
like growth factor-binding protein 2 (1,010-fold increase). Motor
neuron axonal guidance genes were severely impacted by the ab-
sence of GADD34, with a 116-fold increase in the translation of
mRNA encoding EPH receptor A4 (Eph4A). Other mRNAs en-
coding connective tissue growth factor protein (5-fold increase)
and cysteine-rich motor neuron 1 protein (5-fold increase)
showed more modest increases in their translation. Genes whose
expression was reduced by the loss of GADD34 included genes
encoding mitochondrial ATPase and genes whose protein prod-
ucts participated in the assembly and regulation of protein phos-
phatase 2A (PP2A).

GADD34 regulates translation of mRNAs encoding secre-
tory and membrane proteins. The translation of mRNAs encod-
ing membrane and secretory proteins was particularly sensitive to
the loss of GADD34 function. Although the mean changes in the
steady-state levels of mRNAs encoding cytosolic and ER proteins
(�3% for cytosolic proteins compared to �3% for ER-targeted
proteins) were fairly similar, the fold change in translation of
mRNAs encoding ER-targeted proteins was greater (Fig. 2E) (log2

variance of 0.89 for cytosolic proteins compared to 2.0 for ER-
targeted proteins), with the ER-targeted proteins being repre-
sented by a significant fraction of mRNAs that showed either en-

FIG 1 Basal expression of GADD34 mRNA and protein. (A) mRNA levels, translational efficiency, and total translation of GADD34 mRNA in WT MEFs were
assessed by ribosome profiling and RNA-seq. (B) GADD34 protein levels in unstressed WT MEFs and increased levels in MEFs subjected to ER stress (1 �M Tg
for 6 h) were detected by immunoblotting with anti-GADD34 antibody. Lysates from unstressed and stressed GADD34�/� MEFs lacked the immunoreactive
band. (C) Levels of eIF2� phosphorylation in WT and GADD34�/� MEFs were detected by immunoblotting with anti-P-eIF2� antibody. Total levels of eIF2�
used as a loading control are also shown. (D) Box plot indicating the percentage of change in basal eIF2� phosphorylation in GADD34�/� MEFs relative to WT
MEFs assessed by immunoblotting and quantification by ImageJ (n 	 5).
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hanced or reduced translation (Fig. 2F). This illustrated that
GADD34 served a critical function in regulating the synthesis of
membrane and secretory proteins in unstressed cells.

During acute ER stress, mRNAs encoding ER-targeted pro-
teins were transiently released from the ER (22). This likely serves
to reduce synthesis and the subsequent influx of ER-targeted pro-
teins into the ER lumen. In this context, the degree of mRNA
release correlated well with the increases in eIF2� phosphoryla-
tion, with around 50% of mRNAs released from the ER at the peak
of eIF2� phosphorylation. Thus, we investigated whether the ele-
vated basal eIF2� phosphorylation seen in the GADD34�/� MEFs
promoted mRNA release from the ER. However, there was only
modest (mean of 8.1%; P value 	 10�25 [paired t test]) displace-
ment of mRNAs encoding ER-targeted proteins from the ER to
the cytosol in the unstressed GADD34�/� MEFs compared to the
WT MEFs (Fig. 2G). This suggests that the higher levels of P-eIF2�
seen in stressed cells are required to mobilize ER-localized
mRNAs.

GADD34 mRNA is rapidly translated in response to ER
stress. To define a role for basal GADD34 expression in ER stress,
we analyzed the temporal changes in protein synthesis using
[35S]Met-Cys labeling following Tg treatment (Fig. 3A). In WT
cells, there was a rapid and substantial (�50%) decrease in de novo
protein synthesis after 30 min of Tg exposure that had partially
recovered by 1 h. In contrast, cells lacking GADD34 displayed a
profound (nearly 90% of control) decrement in protein synthesis
at 30 min which failed to recover during the following 4 h, when
eIF2� phosphorylation remained highly elevated. This hinted at a
critical role for GADD34 in restoring protein synthesis in the early
stages of UPR, significantly earlier than the well-described ER
stress-induced transcription of the GADD34 gene. By compari-
son, the temporal changes in ER stress-modulated protein synthe-
sis in MEFs lacking a functional CReP gene closely resembled
those seen in WT MEFs. This strongly suggested that GADD34
functions as the predominant eIF2� phosphatase controlling
translational recovery during the early stages of UPR.

p

FIG 2 Regulation of protein synthesis by GADD34 in unstressed MEFs. (A) Comparison of total levels of mRNA translation, analyzed by ribosome profiling, in
unstressed WT and unstressed GADD34�/� MEFs (n 	 2). The shaded area represents 5 standard deviations from the mean of results from WT biological
replicates, with genes with significantly different results (at least 2-fold change and P 
 0.05 by Student’s t test [52]) highlighted in magenta (enhanced translation
in the absence of GADD34) or green (suppressed translation in the absence of GADD34). (B) Percentages of changes in total translation in unstressed
GADD34�/� cells relative to WT cells attributable to changes in mRNA levels and translation efficiency. Percentages were calculated as described in Materials and
Methods. (C) Relationship between changes in translation in unstressed GADD34�/� cells relative to WT cells and changes in translation in WT cells after 30 min
of induction of ER stress by the use of 1 �M Tg as reported previously (22). (D) Gene ontologies with changes in total translation in the absence of GADD34, with
P values (p-val) determined by bootstrapping. (E) Histogram of differences in total translation between GADD34�/� and WT MEFs for mRNAs encoding
ER-targeted proteins (containing signal sequence or transmembrane domain) (red) and cytosolic proteins (green). (F) Moving averages were calculated for the
proportions of mRNAs encoding ER-targeted proteins as a function of GADD34-mediated changes in translation. Enrichment among the highly suppressed and
highly enhanced genes highlights mRNAs encoding ER-targeted proteins as particularly sensitive to loss of GADD34. (G) Cumulative density plot representing
the fraction of each mRNA encoding ER-targeted proteins associated with ER in WT and GADD34�/� cells.
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The existence of GADD34 mRNA in unstressed cells and its
known translational regulation via upstream open reading frames
(uORFs) (12) raised the issue of whether translation of preexisting
GADD34 mRNA was enhanced by ER stress. RNA-seq and ribo-
some profiling of WT MEFs following Tg exposure highlighted
the rapid translation of GADD34 mRNA, with �20-fold enhance-
ment in translation after 30 min even as the steady-state levels of
GADD34 mRNA remained constant for up to 2 h following Tg
treatment, after which they rose steadily, consistent with the ER
stress-enhanced transcription of the GADD34 gene (Fig. 3B).
These data are consistent with earlier studies (12) that combined
Tg with the transcriptional inhibitor actinomycin D to suggest
that ER stress promoted the translation of the GADD34 mRNA,
which in turn made a significant contribution to the cellular levels
of GADD34 protein.

Absence of GADD34 stalls the UPR translational program.
Prior studies suggested that GADD34 was required for the expres-
sion of selected stress response proteins (14, 15). To confirm and
extend these findings to the entire transcriptome, both WT and
GADD34�/� MEFs were treated with Tg. In WT MEFs, a transient
increase in eIF2� phosphorylation was observed that peaked at
between 30 min and 1 h (Fig. 4A). Significant levels of GADD34
protein were induced by 2 h, resulting in a subsequent decrease in
eIF2� phosphorylation that returned to near-baseline levels at 4 h
despite the continued Tg exposure. These data supported the well-
established role for GADD34 in a feedback loop that dephospho-
rylates eIF2� and allows translation recovery following ER stress.
After 1 h of ER stress, a time-dependent increase in expression of
the two hallmark UPR proteins, ATF4 and CHOP, was noted in
WT MEFs. In contrast, much higher and sustained levels of eIF2�
phosphorylation were observed in Tg-treated GADD34�/� MEFs
and were accompanied by the nearly complete loss in expression
of these UPR proteins (Fig. 4A). However, levels of mRNAs
encoding CHOP (Fig. 4B) and ATF4 (Fig. 4C) increased in
response to ER stress in both WT and GADD34�/� MEFs in
similar manners. Expression of Xbp-1 protein, another UPR-
activated transcription factor, was also significantly impaired
in the GADD34�/� MEFs compared to the WT MEFs (Fig. 4D),
even as the XBP-1 mRNA levels and splicing results were nearly
identical in the WT and GADD34�/� MEFs. Despite the inabil-
ity of GADD34�/� cells to express these stress response proteins,
the profiling data suggested that the ribosomes were heavily re-
cruited to these mRNAs in the GADD34�/� MEFs (see Fig. S2 in

the supplemental material). This suggested that the lack of expres-
sion of these stress response proteins was primarily due to reduced
ribosome scanning or reduced translational activity, attributable
to higher P-eIF2� levels in the GADD34�/� MEFs.

As genetic deletions can result in adaptations with altered ex-
pression of other proteins or activation of other pathways (32, 33),
we examined the impact of elevating cellular P-eIF2� levels using
small-molecule inhibitors of eIF2� phosphatases (see Fig. S3 in
the supplemental material). Brief treatment of WT MEFs with
Sal003, an analogue of salubrinal that inhibits both GADD34- and
CReP-associated eIF2� phosphatases (17), and guanabenz (GBZ),
which selectively targets GADD34 (16), enhanced P-eIF2� levels
and downstream signaling. Both drugs enhanced expression of
ATF4, CHOP, and GADD34, albeit less effectively than Tg, which
activates the eIF2� kinase PERK and triggers ER stress. The higher
levels of P-eIF2� seen with combined treatments with Tg and GBZ
or Tg and Sal003 significantly reduced the expression of ATF4,
CHOP, and GADD34. The greater efficacy and unique specificity
of GBZ argued that inhibiting GADD34 to increase levels of
P-eIF2�, as in the GADD34�/� MEFs, attenuates the expression
of UPR genes.

To assess the broader genome-wide impact of loss of GADD34
function on mRNA translation, we analyzed ribosome profiling
and RNA-seq in WT and GADD34�/� MEFs over a time course
following Tg treatment. It is noteworthy that, while the ribosome
profiling data reflect significantly less total protein synthesis in the
stressed GADD34�/� cells (Fig. 3A), they also highlight the activ-
ity of ribosomes and the stress response programs that remain
active in the mutant cells. In the initial analyses, we generated heat
maps that provide a snapshot of the temporal changes in mRNA
translation. In WT MEFs, there was a major reprogramming of
translation over the initial 30 min (Fig. 5A). As UPR progressed,
this program changed significantly such that the alterations in
mRNA translation after 4 h barely resembled those at early time
points. This early-to-late progression in mRNA translation is a
hallmark of the UPR stress response (22). Our studies suggested
that the early UPR is focused on the expression of proteins that
catalyze translational suppression and degradation of misfolded
proteins, while during late UPR, ER protein folding capacity is
enhanced through the increased synthesis of chaperones (22). In
contrast to WT MEFs, GADD34�/� MEFs displayed a gene ex-
pression pattern that was constant over time. While the initial
reprogramming in mRNA translation seen in WT cells was also

FIG 3 Functions of GADD34 and CReP in early stages of UPR. (A) Translational activity in WT, GADD34�/�, and CReP�/� cells during Tg-induced ER stress,
as measured by pulse-labeling with [35S]Met-Cys (n 	 3). Data for WT cells are reproduced from reference 22. max, maximum. (B) Time-dependent changes in
GADD34 mRNA and translation in WT MEFs following exposure to 1 �M Tg, assessed by RNA-seq and ribosome profiling (n 	 2).
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noted in the mutant cells following Tg exposure, this response
stalled in the absence of GADD34 function.

We then analyzed the translation of early and late UPR genes
(listed in Table S3 in the supplemental material) in GADD34�/�

cells to understand the nature of the stalled UPR. For genes that
were translationally activated after 30 min of Tg treatment, such as
those encoding ATF4 and CHOP, their translation peaked early in
WT cells and then diminished over time. In contrast, the expres-
sion of the same genes continued to increase over time in the
GADD34�/� cells (Fig. 5B), presumably due to the sustained
eIF2� phosphorylation. On the other hand, genes expressed late in
UPR in WT cells were largely suppressed in the GADD34�/� cells
(Fig. 5C). These data indicated that in the absence of GADD34,
the UPR translational program stalled in a state resembling the
early UPR.

However, in the GADD34�/� MEFs, the high, sustained eIF2�
phosphorylation resulted in a severe reduction in de novo protein
synthesis (Fig. 3A). Therefore, despite the increasing levels seen
with ATF4 mRNAs (Fig. 4B) and CHOP mRNAs (Fig. 4C) as well
as the increased targeting of ribosomes to these mRNAs (Fig. 5B),
the synthesis of core UPR proteins, like ATF4 and CHOP, was
largely inhibited (Fig. 4A).

GADD34 regulates ER stress-induced relocalization of ER-
bound polysomes. Our prior studies showed that ER-bound
polysomes were released into the cytosol during early UPR and
later returned to their ER-bound location (22). To determine the
contribution of GADD34 in this process, we analyzed mRNA re-

lease from ER in WT and GADD34�/� MEFs following Tg treat-
ment. In WT MEFs, mRNAs encoding ER-targeted proteins were
maximally displaced from ER at 30 min but largely recovered dur-
ing the ensuing 4 h despite the continued exposure of cells to Tg
(22). By comparison, in the GADD34�/� MEFs, the released
mRNAs failed to return to the ER over the same period (Fig. 5D),
consistent with a stall in early UPR. Preliminary analyses in
CReP�/� MEFs showed that the time course of displacement of
ER-bound polysomes closely resembled that seen in WT cells.
These data established that GADD34 function was also essential
for returning mRNAs encoding ER-targeted proteins to the ER
during UPR.

GADD34-null mice are protected from tunicamycin-in-
duced renal toxicity. Deficits in UPR signaling were noted in
MEFs derived from mutant mice (14, 15), generated by targeting
exon 2 (14) or exon 3 (15) in the mouse GADD34 gene. Yet these
mice were described as “normal” or “indistinguishable” from WT
mice. However, when stressed by a high-fat diet, the exon 2-tar-
geted GADD34 mutant mice showed increased susceptibility to
obesity, fatty liver, and insulin resistance (21), although the au-
thors reported that “dephosphorylation of P-eIF2� was not the
main cause” of these metabolic alterations. The current report
presents the first analysis of UPR signaling in MEFs derived from
mice lacking exons 2 and 3, eliminating the entire GADD34 cod-
ing sequence (19). These mice display a mild phenotype in the
absence of stress, namely, reduced hemoglobin synthesis. When
subjected to iron deficiency, the exon 2/exon 3-deleted mutant

FIG 4 UPR gene expression is suppressed in the absence of GADD34. (A) Levels of UPR-induced proteins analyzed by immunoblotting following Tg treatment
of WT and GADD34�/� MEFs. Tubulin is shown as a loading control. KO, knockout. (B and C) mRNA levels of CHOP (B) and ATF4 (C) were analyzed by
quantitative PCR (qPCR) in MEFs following Tg exposure (n 	 3). (D) Time-dependent changes in the expression of XBP1 protein in WT and GADD34�/� MEFs
following Tg treatment. (E) XBP1 splicing following Tg treatment of WT and GADD34�/� MEFs was analyzed by exon-spanning PCR as described in Materials
and Methods.
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mice recovered more slowly than WT mice. However, the contri-
bution of reprogramming mRNA translation in mouse tissues to
the altered phenotypes has not investigated.

To ascertain whether the UPR stalling or delay seen in MEFs
occurred in tissues, we subjected WT and GADD34�/� mice to
intraperitoneal injection of tunicamycin (Tm), a documented
model of ER stress. As previously noted (28, 29), Tm induced
renal lesions, similar to those seen in human acute tubular necro-
sis, in WT mice in 4 to 6 days (Fig. 6A). In contrast, the
GADD34�/� mice were significantly protected from Tm-induced
toxicity, with little evidence of renal lesions in 8 days. This was
emphasized by immunostaining of renal sections, 4 days after Tm

treatment, for cleaved caspase-3, a hallmark of apoptosis. Staining
for cleaved caspase-3 was elevated 3-fold to 5-fold in kidney sec-
tions from Tm-treated WT mice but was unchanged in the
GADD34�/� mice (Fig. 6B and C). Immunoblotting lysates from
MEFs exposed to Tm for 30 h also showed enhanced caspase-3 and
PARP cleavage in WT MEFs, with little evidence of apoptosis in
the GADD34�/� MEFs (Fig. 6D). qRT-PCR analysis of mouse
kidneys exposed to Tm for 24 h showed reductions in the levels of
a broad array of UPR genes, including ATF4 and CHOP, chaper-
ones and cochaperones (e.g., BiP, GRP94, and p58IPK), ERAD
genes (e.g., EDEM1), and the gene encoding the oxidoreductase,
Ero1l� (Fig. 6E), consistent with a stalled or delayed UPR in the
mutant mouse kidney. These data established that the molecular
hallmarks of delayed UPR were common to GADD34�/� MEFs
and mutant mouse kidney, supporting the notion of a role for
GADD34 in the propagation of UPR signals and induction of cell
death from prolonged ER stress.

Activation of mechanisms that promote partial recovery
from UPR stalling in the absence of GADD34 function. To in-
vestigate the long-term consequences of a stalled UPR, we ana-
lyzed UPR signaling over a longer time following Tg treatment of
WT and GADD34�/� MEFs. In WT cells, eIF2� phosphorylation
was largely reversed by 8 h following Tg exposure. At 18 to 24 h,
levels of the downstream effectors, ATF4 and CHOP, had signifi-
cantly receded (Fig. 7A). A markedly different UPR profile was
observed in GADD34�/� cells. Most importantly, eIF2� phos-
phorylation remained high beyond 8 h following Tg exposure but,
surprisingly, declined at later time points (Fig. 7A). This decline in
eIF2� phosphorylation was associated with the successful execu-
tion of UPR signaling. Specifically, expression of ATF4 and CHOP
proteins, which was undetectable in GADD34�/� cells in early
stages of UPR (Fig. 4A), was clearly visible after 18 h. These data
suggested that, rather than causing a terminal stalling of the UPR,
the absence of GADD34 delays UPR signaling and hints at the
activation of mechanisms that reduce eIF2� phosphorylation and
reactivate UPR signaling at later times in the absence of GADD34.

To first demonstrate that the reduction in eIF2� phosphoryla-
tion at later times restored protein synthesis, we analyzed WT and
GADD34�/� MEFs after Tg treatment by puromycin labeling
(Fig. 7B and C). In WT cells, protein synthesis was significantly
inhibited after 2 h Tg treatment but had largely recovered by 8 h.
In contrast, GADD34�/� cells showed prolonged suppression of
protein synthesis. However, a discernible increase in protein syn-
thesis was observed by 24 h, paralleling the reduction in P-eIF2�
levels (Fig. 7A). Multiple independent experiments established
that protein synthesis at 24 h recovered to approximately 16% of
that in control untreated cells and significantly above the 4% seen
at 8 h of Tg treatment (P 
 0.05 [Student’s t test]). This partial
recovery in protein synthesis was sufficient to drive the expression
of ATF4 and CHOP at 18 and 24 h.

To elucidate mechanisms that contribute to reversal of the
P-eIF2� phenotype in GADD34�/� MEFs, we analyzed ER stress-
induced activation of AKT, which has been implicated in PERK
inhibition (34–36). In WT cells, AKT activity, monitored by phos-
phorylation of serine-473, was transiently increased following 8 h
of Tg treatment (Fig. 7D and E), thereafter declining to low levels
at 18 and 24 h. The temporal changes in ER stress-stimulated AKT
activity paralleled changes in P-eIF2�, as previously reported (36).
Immunoblotting for phospho-PERK showed that PERK activity
was rapidly increased by Tg treatment in WT cells and that the

FIG 5 GADD34 is required for timely progression of the UPR program. (A) A
heat map of changes in total translation following Tg treatment of WT and
GADD34�/� MEFs is shown. The mRNAs were sorted based on mean changes
in translation levels across all time points and cell types. (B) Median changes in
translation of 5% of the genes most highly translationally enhanced after 30
min of Tg treatment in WT cells (n 	 2) are shown. (C) Translation responses
for 5% of the genes most highly translationally enhanced in WT cells following
4 h of Tg treatment relative to the mean for untreated cells and cells treated
with Tg for 30 min (n 	 2). (D) Temporal changes in ER enrichment for
translation of mRNAs encoding ER-targeted proteins are shown for Tg-treated
WT, GADD34�/� (n 	 2), and CReP�/� (n 	 1) cells.
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increase was maintained up to 24 h (Fig. 7D and E). In contrast, in
GADD34�/� cells, AKT phosphorylation, which was elevated by
Tg, remained persistently high up to 24 h. This contrasted with
PERK activation by Tg in the GADD34�/� MEFs, which peaked at
2 h but declined after 8 h to reach resting levels by 24 h. These
results are consistent with the AKT-mediated phosphorylation
and inactivation of PERK (35), likely contributing to the reduc-
tion in levels of P-eIF2� and expression of ATF4 and CHOP in
later stages of UPR (Fig. 7A).

While earlier studies showed that CReP protein levels did not
change with the exposure of cells to stress (10), recent work has
suggested that ER stress-mediated IRE1� activation enhances
degradation of the CReP mRNA (37). This in turn reduces CReP
protein, increases eIF2� phosphorylation, and attenuates protein
synthesis. Thus, we analyzed CReP mRNA in Tg-treated cells by
RT-PCR. Our data showed that CReP mRNA levels were constant
in Tg-treated WT MEFs over 16 h (Fig. 7G). However, in Tg-
treated GADD34�/� cells, a 10-fold increase in the level of CReP
mRNA was observed over the same period. Using available anti-
bodies against human CReP, we were unable to detect a band

specific for mouse CReP in WT or GADD34�/� MEFs and thus
were unable to address the changes in CReP protein levels in the
GADD34�/� MEFs, but ribosome profiling suggests that CReP
mRNA was actively translated in GADD34�/� MEFs over the pe-
riod analyzed. Regardless, our data hint at enhanced transcription
of the CReP gene or stabilization of CReP mRNA by ER stress,
particularly in the absence of GADD34, and suggest coordinate
regulation of the two eIF2� phosphatases.

To examine GADD34 and CReP expression in mammalian
tissues, we queried the Human Protein Atlas for GADD34 and
CReP mRNAs (38). According to the current UPR model,
GADD34 is encoded by an inducible gene whereas CReP is con-
stitutively expressed. Thus, we anticipated that CReP mRNA lev-
els would be constant while GADD34 mRNA levels would differ
widely across tissues. Surprisingly, we observed a positive correla-
tion (R2 	 0.76) between GADD34 and CReP mRNA levels, al-
though the levels of the GADD34 transcript were higher in most
tissues. This supports the notion that the two genes encoding es-
sential components of eIF2� phosphatases are coordinately regu-
lated.

FIG 6 Loss of GADD34 function protects mice against tunicamycin-induced renal toxicity. WT and GADD34�/� mice were injected intraperitoneally with Tm
(1 mg/kg body weight) or DMSO as described in Materials and Methods. (A) Representative images (magnification, �200) of kidney slices from WT and
GADD34�/� mice 4 days after Tm administration and after staining with H&E are shown. Scale bar, 200 �m; n 	 4 to 12. (B) Paraffin-embedded sections of fixed
mouse kidneys were stained with anti-cleaved caspase-3 antibody. Representative images (�200) show cells positive for cleaved caspase-3 (dark brown) at sites
of renal lesions observed 4 days after Tm injection. Scale bar, 200 �m; n 	 2 to 4. (C) Quantification of cleaved caspase-3 in mouse kidneys as a percentage of the
image stained for cleaved caspase-3 using ImageJ. Error bars represent standard deviations (SD) (n 	 4). Veh, vehicle. (D) An immunoblot of apoptotic markers
in WT and GADD34�/� MEFs 30 h after Tm (2 �g/ml) treatment is shown. (E) RNA was extracted from kidney samples and assayed by qPCR, normalizing
against �-actin mRNA. ISR, integrated stress response.
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FIG 7 Late recovery of UPR suppression in GADD34-null MEFs. (A) eIF2� phosphorylation and selected UPR proteins were analyzed by immunoblotting
following Tg treatment in WT and GADD34�/� MEFs. (B) Protein synthesis in MEFs treated with Tg was measured by puromycin labeling. MEFs were treated
with Tg, and after 30 min with 10 �g/ml puromycin, lysates were analyzed by immunoblotting with an antipuromycin antibody. (C) Quantification of
puromycin labeling used ImageJ (n 	 3; error bars represent SD). (D) AKT and PERK phosphorylation in WT and GADD34�/� MEFs is shown. (E and F) AKT
and PERK phosphorylation was quantified by ImageJ in WT (E) and GADD34�/� (F) MEFs (n 	 3; error bars represent SD). (G) CReP mRNA levels were
quantified by qRT-PCR following Tg treatment of WT and GADD34�/� MEFs (n 	 3; error bars represent SD). (H) Expression levels of GADD34 and CReP
mRNA in human tissues from the Human Protein Atlas (38) are shown. Each point represents a different human tissue.
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DISCUSSION

Based on the common observations that GADD34 is a stress-in-
duced protein that is virtually undetected in unstressed cells and
that CReP is a constitutively expressed repressor of eIF2� phos-
phorylation, most current discussions of UPR segregate CReP
functions to maintaining low P-eIF2� levels in unstressed cells
while assigning a role for GADD34 in reversing stress-induced
increases in P-eIF2� levels. In this regard, the current studies ex-
panded knowledge of the role of GADD34, whose mRNA was
actively translated in unstressed cells. Our data showed that while
at low levels, the GADD34 protein maintained low P-eIF2� levels
in resting or unstressed cells. This contrasts with the lack of change
in basal P-eIF2� levels following small interfering RNA (siRNA)-
mediated knockdown of CReP, although peak P-eIF2� levels in
stressed cells were significantly elevated by reducing cellular CReP
levels (10). Our data also showed that GADD34 plays a critical role
in the recovery from transient repression of de novo protein syn-
thesis and restored ER-bound mRNAs that had been released into
cytosol during the early stages of the UPR. As we also observed
increases in CReP mRNA levels during late stages of UPR in
GADD34�/� MEFs, our studies argued for a revision of the cur-
rent UPR model to ascribe functions for both GADD34 and CReP
in regulating P-eIF2� and mRNA translation in resting and
stressed cells.

Ribosome profiling highlighted nearly 900 mRNAs whose
translation is regulated by GADD34 in the absence of stress. Thus,
the loss of basal GADD34 results in substantial translational re-
programming, with a particular focus on the secretome. The
mRNAs whose translation was sensitive to loss of GADD34 func-
tion encoded proteins implicated in numerous diseases associated
with the UPR, including metabolic disease (39), neurodegenera-
tive disorders (40), and mitochondrial dysfunction. Thus, the ab-
sence of GADD34 enhanced translation of the mRNA encoding
IGF-binding protein 2 over 1,000-fold and prior work showed
that elevated expression of IGF-binding protein 2 protected mice
from obesity and insulin resistance (41). Translation of the mRNA
encoding Eph4A, a disease modifier whose elevated expression
correlates with vulnerability of motor neurons to amyotrophic
lateral sclerosis (42), was also enhanced over 100-fold by loss of
GADD34. These data pointed to altered UPR signaling and possi-
bly changes in GADD34 expression as factors contributing to ag-
ing-related chronic diseases. Analysis of mRNA translation in un-
stressed cells also highlighted the number of mRNAs encoding
proteins involved in assembly or regulation of protein phospha-
tase-2A (PP2A). These represented a class of mRNAs whose trans-
lation required the low levels of GADD34 seen in unstressed cells,
and the higher levels of GADD34 observed in stressed cells did not
further enhance their translation, highlighting a role for GADD34
solely in the basal expression of these proteins.

The transcriptome-wide translational profile of early UPR in
WT MEFs was extended for long periods in the GADD34�/�

MEFs. Similar hallmarks of UPR stalling were also seen with the
pharmacological inhibition of GADD34 in WT cells, suggesting
that high P-eIF2� levels and severe suppression of protein syn-
thesis attenuated UPR progression. The stalled UPR seen in
GADD34�/� cells did not persist indefinitely but triggered
changes in other UPR-activated mechanisms to reduce levels of
P-eIF2� later during UPR, and global protein synthesis recovered
from a low of 4% seen with the control at 8 h to approximately

16% by 24 h in stressed GADD34�/� MEFs. The expression of
ATF4 and CHOP recovered to a much greater extent, equivalent
to the results seen with Tg-treated WT MEFs at 24 h. This sug-
gested that the translational recovery in late UPR was weighted in
favor of restoring stress response proteins.

In considering mechanisms for translational recovery, we ana-
lyzed AKT, which was activated by ER stress (34–36) and, by phos-
phorylating threonine-799, inhibited PERK activity (35). In WT cells,
the transient AKT activation had no impact on cellular phospho-
PERK levels, which remained high over the 24 h of Tg exposure. In
contrast, the AKT activation was higher and more prolonged in the
GADD34�/� MEFs and was accompanied by the inhibition of PERK
and reductions in P-eIF2� levels during the late UPR.

Consistent with previous studies (10), there was no change in
CReP mRNA levels over 24 h of Tg exposure in the WT MEFS.
However, loss of GADD34 function resulted in a stress-induced
(more than 10-fold) increase in CReP mRNA levels above those
seen with WT cells. These and other data mandate a redefinition of
CReP as a constitutive repressor of eIF2� phosphorylation, as ER
stressors also increased CReP mRNA levels in rat INS-1E cells in a
PERK-dependent manner (43). In contrast, tunicamycin-induced
IRE-1 activation decreased CReP mRNA and protein levels over
12 h in other cells (37). Finally, a mutation (R658C) in human
CReP that attenuates protein phosphatase-1 binding was accom-
panied by a compensatory increase in CReP mRNA and protein
levels in lymphoblasts of affected individuals (44). As GADD34
was also highly induced by ER stress in the CReP�/� MEFs (20),
we speculate that there is coordinated control of cellular
GADDD34 and CReP levels. Indeed, analysis of GADD34 and
CReP expression in human tissues supported the idea of the con-
ditional coregulation (32, 33) of these eIF2� phosphatases.

Despite our findings that GADD34 regulated mRNA transla-
tion in unstressed and stressed cells, mice lacking GADD34 are
remarkably devoid of serious physiological defects (14, 19, 20).
Moreover, when subjected to stress, the GADD34�/� mice show
both adverse effects, such as accelerated obesity on a high-fat diet
(21) and delayed recovery from iron deficiency (19), and benefi-
cial outcomes, such as resistance to tunicamycin-induced renal
toxicity (29; this study). These paradoxical findings reflect the
heterogeneity in UPR signaling in mammalian tissues, which is
highlighted by mutations in other mouse UPR genes (45). Striking
heterogeneity in UPR signaling is seen in mouse models of amy-
otrophic lateral sclerosis (ALS), where motor neurons can be seg-
regated as vulnerable or resistant based on activation of the UPR,
specifically, of markers such as PERK, P-eIF�, and ATF4, despite
all neurons expressing the mutant superoxide dismutase (SOD1)
and possessing ubiquitin-conjugated protein deposits (44). One
potential factor distinguishing the vulnerable and resistant neu-
rons is their secretory load, or the production and export of syn-
aptic vesicles. Consistent with identification of GADD34 as a ma-
jor regulator of the secretome, haploinsufficiency of GADD34
ameliorated motor neuron disease in mutant SOD1 (mSOD1)
transgenic mice (46). Guanabenz also reduced motor neuron loss
in this ALS mouse model (47) with hallmarks of a stalled UPR,
namely, reduced expression of Bip and CHOP. While numerous
studies linked chronic activation of the PERK–P-eIF2a–ATF pathway
with cell death, there is some controversy over the downstream events
that signal cell death. Genome-wide chromatin immunoprecipita-
tion-sequencing (ChIP-seq) studies of ATF4 and CHOP (18) found
no evidence for the expression of proapoptotic genes and accredited
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cell death to oxidative stress associated with enhanced protein syn-
thesis, mediated in part by GADD34 (29). In agreement with these
studies, we observed no differences in translation of mRNAs encod-
ing pro- or antiapoptotic proteins in WT and GADD34�/� cells.
Thus, we hypothesize that carefully staged control of protein synthe-
sis with attenuation of mRNA translation during the early UPR and
partial recovery, specifically, expression of UPR proteins, during the
late UPR may account for the resistance of GADD34�/� MEFs and
mouse kidney to ER stress-induced cell death.

In contrast, the homozygous R658C mutation in human CReP
impaired eIF2� phosphatase and was associated with skeletal defects,
microcephaly, and early-onset diabetes (43, 48), a phenotype remi-
niscent of Wolcott-Rallison syndrome, which was associated with
mutations in human PERK (49). Thus, increased P-eIF2� levels re-
sulting from CReP mutation and reduced eIF2� phosphorylation
resulting from PERK mutations yielded overlapping disease profiles.
This emphasizes the precise balance in mRNA translation that is crit-
ical for cell viability. Thus, understanding the translational pro-
gram(s) controlled by CReP, combined with current work, should
provide crucial insights into the benefits and liabilities associated with
drugs that target GADD34 (16, 50) or CReP (51) or both eIF2� phos-
phatases (17) to treat human disease.
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