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Cellular stress such as endoplasmic reticulum stress, hypoxia,
and viral infection activates an integrated stress response, which
includes the phosphorylation of the eukaryotic initiation factor
2« (elF2a) to inhibit overall protein synthesis. Paradoxically,
this leads to translation of a subset of mRNAs, like transcription
factor ATF4, which in turn induces transcription of downstream
stress-induced genes such as growth arrest DNA-inducible gene
34 (GADD34). GADD34 interacts with protein phosphatase 1 to
dephosphorylate eIF2a, resulting in a negative feedback loop to
recover protein synthesis and allow translation of stress-in-
duced transcripts. Here, we show that GADD34 is not only tran-
scriptionally induced but also translationally regulated to
ensure maximal expression during elF2a phosphorylation.
GADD34 mRNAs are preferentially associated with polysomes
during eIF2« phosphorylation, which is mediated by its 5'-un-
translated region (5'UTR). The human GADD34 5'UTR con-
tains two non-overlapping upstream open reading frames
(uORFs), whereas the mouse version contains two overlapping
and out of frame uORFs. Using 5'UTR GADD34 reporter con-
structs, we show that the downstream uORF mediates repres-
sion of basal translation and directs translation during elF2a
phosphorylation. Furthermore, we show that the upstream
uOREF is poorly translated and that a proportion of scanning
ribosomes bypasses the upstream uORF to recognize the down-
stream uOREF. These findings suggest that GADD34 translation is
regulated by a unique 5'UTR uORF mechanism to ensure proper
GADD34 expression during e[F2a phosphorylation. This mecha-
nism may serve as a model for understanding how other 5'UTR
uORF-containing mRNAs are regulated during cellular stress.

Phosphorylation of Ser®" in elF2a is a key cellular response to
environmental stresses such as hypoxia, endoplasmic reticu-
lum (ER)? stress and viral infection. The stress-induced phos-

* This work was funded by a Canadian Institutes for Health Research operat-
ing grant (to E. J.). The costs of publication of this article were defrayed in
part by the payment of page charges. This article must therefore be hereby
marked “advertisement” in accordance with 18 U.S.C. Section 1734 solely to
indicate this fact.

I The on-line version of this article (available at http://www.jbc.org) contains
supplemental Figs. S1-S3.

" To whom correspondence should be addressed: 5457-2350 Health Sciences
Mall, Vancouver, BC V6T 173, Canada. Tel.: 604-827-4226; Fax: 604-822-
5227; E-mail: ej@interchange.ubc.ca.

2 The abbreviations used are: ER, endoplasmic reticulum; PERK, protein kinase
R-like ER kinase; elF2¢, eukaryotic initiation factor 2«; ORF, open reading
frame; uORF, upstream ORF; UTR, untranslated region; UPR, unfolded pro-

asEve

MARCH 13, 2009+VOLUME 284+NUMBER 11

phorylation of eIF2a represses general protein synthesis, which
induces the expression of specific genes involved in the stress
response (1, 2). Reprogramming of gene expression is vital for
cellular survival and can trigger apoptosis, if the stress is severe
and prolonged.

In mammals, four distinct elF2a kinases have been identified
(2). These include protein kinase R, which is activated upon
binding to double-stranded RNAs or through the antiviral
interferon response (3), the heme-regulated inhibitor, which
senses heme availability and responds to oxidative stress (4, 5),
the general control nonderepressible-2, which is regulated by
amino acid availability (6), and the protein kinase R-like ER
kinase, PERK, which is activated in response to an accumula-
tion of unfolded proteins in the ER (7). Although protein kinase
R, heme-regulated inhibitor, general control nonderepress-
ible-2, and PERK can all catalyze the phosphorylation of eIF2c
to halt protein synthesis, they do so in response to distinct envi-
ronmental cues. For instance, the accumulation of unfolded
proteins in the ER activates PERK to repress translation to ease
the load of unfolded proteins in the ER, whereas translational
repression during amino acid depletion is achieved through
general control nonderepressible-2 activation, which provides
cells sufficient time for recovery from nutrient starvation. The
biological importance of each elF2« kinase signaling pathway is
reflected in their association with several diseases such as dia-
betes, cancer, neurodegenerative diseases, and viral infections,
including hepatitis C virus and cytomegalovirus infections
(8-12).

The ternary complex, composed of initiator Met-tRNA,,
GTP, and the heterotrimeric initiation factor elF2, mediates
recognition of the AUG codon by scanning 40 S ribosomal sub-
units (2, 13). Upon correct basepairing of the codon-anticodon
of the Met-tRNA,, elF2-GTP is hydrolyzed to elF2-GDP and
subsequently released. Free eIF2-GDP is recycled to the green
fluorescent protein-bound form by the guanine nucleotide
exchange factor, eIF2B. Phosphorylation of the a subunit of
elF2a on Ser®' prevents the exchange of GDP for GTP by
sequestering elF2B, thus lowering the available pool of elF2-
GTP and repressing protein synthesis (14, 15).

Although general protein synthesis is repressed when elF2a
is phosphorylated, a subset of mRNAs remains actively trans-
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lated under these conditions. Such mRNAs include mammalian
ATF4, ATFS, and yeast GCN4 mRNAs (6, 16 —20). Translation
of ATF4, a member of the bZIP family of transcription factors
responsible for inducing transcription of downstream stress-
inducible genes, is governed by two uORFs within its 5'UTR
(17, 20). Following translation of the upstream uORF, under
basal conditions, ribosomes resume scanning and reinitiate
translation at the downstream uORF, which leads to ribosome
disassembly and prevents ATF4 translation. In contrast, under
conditions where elF2a is phosphorylated, reinitiating ribo-
somes have a higher probability of recruiting another eIF2 ter-
nary complex downstream after the AUG codon of the down-
stream uORF and thereby initiate translation at the ATF4 ORF.
This mechanism is reminiscent of the classic model of reinitia-
tion exemplified by the translational regulation of the yeast
GCN4 transcription factor (21). The expression of ATF5,
another bZIP family member, is also regulated at the transla-
tional level through a similar mechanism involving uORFs in its
5'UTR, indicating that such a mechanism is conserved and
likely important for regulating many mRNAs (18, 19).

The accumulation of unfolded proteins in the ER activates a
multitude of intracellular signaling pathways, collectively
referred to as the unfolded protein response (UPR) (22). One
arm of the UPR switches on the ER-resident unfolded protein
sensor, PERK, to repress global protein synthesis via elF2«a
phosphorylation, which in turn induces A TF# translation (16).
ATF4 activates the transcription of downstream stress-induced
genes, including CHOP and GADD34 (23). GADD34 interacts
with protein phosphatase 1 to dephosphorylate elF2«, which
relieves the inhibition of translation (24, 25). This negative
feedback loop is critical for translation of stress-induced genes
and cell adaptation to ER stress (24—27). Although it is clear
that GADD34 transcriptional induction is important, the
mechanism by which the GADD34 transcript is translated dur-
ing elF2a phosphorylation remains obscure.

In this study, we demonstrate that translation of the human
and mouse GADD34 mRNAs are governed through an uORF
within its 5"UTR, which is responsible for translational repres-
sion during unstressed conditions and directs translation of
GADD34 during elF2a phosphorylation. Our results suggest
that the human and mouse 5'UTRs use a distinct mechanism to
ensure GADD34 expression during cellular stresses that induce
elF2a phosphorylation.

EXPERIMENTAL PROCEDURES

5'RACE and Plasmid Construction—The human 5'UTR
GADD34-YFP, mouse 5'UTR GADD34-YFP, and human
5'UTR ATF4-YFP reporter plasmids were engineered using a
two-part ligation strategy in the pcDNA3 vector. The human
GADD34 5'UTR cDNA was synthesized by 5'RACE from total
HepG2 RNA using the FirstChoice RLM-RACE system
(Ambion) and PCR-amplified using a gene-specific primer,
PrEJ18, and the 5'RACE-nested inner primer. The PCR prod-
uct was TA-cloned (Invitrogen) and sequence-verified. The
human GADD34 5'UTR fragment was digested with EcoRI and
Ncol. The mouse GADD34 5'UTR cDNA was PCR-amplified
using primers, PrEJ481 and PrEJ482, which contain a 5" EcoRI
and a 3’ Ncol site. The human ATF4 5'UTR was PCR-amplified
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using primers, PrEJ279 and PrEJ420RR, and subsequently TA-
cloned. ATF4 5'UTR was digested with a 5" EcoRI and a 3’ BbsI
site, which contains complementary ends with Ncol. The
reporter enhanced YFP, eYFP (Clontech), was PCR-amplified
using primers containing a 5" Ncol and a 3" Xbal site. The
digested 5'UTR and amplified eYFP were cloned into EcoRI
and Xbal sites of pcDNA3, resulting in fusion of the 5’UTR with
YEP via an Ncol site. The Ncol site contains the AUG codon of
eYFP. These ligations yielded the human GADD34 5'UTR-YFP
(hGADD34-YFP), the mouse GADD34 5'UTR-YFP (mGADD34-
YFP), and the human ATF4-YFP (hATF4-YFP) constructs. All
mutant 5'UTRs, including mutations that either knocked out
the AUG codon of each uORF, inserted codons between the
start codon and stop codon of the mouse uORFs, or fused each
uORF with the YFP ORF, were mutated using the QuikChange
site-directed mutagenesis kit (Stratagene). All mutations were
sequenced and verified.

The sequence of the mGADD34 uORFs overlap is 5'-..cga-
cAUGAacc..-3'. The AUG start codon of uORF2 overlaps with
the UGA of uORF1. To create the 1 and 2 codon insertion
mutants, a codon (underlined) was inserted to produce 5'- . ..
cgacAUGUUGAacc ... -3’ (Icod) and 5'-... cgacAUGUU-
GUUGAacc. .. -3' (2cod).

Cell Culture and Stable Cell Lines—Mouse Hepa (1-6C)
cells were generously provided by Maria Hatzoglou (Case
Western University, Cleveland). HepG2 and Hepa cells were
grown in Dulbecco’s modified Eagle’s medium (Sigma) supple-
mented with 10% fetal bovine serum (v/v), 2 mm glutamine, and
100 units of penicillin/streptomycin. Plasmid transfections in
HepGz2 cells were performed using Lipofectamine (Invitrogen)
at 60% confluency. Stable cell lines were selected using Geneti-
cin, and cells were passaged as pooled cell lines. Cells were
treated either with 1 um thapsigargin (Sigma), 2 mm DTT, or
100 uwg/ml arsenite (Riedel de Haen) to activate eIF2«a kinases
and induce elF2a phosphorylation.

Western Blot Analysis—Cells were washed two times with
phosphate-buffered saline and scraped into lysis buffer con-
taining 20 mMm Hepes, pH 7.5, 150 mm NaCl, 1% Triton X-100
(v/v), 10% glycerol, 1 mm EDTA, 10 mm NaF, 17.5 mm 3-glyc-
erophosphate, and a protease inhibitor mixture (Roche Applied
Science). The lysates were freeze-thawed three times and cen-
trifuged to clear cell debris and nuclei. Protein concentration
was determined using Bradford reagent (Bio-Rad). Proteins
were separated by SDS-PAGE and transferred to a polyvinyli-
dene difluoride Immobilon-P or Immobilon-FL. membrane
(Millipore). Total elF2« was detected using a polyclonal anti-
body to the C terminus of e[F2« (Cell Signaling, #9722), and
phosphorylated elF2a was detected with an epitope-specific
antiserum (Cell Signaling, #9721). Immunoblots were probed
with GADD34 (Santa Cruz Biotechnology, H-193), CHOP
(Affinity Bioreagents MAI-250), ATF4 (Santa Cruz Biotechnol-
ogy, SC-200), and green fluorescent protein (Roche Applied
Science) antibodies. The anti-green fluorescent protein anti-
body cross-reacts with the YFP reporter protein.

Sucrose Gradient Centrifugation and Polysome Analysis—
Sucrose gradient centrifugation and polysome analysis was pre-
pared as described (28). Briefly, prior to drug treatment and cell
lysis, fresh media was added to cells 4—6 h earlier. Cells were
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incubated with 100 pg/ml cycloheximide for 3 min at 37 °C,
washed three times with 1X phosphate-buffered saline, and
harvested directly on the plate using lysis buffer (15 mm Tris-
HCI, pH 7.4, 15 mm MgCl,, 200 mm NaCl, 1% Triton X-100
(v/v), 100 pg/ml cycloheximide, 1 mg/ml heparin). Nuclei and
cell debris were cleared by centrifugation at 12,000 X g for 10
min at 4 °C, and the resulting supernatant was loaded onto a
10-50% (w/v) sucrose gradient composed of the lysis buffer
minus the Triton X-100. The gradient was centrifuged at 35,000
rpm for 3 h in an SW41 rotor at 4 °C. Fractions were collected
from the top using an ISCO fraction collector and a Brandel
syringe pump system. To collect RNA, 3 ml of 8 M guanidine-
HCl and 5 ml of EtOH were added to each fraction, precipi-
tated, and resuspended in water. Equal volumes of fractionated
RNA were subjected to Northern blot analysis.

Radiolabel Incorporation and Immunoprecipitation of Newly
Synthesized Proteins—To examine newly synthesized proteins,
cells were grown in Dulbecco’s modified Eagle’s medium minus
methionine and cysteine supplemented with 10% (v/v) dialyzed
fetal bovine serum for 25 min and metabolically labeled with
100 uCi/ml [**S]methionine-cysteine for 20 min. To induce
stress, 1 uM thapsigargin, 2 mm DTT, or 100 wg/ml arsenite
were incubated at the same time when cells were grown in Dul-
becco’s modified Eagle’s medium minus methionine and cys-
teine. Radiolabeled cells were washed two times with 1 X phos-
phate-buffered saline and lysed in buffer containing 20 mm
Tris-HCl, pH 7.4, 150 mm NaCl, 1 mm DTT, 1 mm EDTA, 0.5%
(v/v) Nonidet P-40, and protease inhibitor mixture. Equal
amounts of proteins, determined by Bradford reagent, were
incubated with anti-green fluorescent protein antibody (Roche
Applied Science) and agarose-protein G beads according to the
protocol recommended by Roche Applied Science. Proteins
attached to the agarose-beads were recovered by boiling in Lae-
mmli sample buffer and separated by SDS-PAGE. The gel was
dried, subjected to PhosphorImager analysis, and quantified by
ImageQuant (Storm, Amersham Biosciences).

Northern Blot Analysis—Total RNA (TRIzol, Invitrogen) or
RNA purified from sucrose gradient centrifugation fractions
were separated on a denaturing agarose gel and transferred to
Zeta-probe membrane (Bio-Rad). Radiolabeled DNA hybrid-
ization probes were generated using the Radprime kit (Invitro-
gen). The amount of radiolabeled probe was quantitated by
PhosphorImager analysis (Storm, Amersham Biosciences).

Oligonucleotide Sequences—The sequences were PrEJ18 (5'-
CTACCCATGGGTCTGGGCGGCTGGGGGC-3"), PrEJ279
(5'-TTTCTACTTTGCCCGCCCACAG-3'), PrEJ420 (RR-5'-
CTAGGAAGACCCCATGGTTTCTTCAGCCCC-3'), PrEJ481
(5'-CTAGGAATTCGCTCTGAGTTTGTGGAAGATT-3'),
and PrEJ482
(5'-CTAGCCATGGGTCTGGGCGGCGGGCTGCAC-3').

RESULTS

Translational Control during ER Stress in Liver Cells—To
investigate the mechanisms of translational control during ER
stress, human hepatoma HepG2 cells and mouse hepatoma
Hepa cells were treated with UPR-inducing agents, thapsigar-
gin or DTT. These cells were chosen because they are highly
secretory and are sensitive to drugs that accumulate unfolded
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proteins in the ER. Protein synthesis was measured by pulsed
labeling with [**S]methionine for the indicated times followed
by quantitation of the total radioactive incorporation into
newly synthesized polypeptides. Both thapsigargin and DTT
treatment inhibited general protein synthesis as early as 15 min
after incubation and was sustained for 30 min (Fig. 1, A and B).
Notably, inhibition correlated with increased phosphorylation
of elF2 observed at both time points (Fig. 1, A and B). A partial
recovery in protein synthesis was observed upon prolonged
incubation with thapsigargin or DTT (60 min), which corre-
lated with reduced phosphorylation of elF2« (Fig. 1A). Incuba-
tion with thapsigargin or DTT for extended periods also elicited
an increase in GADD34 protein levels, consistent with the fact
that increased GADD34 protein levels mediate eIF2a dephos-
phorylation (Fig. 2C) (26).

To examine the translation of specific and total RNAs during
ER stress, lysates of cells untreated or treated with thapsigargin
were separated by sucrose gradient centrifugation. In untreated
cells, the majority of ribosomes sedimented to heavier molecu-
lar weight polysomes, indicating that most ribosomes are
actively engaged in translation (Fig. 1C, left panel). In contrast,
treatment of cells with thapsigargin resulted in dissociation of
ribosomes from mRNAs and an increase in free 40 S and 60 S
subunits (Fig. 1C, right panel). The loss of polysomes is in agree-
ment with the significant decrease in protein synthesis during
thapsigargin treatment.

Polysome Association of GADD34 in Human and Mouse Liver
Cells during ER Stress—We next asked whether GADD34
mRNAs are associated with polysomes during ER stress. To
monitor the association of specific mRNAs with ribosomes,
individual mRNAs within the sucrose gradient fractions were
probed by Northern blot analysis. In untreated human HepG2
and mouse Hepa cells, actin and GAPDH mRNAs sedimented
primarily to heavy molecular weight fractions 9 and 10, indicat-
ing that these mRNAs associated with many ribosomes and are
actively translated (Fig. 1, D-G). Thapsigargin and DTT treat-
ment resulted in a dramatic shift of actin and GAPDH mRNAs
to lower molecular weight polysomes, consistent with these
mRNAs being translationally repressed relative to those in
untreated cells (Fig. 1, D-G). Conversely, ATF4 mRNA
remained associated with polysomes during thapsigargin and
DTT treatment in both cell lines as reported previously (Fig. 1,
D and E) (16, 17). In HepG2 cells, ATF4 mRNA sedimented
primarily with more ribosomes (fractions 7-9) under ER stress
than under untreated conditions (fractions 6-8), indicating
that this mRNA is translationally induced during eIF2a phos-
phorylation (Fig. 1D). Similar to ATF4, human and mouse
GADD34 mRNAs shifted to higher molecular weight fractions
during thapsigargin and DTT treatments compared with those
during unstressed conditions (Fig. 1, D-G). Therefore, like
ATF4, both human and mouse GADD34 mRNAs possess
mechanisms to direct translation during ER stress when eIF2c
is phosphorylated.

GADD34 Is Regulated at the Transcriptional and Transla-
tional Level during ER Stress—Given that the GADD34 mRNA
was associated with more ribosomes (Fig. 1) and that GADD34
has been shown to be transcriptionally up-regulated during ER
stress (24, 25), the increase in GADD34 protein expression is
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likely due to increases in both tran-
scription and translation rates. To
determine the contribution of trans-
lational control of GADD34 during
elF2a phosphorylation, we treated
cells with the transcription inhibi-
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(Fig. 2E and supplemental Fig. S1). Together with the Western
blot analyses in Fig. 2C, these results demonstrated that
GADD34 mRNAs are translationally activated under thapsigar-
gin-induced ER stress.

Interestingly, a 3-h thapsigargin treatment induced elF2a
phosphorylation but by 6 h post-treatment, eIF2a phosphoryl-
ation levels had decreased, likely due to maximal induction of
GADD34 protein (Fig. 2C). In contrast, during thapsigargin/
actinomycin D incubation, eIF2« remained phosphorylated at
6 h post-treatment, suggesting that the moderate induction of
GADD34 protein during this treatment was insufficient to
reduce elF2a phosphorylation (Fig. 2C). In summary, the opti-
mal induction of GADD34 protein during eIF2a phosphoryla-
tion is mediated through both transcriptional and translational
controls of GADD34.

The Human and Mouse GADD34 5' UTRs Mediate Polysome
Association during eIF2a Phosphorylation—To begin elucidat-
ing the mechanism of GADD34 translation, we first focused on
its 5’'UTR. An analysis of annotated mammalian GADD34
mRNAs revealed two upstream open reading frames (WORFs)
within the 5'UTR. The human (hGADD34), chimp and rat
GADD34 5'UTRs contain two non-overlapping uORFs sepa-
rated by 7-30 nucleotides, whereas the two uORFs of mouse
(mGADD34), hamster, and bovine 5'UTRs are overlapping and
out of frame by a single nucleotide (Fig. 3). Specifically, the
uORFs overlap within the stop codon of the upstream uORF
(uORF1) and the start AUG codon of the downstream uORF
(uORF2) (Fig. 3).

To determine whether the GADD34 5'UTR is sufficient to
direct translation during elF2« phosphorylation, we designed
reporter RNAs containing the human or mouse GADD34
5'UTR fused upstream of an enhanced yellow fluorescent pro-
tein (YFP) OREF (Fig. 4). Stable HepG2 cell lines were generated
that express different 5'"UTR-YFP reporter RNAs, which are
transcribed by the mammalian cytomegalovirus promoter. We
first tested whether the GADD34 5"UTR could direct polysome
association of the reporter RNA during thapsigargin-induced
ER stress. Cell lysates were subjected to sucrose gradient cen-
trifugation, and then fractionated. Following fractionation, the
polysomal distributions of endogenous GADD34, ATF4, actin,
GAPDH, and reporter RNAs were determined by Northern
blot analysis. Quantitations of the Northern blots are shown in
supplemental Fig. S2. For all stable cell lines, the endogenous
actin, GAPDH, GADD34, and ATF4 mRNAs had similar poly-
somal distributions to those observed with the parental HepG2
cell line (compare Figs. 1 (D-G) and 4 and supplemental Fig.
S2), indicating that these cell lines were responsive to ER stress.

5'UTR GADD34 Translational Control

Briefly, actin and GAPDH mRNAs shifted to lower molecular
weight polysomal fractions during thapsigargin-induced stress,
whereas GADD34 and ATF4 mRNAs associated with heavier
polysomal fractions under the same conditions (Fig. 4 and sup-
plemental Fig. S2). The reporter RNA containing the human or
mouse GADD34 5'UTRs (hGADD34-YFP or mGADD34-YFP,
respectively) shifted to higher molecular weight polysomes
during thapsigargin treatment (Fig. 4 (A and C) and supplemen-
tal Fig. S2), which is similar to the polysome distribution of
the endogenous GADD34 mRNA. This suggested that the
hGADD34 and mGADD34 5'UTRs were sufficient to direct
translation during elF2a phosphorylation. As predicted, a
reporter RNA containing the human ATF4 5'UTR (hATF4-
YFP) also associated with more ribosomes during ER stress (Fig.
4D), whereas a minimal YFP reporter RNA associated with
fewer ribosomes during thapsigargin treatment (data not
shown). Thus, the 5’UTRs of hGADD34, mGADD34, and
hATF4 can confer resistance to the effects of e[F2a phospho-
rylation-dependent translational repression during ER stress.

To test whether the uORFs of the hGADD34 5'UTR are
important for translational regulation, the AUG codons of
the upstream (uORF1) and downstream (uORF2) uORFs of
hGADD34 5'UTRs were mutated to AUU (1&2KO hGADD34-
YFP) (Fig. 4B). In untreated cells, the 1&2KO hGADD34-YFP
RNA associated with more ribosomes (fractions 7 and 8) as
compared with the wild-type hGADD34-YFP reporter RNAs
(fractions 6 and 7) (Fig. 4 (A and B) and supplemental Fig. S2),
indicating that intact uORFs were important for keeping basal
translation repressed. Under thapsigargin treatment, the
mutant reporter RNA shifted to lower molecular weight poly-
somes similar to that observed of the endogenous actin mRNA
(Fig. 4 (A and B) and supplemental Fig. S2), demonstrating that
mutating the uORFs sensitized the RNA to the inhibitory
effects of eI[F2a phosphorylation. Thus, the hGADD34 5'UTR
uORFs are important for repressing basal translation and for
regulating translation during e[F2a phosphorylation.

The Downstream uORF of Human GADD34 Regulates Trans-
lation during elF2oc Phosphorylation—To confirm that the
hGADD34 5'UTR can direct translation during ER stress, the
incorporation of [>*S]methionine/cysteine into newly synthe-
sized YFP was measured by pulse labeling followed by immu-
noprecipitation. We first compared the translation efficiency of
wild-type and mutant 1&2KO hGADD34-YFP RNA by meas-
uring the amount of radioactive incorporation into newly syn-
thesized YFP normalized to the amount of reporter YFP RNA
(Fig. 5B, translational efficiency = radiolabel incorporation
into YFP protein divided by YFP/GAPDH RNA levels). Trans-

FIGURE 1. Polysomal association of GADD34 mRNA during elF2«a phosphorylation in human HepG2 and mouse Hepa cells. HepG2 cells (A) or Hepa
(1-6C) cells (B) were treated with 1 um thapsigargin or 2 mm DTT for the indicated times and subjected to [>**SImethionine/cysteine pulse-labeling. Radiolabel
incorporation into newly synthesized protein was measured by trichloroacetic acid precipitation and normalized to that in untreated cells (100%) (A) or by
autoradiogram (B) of SDS-PAGE analysis. The phosphorylation status of elF2« and the total elF2« in cell lysates were monitored by Western blot analysis using
a phospho-specific antibody to phosphorylated elF2« (top) and an antibody that recognizes the C-terminal region of elF2a (bottom), respectively. C, sedimen-
tation profiles at absorbance 254 nm of HepG2 lysates untreated (/eft) or treated with 1 um thapsigargin for 30 min (right). Cell lysates were fractionated by a
10-50% (w/v) sucrose gradient centrifugation. The top to bottom of the gradient is represented from left to right, respectively. The sedimentation of the 40 S,
60 S, 80 S fractions and polysomes are indicated. D and E, polysomal Northern blot analysis of RNA in fractions from HepG2 (D) and Hepa (E) cell lysates after 1
M 30 min thapsigargin (thap), 2 mm 30 min DTT, or untreated (unt) treatments as indicated to the right. The distribution of mRNAs is indicated to the left by
Northern blotting of polysomal RNA. Fractions from top to bottom of the gradient are represented from left to right, respectively. Fractions containing 80 S and
polysomes are indicated at the bottom. Quantitation of the Northern blots in D and E are shown in F and G, respectively. The amount of radioactive probe
specific to the indicated mRNA in each fraction is indicated as a percentage of total radioactivity in all fractions within each sucrose gradient (% radioactivity).
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FIGURE 2. GADD34 expression in HepG2 cells during thapsigargin and actinomycin D treatment. A, Northern blots of RNA and (C) immunoblots of lysates
from HepG2 cells alone (unt) or treated with 5 ug/ml actinomycin D (actD), 1 um thapsigargin (thap), or thapsigargin/actinomycin D (actD/thap) for the
indicated times. A, radiolabeled probes specific to GADD34, ATF4, CHOP, and GAPDH mRNAs (indicated to the right) were quantitated (B) using phosphorim-
aging analysis and normalized to the amount of RNA at the 3-h untreated time point. C, GADD34, ATF4, phosphorylated elF2¢, total elF2, and CHOP were
detected by antibodies as indicated to the right. Representative Western blots of at least three independent experiments are shown. For GADD34, two
independent experiments are shown, which shows reproducible induction of GADD34 protein levels under thapsigargin alone and thapsigargin and actino-
mycin D treatment. The arrow indicates the migration of GADD34 protein, and the asterisk indicates nonspecific proteins recognized by the GADD34 antibody.
D, quantitation of a representative GADD34 immunoblot. The amount of GADD34 protein was normalized to the amount of GADD34 at the 3-h untreated time
point (Odyssey-Licor). E, polysomal Northern blot analysis of RNA in fractions from untreated HepG2 cells (unt) or from cells after a 30-min treatment with 1 um
thapsigargin (thap), 5 ug/ml actinomycin D (actD), or 1 um thapsigargin (actD/thap) as indicated to the right. The distribution of GADD34 and GAPDH mRNAs
is shown by Northern blot analysis using radiolabeled DNA probes. Fractions from top to bottom of the gradient are represented from left to right, respectively.
Locations of 80 S and polysomes across the gradient are indicated at the bottom. Quantitation of the amount of radioactivity within each fraction is shown in
supplemental Fig. S1.

lation of 1&2KO hGADD34-YFP RNAs was ~29-fold higher
than that of the wild-type hGADD34-YFP RNA, which is in
agreement with the polysome distributions of the reporter
RNAs (Fig. 4, A and B). Thus, the uORFs are important to
repress basal translation during unstressed conditions.
Mutating hGADD34 uORF1 and uORF2 decreases the num-
ber of polysomes associated with the YFP mRNA in thapsigar-
gin-treated cells (Fig. 4, A and B), suggesting that, in addition to
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repressing translation during basal conditions, the GADD34
5'UTR is required for translation during stress conditions. To
test whether the GADD34 5'UTR can direct translation during
stress conditions, we measured the translation of YFP under the
control of GADD34 5'UTR in the presence of thapsigargin or
DTT, both of which induce ER stress and activate PERK. Treat-
ment with either drug resulted in an overall inhibition of pro-
tein synthesis and induction of elF2a phosphorylation in all
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FIGURE 3. Schematic of uORFs within select mammalian GADD34 5'UTRs.
Representative cDNAs encoding GADD34-related sequences in GenBank™
are shown, including human (NM_014330), rat (NM_133546), hamster
(L28147), and mouse (NM_008654) GADD34 5'UTRs. The AUG codon of the
GADD34 ORF is shown. The length of the 5"UTR and the space between uORFs
are indicated above (nt, nucleotides). Each box represents uORF1 and uORF2
and the size of the predicted translated uORF (aa, amino acid length).
A close-up view of the overlap of the mouse GADD34 uORFs is shown below.
The upstream uORF (UORF 1) overlaps with the downstream uORF (UORF2) by
1 nucleotide. The stop codon of uORF1 is underlined, and the AUG of uORF2 is
in gray.

stable cell lines (Fig. 5A4). Translation of YFP alone or mutant
1&2KO hGADD34-YFP was significantly inhibited by these
drugs (Fig. 5, A and B). In contrast, translation of the wild-type
hGADD34-YFP RNA was largely insensitive to the effects of
elF2a phosphorylation as compared with 1&2KO hGADD34-
YFP translation under the same treatments (Fig. 5, A and B).
Arsenite, which induces oxidative stress and activates heme-
regulated inhibitor, also leads to translation arrest. Like thapsi-
gargin and DTT, arsenite inhibited the translation of YFP alone
or mutant 1&2KO hGADD34-YFP but not that of wild-type
hGADD34, indicating that the GADD34 5'UTR is required for
translation during UPR as well as oxidative-stress response. As
expected, the cricket paralysis virus intergenic region internal
ribosome entry site (IGR IRES-YFP) and hATF4-YFP RNAs
were also translated during elF2a phosphorylation (Fig. 5A4).
The cricket paralysis virus intergenic region IRES can recruit
the ribosome independently of initiation factors and has been
shown to be resistant to elF2« phosphorylation-dependent
translational repression (29 —31). Similarly, the mechanism via
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the ATF4 5'UTR uORFs promotes translation during elF2a
phosphorylation (17, 20). Levels of reporter RNAs were similar
during elF2a phosphorylation, thus the differences in YFP
expression were due to alterations in translational efficien-
cies (Fig. 5, A and B). Therefore, polysome association of the
wild-type hGADD34-YFP RNA during ER stress reflected pro-
tein synthesis by ribosomes.

The two uORFs (uORF1 and uORF2) within the hGADD34
5'UTR are reminiscent of the non-overlapping uORFs found
within the yeast GCN4 and mouse ATF4 5'UTRs. But they dif-
fer in that hGADD34 uORFs are separated by a shorter (30
nucleotide) spacer. Previous reports have found that an inter-
cistronic space of only 30 nucleotides limited the time for the
scanning ribosomes to re-acquire another ternary complex
before reaching the start codon of the downstream uOREF, even
during basal conditions where ternary complex is abundant
(32-34). This argues against a model where reinitiation
represses hGADD34 translation. However, it remains possible
that the intergenic distance between the two uORFs within the
hGADD34 5'UTR is not limiting, in which case reinitiation may
account for the repression under basal conditions. To investi-
gate this possibility that reinitiation takes place at the down-
stream uORF, we first determined whether the individual
uORFs of hGADD34 5'UTR are inhibitory. To address this, we
mutated the AUG codon of the upstream (uORF1) or down-
stream (UORF2) uORFs to AUU, separately. Mutating the
uORF1 or uORF2 (1KO and 2KO, respectively) repressed basal
translation to different extents. An intact uORF1 moderately
inhibited translation (4.5-fold), whereas an intact uORF2 inhib-
ited translation significantly (0.5-fold) as compared with the
reporter RNA in which both uORFs are mutated (29.4 fold)
(1&2KO hGADD34-YFP) (Fig. 5, A and B). This is in contrast to
the upstream uORF of ATF4, which stimulates efficient reini-
tiation at the downstream AUG codon (17, 20). Although the
arrangement of the hGADD34 uORFs is similar to that of
ATF4, both hGADD34 uORFs were inhibitory thus suggesting
that the mechanism of translational repression of hGADD34 is
distinct from that of ATF4 and may not involve reinitiation at
the downstream uORF.

We next asked whether hGADD34 5'UTR lacking either
uORF1 or uORF2 could still direct translation during thapsi-
gargin treatment. Compared with basal translation, an intact
uORF2 within the GADD34 5'UTR directed translation during
thapsigargin-induced ER stress (Fig. 5, A and B). In contrast,
translation of the mutant 2KO hGADD34-YFP was signifi-
cantly repressed similar to the reporter RNA lacking both
uORFs. In all cases, the reporter RNA levels were unaltered
during this treatment (Fig. 5, A and B). Thus, the down-
stream hGADD34 uORF2 was inhibitory during unstressed
conditions and directed translation of GADD34 during eIF2c
phosphorylation.

The Overlapping uORFs of the Mouse GADD34 5' UTR Con-
trol Translation during eIF20c Phosphorylation—Unlike the
human version, the mouse GADD34 5'UTR contains two over-
lapping uORFs (Fig. 3). To investigate whether the mGADD34
uORFs control translation, we engineered mutant mGADD34-
YFEP expression constructs in which the AUG codons of each or
both uORFs were mutated. Because the AUG codon of the
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FIGURE 4. The 5'UTR of human and mouse GADD34 mediates polysome association during thapsigargin
treatmentin HepG2 cells. Sucrose gradient density centrifugation and fractionation of lysates from stable cell
lines expressing reporter YFP RNA fused with wild-type human GADD34 5'UTR (hGADD34-YFP) (A), mutant
human GADD34 5’ UTR (1&2KO hGADD34-YFP) (B), mouse GADD34 5'UTR (MGADD34-YFP) (C), or human ATF4
5'UTR (hATF4-YFP) (D) that were incubated in the absence (unt) or presence of 1 um thapsigargin for 30 min
(thap) were performed. The reporter RNAs were transcribed by the cytomegalovirus promoter (CMV). The
distribution of specific RNAs across the gradient was detected by Northern blot analysis as indicated to the /eft.
Fractions from top to bottom of the gradient are represented from left to right, respectively. Fractions that
contain the 80 S and polysomes are indicated below the fractions. Quantitations of the amount of radioactivity

within each fraction are shown in supplemental Fig. S2.

downstream uORF2 overlaps with the UGA stop codon of the
upstream uORF1, we engineered two mutations that mutate
the AUG codon but restored the UGA stop codon. The first
mutation altered the AUG codon to an UUG and the second to
a CUG. We produced these two mutants to confirm that alter-
ing the AUG codon did not have an effect on the translation of
the upstream uORF. In all experiments, both of these mutations
produced similar results and will be referred to as 2KO
mGADD34 5'UTR.

Stable HepG2 cell lines expressing the wild-type and
mutant mGADD34-YFP RNAs were selected, and YFP
expression was quantified by immunoprecipitation as de-
scribed above. As compared with unstressed conditions,
translation of wild-type mGADD34-YFP RNA was main-
tained during thapsigargin treatment, which is in agreement
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bution of 1KO mGADD34-YFP
RNA in untreated and thapsigargin-
treated cells. The reporter RNA
shifted to heavier polysomes during
ER stress, similar to the endogenous
GADD34 mRNA (data not shown).

In the case of the ATF4 5'UTR,
ribosomes resume scanning after
translation of the upstream uORF
and re-acquire another ternary
complex for reinitiation at the
downstream AUG. The key feature
of this mechanism relies on sufficient spacing between the
uOREFs to give time for scanning ribosomes to re-acquire elF2-
GTP/Met-tRNA,; complex (32). In contrast, the overlap of the
mGADD34 uORFs suggests that translational control via the
mGADD34 5'UTR s distinct from the ATF4 reinitiation mech-
anism. The UGA of the upstream uORF overlaps with the AUG
of the downstream uORF in the —1 frame. To determine
whether spacing between the UGA and AUG codon is impor-
tant for regulation, we engineered mutant mGADD34 5'UTR-
YFEP reporters with either one or two extra codons inserted
between the UGA of the upstream uORF and the AUG of the
downstream uORF (see “Experimental Procedures” for specific
details on the insertion sequence). Adding one or two extra
codons maintained basal translation at a low level similar to the
wild-type mGADD34-YFP RNAs (Fig. 6, A and B). Interest-

80S polysomes
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FIGURE 5. The uORFs of hGADD34 5'UTR mediate translation regulation during elF2« phosphorylation. In A: Top row, immunoprecipitates of [>*SIme-
thionine-labeled YFP from lysates of cells expressing IGR IRES-YFP, hATF4-YFP, wild-type hGADD34-YFP, YFP alone, or mutant human GADD34 5'UTR fused
with YFP where the AUG codon of the upstream uORF (7KO), downstream uORF (2KO), or both uORFs were mutated (1KO, 2KO, and 1&2KO, respectively) were
either left untreated (U) or treated with 1 um thapsigargin (T), 2 mm DTT (D), or 100 g/ml arsenite for 45 min (A). Cells were pulse-labeled with [**S]methionine
for 20 min prior to harvesting. Immunoprecipitates were separated by SDS-PAGE and exposed by phosphorimaging analysis. Second row, immunoblots of
lysates using antibodies that recognize phospho-elF2« or total elF2«. Third row, lysates were subjected to SDS-PAGE analysis and exposed to autoradiography.
Bottom row, in parallel, RNA from treated cells was subjected to Northern blot analysis using probes specific for YFP or GAPDH. B, quantitation of newly
synthesized [>*SImethionine-labeled YFP immunoprecipitates (top left) and levels of YFP RNA normalized to GAPDH (top right) as described in A. Each bar
represents the percent of [**SImethionine-labeled YFP expressed or the YFP RNA levels during the indicated drug treatments as compared with that in
untreated cells, which is set at 100%. For Northern blot analysis, YFP mRNA levels were normalized to GAPDH mRNA levels. Bottom, translational efficiency of
reporter YFP RNA in unstressed cells was calculated by the amount of newly synthesized [**SImethionine YFP protein normalized to YFP/GAPDH mRNA. Above
each bar shows the average translational efficiency normalized to the wild-type hGADD34-YFP RNA as 1. Shown are averages = S.D. from at least three
independent experiments.
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FIGURE 6. The overlapping uORFs of the mouse 5'UTR mGADD34 mediate translational control during elF2« phosphorylation. Top row, immunoprecipitates
of [**SImethionine-labeled YFP from lysates of cells stably expressing wild-type or mutant mouse 5’UTR mGADD34-YFP reporter RNAs as indicated above under
untreated or 1 um thapsigargin treatment for 45 min. 1&2KO0, 1KO, and 2KO represent mutant mouse mGADD34 5'UTR reporter RNAs in which the AUG start codon of
UuORF1 (7KO), uORF2 (2KO), or both (1&2K0) uORFs was mutated. Mutations that inserted one (7cod) or two (2cod) codons between the AUG codon of the uORF2
and the stop codon of the upstream uORF1 were engineered into the 5'UTR mGADD34-YFP reporter RNA (see “Experimental Procedures” for sequence).
Second row, immunoblots of lysates using antibodies that recognize phospho-elF2« or total elF2c. Third row, cells were pulse-labeled with [**S]methionine for
20 min prior to harvesting. Lysates were subjected to SDS-PAGE analysis and exposed to autoradiograph. Bottom row, in parallel, RNA from treated cells was
subjected to Northern blot analysis using probes specific for YFP or GAPDH. B, quantitation of [**S]methionine-labeled YFP immunoprecipitates (top left) and
of YFP RNA levels normalized to GAPDH (top right). Bottom, each bar represents the percentage of [**Slmethionine-labeled YFP expressed or YFP RNA levels
during the thapsigargin treatment as compared with that in untreated cells. Translational efficiency of reporter YFP RNA in unstressed cells was calculated by
the amount of newly synthesized [**Slmethionine precipitates normalized to YFP/GAPDH mRNA levels. Above each bar shows the average translational
efficiency normalized to the wild-type mGADD34-YFP RNA. Shown are averages =+ S.D. from at least three independent experiments.

ingly, the reporter RNAs containing the extra codons were still Although translation is relatively resistant to elF2a phospho-
translated during thapsigargin treatment, indicating that rylation, the hGADD34-YFP, mGADD34-YFP, and hATF4-
increasing the overlap of uORFs by two codons does not signif-  YFP RNAs do not incorporate more radiolabel during ER stress
icantly affect translational control mediated by the mGADD34  when compared with basal conditions, which is contrary to its
5'UTR during elF2a phosphorylation (Fig. 6, A and B). polysome distribution where these reporter RNAs shifted to
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higher molecular weight polysomes during thapsigargin treat-
ment (compare Figs. 5 and 6 with Fig. 4, A, C, and D). From the
polysome distribution, we would predict that translation of
these reporter RNAs would be increased during stress. This
may reflect differences in protocols between the two experi-
ments. In the immunoprecipitation experiments, cells were
amino acid-starved prior to labeling, whereas the cells were not
in the polysome analysis protocol. To test this hypothesis, we
analyzed the polysomal distribution of mGADD34-YEP in cells
that were amino acid-starved. Unlike the shift to higher molec-
ular weight polysomes during thapsigargin treatment (Fig. 4C
and supplemental Fig. S2), the mGADD34-YFP RNAs did not
shift in cells that were starved and treated with thapsigargin
(supplemental Fig. S3). Similarly, the endogenous GADD34
mRNA also did not shift to higher molecular weight polysomes
during starvation/thapsigargin treatment (compare Fig. 1F and
supplemental Fig. S3). Therefore, amino acid starvation inhib-
ited the 5'UTR-dependent translational activation of GADD34
during ER stress. The inhibitory effect of amino acid starvation
on thapsigargin-induced translation of GADD34 remains to be
investigated.

Leaky Scanning Permits Translation of uORF2 within the
hGADD34 and mGADD34 5'UTRs—The results indicate that
the 5'UTR uORF2 represses translation of hGADD34 and
mGADD34 under unstressed conditions. Mutating uORF2 led
to moderately higher basal levels of translation, suggesting that
uORF1 does not inhibit scanning ribosomes. However, our data
do not formally exclude that ribosome reinitiate after transla-
tion of uUORF1, a scenario similar to the ATF4 5'UTR. Alterna-
tively, ribosomes may skip the first AUG codon and continue
scanning, an event called leaky scanning (35). The major deter-
minants for AUG recognition by scanning ribosomes are the
nucleotides surrounding the AUG codon called the Kozak con-
sensus (13, 36, 37). In general, an optimal Kozak consensus
contains both an A/G at —3 and a G at +4 given that A of AUG
is +1. An AUG codon that contains either of these determi-
nants is considered to be in strong AUG context, whereas an
AUG lacking both determinants is considered a weak context.
The AUG codons for both uORFs in the hGADD34 and
mGADD34 5'UTRs are in poor context, thus predicting that
leaky scanning occurs within the 5"UTR.

To determine whether the uORFs are recognized by scan-
ning ribosomes, we engineered mutant hGADD34-YFP and
mGADD34-YFP reporter RNAs in which the stop codon for
each uORF was mutated and the uORF fused in-frame with the
reporter YFP ORF (Fig. 7). The design of hGADD34 uORF1-
YFP was such that the AUG codon of uORF2 is in the same
frame, thus we can determine whether scanning ribosomes skip
the first AUG codon. For the mGADD34 uORF1-YFP, the AUG
codon of uORF2 was mutated to fuse uORF1 in frame with the
YFP ORF.

Under basal conditions, translation of uORF2-YFP was
readily observed from the human and mouse versions of
GADD34 5'UTR constructs (Fig. 7). Thapsigargin treatment
moderately inhibited uORF2-YFP translation. In contrast, we
observed different results with uORF1-YFP. The hGADD34
uORF1-YFP RNA produced two protein products representing
translation from the AUG codon of both uORF1 and uORF2
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FIGURE 7. The downstream uORF2 of hGADD34 and mGADD34 5'UTRs
are translated efficiently in HepG2 cells. Schematics of human (A) or mouse
(B) GADD34 5'UTR-YFP reporter RNAs stably expressed in HepG2 cells. The
upstream (UORF1) or downstream (UORF2) uORFs were engineered such that
the reading frames of the uORF were fused with the reporter YFP ORF. For the
human hGADD34 uORF1-YFP RNA, the uORF2 is in-frame with uORF1 and the
YFP ORF, thus both uORF1-YFP and uORF2-YFP fusion protein products can
be monitored. Below, immunoprecipitates of newly synthesized **S-labeled
YFP protein from lysates of cells in the presence or absence of 1 um thapsi-
gargin. Reactions were resolved on an SDS-PAGE and exposed by phospho-
rimaging analysis. UORF1-YFP, uORF2-YFP, and YFP ORF proteins are indi-
cated to the right.

(Fig. 7A). Thus, a proportion of scanning ribosomes skips the
first AUG codon and directs translation from the downstream
uORF2 AUG codon, indicating that leaky scanning was
involved. Interestingly, thapsigargin treatment did not signifi-
cantly affect translation of hGADD34 uORF1-YFP or uORF2-
YFP or the extent of leaky scanning. Surprisingly, the
mGADD34 uORF1-YFP did not produce the expected fusion
uORF1-YEP protein and only resulted in translation of the YFP
OREF (which is fused in-frame) (Fig. 7B). Therefore, scanning
ribosomes most likely skip uORF1 to initiate translation at the
downstream YFP ORF AUG codon. Levels of reporter uORF1-
YFP and uORF2-YFP RNA were similar (data not shown). In
summary, the 5'UTRs of human and mouse GADD34 permit-
ted a significant amount of leaky scanning of ribosomes to
bypass the AUG codon of uORF1 and directed translation of
uORF2, which is a strong barrier of scanning ribosomes.

DISCUSSION

elF2a phosphorylation elicits a cascade of signaling events
that reprograms gene expression in order for the cell to adapt to
environmental stress. Paradoxically, translational inhibition via
elF2a phosphorylation activates the translation of a subset of
mRNAs (e.g. ATF4 and yeast GCN4), which encode transcrip-
tion factors that activate downstream stress-response genes. A
key component of this cellular response is the induction of
GADD34 protein expression. In this report, we demonstrate
that GADD34 induction is in part mediated through a 5’UTR
mechanism that increases translation during ER stress.
GADD34 mRNAs associate with and shift to heavier polysomes
during thapsigargin- and DTT-induced ER stress (Fig. 1, D-G),
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indicating that GADD34 is translated under conditions of gen-
eral translational arrest when elF2« is phosphorylated. Specif-
ically, the 5"UTR of both human and mouse GADD34 mRNAs
is essential and sufficient to direct efficient translation dur-
ing ER stress. Through reporter constructs, we showed that
the GADD34 5'UTR induced re-distribution of reporter
mRNAs to heavier polysomes during elF2a phosphoryla-
tion, which is similar to the distribution of endogenous
GADD34 mRNAs (Fig. 4 and supplemental Fig. S2). Our
data, together with earlier reports (38), support the notion
that induction of GADD34 translation during elF2a phos-
phorylation plays an important role in the general stress
response, which alleviates cellular stress, including ER stress,
oxidative stress, and hypoxia.

GADD34 is an essential component of the UPR (24, 26).
GADD34 interacts with protein phosphatase 1 via its C-termi-
nal region to dephosphorylate elF2«, leading to translational
recovery (24, 26, 39, 40). Ectopic expression of a truncated
GADD34 protein lacking the catalytic C-terminal region in
mouse embryo fibroblasts prevents dephosphorylation elF2«
and blocks translational recovery during ER stress, resulting in
premature apoptosis (24). The heightened sensitization to cell
death is likely due to translational repression of stress-induced
transcripts, such as the chaperone BiP, which are normally
expressed during ER stress (26). Thus, the increased expression
of GADD34 results in a negative feedback loop to enhance the
translation of stress-induced mRNAs during elF2a phospho-
rylation, which are essential for cellular survival and adaptation
to environmental stress. GADD34 is also regulated at the tran-
scriptional level, which is induced in part by ATF4 and CHOP,
which are expressed during ER stress (25, 27). However, it was
unclear whether the increase in GADD34 mRNA alone yielded
sufficient GADD34 protein during elF2a phosphorylation to
promote the negative feedback loop. Our data demonstrates
that GADD34 is translationally induced to ensure maximal
expression during ER stress. We showed that GADD34 mRNAs
associated with more ribosomes during ER stress, suggesting
that elF2a phosphorylation leads to increased GADD34 trans-
lation (Fig. 1, D-G). In addition, GADD34 protein increased
under thapsigargin treatment in the presence of the transcrip-
tion inhibitor actinomycin D (Fig. 2, C and D). This indicated
that ongoing transcription was not required for GADD34
induction and that existing basal GADD34 mRNAs can be
translated during ER stress. In support of this, we showed that
GADD34 mRNAs associated with higher molecular weight
polysomes in cells treated with thapsigargin and actinomycin D
(Fig. 2F and supplemental Fig. S2). However, the induction of
GADD34 protein was moderate in thapsigargin/actinomycin
D-treated cells compared with that of cells treated with thapsi-
gargin alone and was not sufficient to reduce eIlF2« phospho-
rylation at later time points (Fig. 2D). These results are in agree-
ment with previous observations that impaired expression of
GADD34 in CHOP ™/~ mice embryonic fibroblasts leads to
persistent elF2a phosphorylation and loss of protein synthesis
recovery (27). Therefore, the coordinated transcriptional and
translational controls of GADD34 are necessary for optimal
expression to dephosphorylate elF2a and for translational
recovery.
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Our results revealed that the uORFs of the human and mouse
GADD345'UTR played a significant role under basal and stress
conditions. 5'UTR uORFs have been shown previously to be
important for translational control of several mRNAs (41). In
general, uORFs act as barriers to scanning ribosomes thereby
modulating translation of the authentic ORF. Under certain
cellular conditions, ribosomes can bypass the uORFs and reini-
tiate translation at the main ORF. The best studied mechanism
of translational reinitiation is the one governing ATF4, ATFS5,
and yeast GCN4 translation. The major premise of this mecha-
nism is that the translation of the upstream uORF stimulates
translation or reinitiation at a downstream AUG, whereas
translation of the downstream uORF leads to translation termi-
nation and dissociation of ribosomes. Following translation of
the upstream uOREF, if eIF2 levels become limiting (i.e. elF2c is
phosphorylated), the recruitment of the ternary complex by the
ribosome is markedly reduced and as a result ribosomes have a
higher probability of reinitiating translation after the down-
stream uORF and thereby reinitiate translation at the authentic
OREF. Major determinants that control the extent of reinitiation
are the intercistronic space between the uORFs and the length
of the upstream uORF. After translation of uORF1, the proba-
bility of reinitiating at the downstream uORF2 depends on the
length of the intercistronic space to allow for scanning ribo-
somes to re-acquire the ternary complex (32—-34). The shorter
the intercistronic space, the greater chance that scanning ribo-
somes will bypass uORF2. Another feature of this mechanism is
that the extent of reinitiation decreases the longer the uORF,
whereas efficient reinitiation occurs with translation of very
short uORFs (2—-3 amino acids long) (21, 42). ATF4, ATFS, and
GCN4 all contain short uORFs. It has been proposed that ribo-
somes that translate a short uORF are still bound to certain
initiation factors (i.e. e[F4G), which promotes reinitiation (43).
However, when longer uORFs are translated, these factors fall
off the ribosome, thus preventing reinitiation (43).

Our data indicate that the two uORFs within the human and
mouse GADD34 5'UTRs control translation through a mecha-
nism that is distinct from the well studied reinitiation mecha-
nism. First, neither the human GADD34 uORF1 nor the mouse
GADD34 5'UTR can promote reinitiation (Fig. 5 and 6). In fact,
the human uORF1 moderately inhibited scanning ribosomes as
compared with a 5'UTR with no uORFs (Fig. 5). Secondly,
human and mouse uORF1s are poorly translated and a signifi-
cant proportion of ribosomes scan past uORF1 to initiate trans-
lation at a downstream AUG (Fig. 7). In contrast, the uORF1 of
ATF4 is readily translated, which is a prerequisite for reinitia-
tion at the uORF2 under basal conditions and at the main
ATF4 ORF during elF2a phosphorylation (17, 20). Instead,
the presence of the GADD34 uORF2 was sufficient for trans-
lational control. An intact uORF2 reduces translation during
unstressed conditions and is important for translational induc-
tion during stressed conditions, which incidentally are all prop-
erties that are observed with the endogenous GADD34 mRNA
(Fig. 4—6, data not shown).

In addition, the features and arrangement of the GADD34
uORFs do not fit the model of reinitiation. The mouse GADD34
uORFs overlap by one nucleotide, whereas the human uORFs
are separated by 30 nucleotides. In the case of the mouse
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GADD34 uORFs, if reinitiation plays a role in this regulation,
ribosomes would have to reinitiate backwards (following trans-
lation of uORF1) to start translation at the AUG codon of
uORF2. Although there have been reports of backward reinitia-
tion, the extent of this was either very inefficient or requires a
specialized RNA sequence that binds to ribosome-recruiting
factors (i.e. eIF3) (42, 44). When extra codons were introduced
to extend the overlap between the start and stop codons, the
mutant mouse GADD34 5'UTR was still functional like the
wild-type version, arguing against backward reinitiation (Fig.
6). In the case of the human GADD34, the uORFs are separated
by a 30-nucleotide intercistronic spacer, which is considerably
shorter than those separating uORFs in human ATF4 (87 nucle-
otides), ATF5 (110 nucleotides), and yeast GCN4 (198 nucleo-
tides between uORF1 and uORF4) uORFs. Furthermore,
whereas the upstream uORF of ATF4, ATF5, and GCN4
5'UTRs are short, uORF1 of the human GADD34 is relatively
long (22 amino acids), which is predicted to greatly decrease the
efficiency of reinitiation (32-34). These features argue that
leaky scanning occurs on the GADD34 5" UTR to bypass uORF1
and initiate translation at uORF2.

The uORF2 of GADD34 is a strong barrier for scanning
ribosomes, which efficiently represses GADD34 translation
under basal conditions. A probable scenario is that, after
translating uORF2, ribosomes dissociate, thus inhibiting
translation of the GADD34 ORF. Alternatively, the uORF2
may mediate other effects. It is has been previously shown
that the uORF in fungal mRNAs that encode a subunit of
Arg-specific carbamoyl phosphate synthetase controls
translation by stalling scanning ribosomes and mediating
nonsense-mediated decay (45, 46). In this case, the trans-
lated coding sequence of the fungal uORF dictates transla-
tional control (47, 48). Interestingly, a comparison of mam-
malian GADD34 5'UTRs reveal that uORF2 is highly
conserved. The human, chimp, and rat GADD34 5'UTRs
contain non-overlapping uORFs, and the mouse and ham-
ster versions contain overlapping uORFs. Although the
uORF1s differ in length and are poorly conserved, the
uORF2s are exactly 26 amino acids long and contain 18/26
identical amino acids. It remains to be determined whether
the amino acid or nucleotide sequence composition within
uORF?2 plays a significant role in translational control during
elF2a phosphorylation. The high degree of conservation of
uORF?2 further strengthens the idea that translational con-
trol is mediated by this uORF specifically. However, it is
unclear why a dispensable uORF1 has evolved within the
GADD34 5'UTR. It is possible that uORF1 has an unex-
plored role under a different set of cellular stress conditions.

An unresolved question is how do scanning ribosomes
bypass uORF2 and reach the GADD34 ORF when elF2a is
phosphorylated? Other than the reinitiation mechanism, addi-
tional mechanisms that can bypass eIF2a phosphorylation have
been described. One such mechanism proposes that ribosomes
are directly recruited to the 5'"UTR downstream of uORF2, pos-
sibly through an IRES. The most unique example is via the
cricket paralysis virus intergenic region IRES, which can bypass
the requirement for all initiation factors to recruit the ribosome
and can induce translation during eIF2« phosphorylation (31,
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49). Another example is cat-1. In response to amino acid star-
vation, translation of cat-1 is induced, which is mediated in part
by an IRES within its 5'UTR and requires translation of an
uOREF (50). However, our data indicate that an IRES-like mech-
anism does not direct GADD34 translation.?

Interestingly, an inhibitory uORF within the 5'UTR of ATF4
and GCN4 can also induce translation during eIF2« phospho-
rylation (17, 51). Moreover, the transcription factors C/EBP«a
and C/EBPJ3, are also regulated by a single uORF in response to
elF2a phosphorylation (52, 53). These mechanisms are cur-
rently poorly understood and appear to be distinct from the
reinitiation mechanism (17). Further studies are required to
determine whether the mechanisms via these single uORFs and
the GADD34 5'UTR share similar properties.

The finding that both transcriptional and translational
mechanisms control GADD34 expression suggests that
GADD34 is tightly regulated. Indeed, overexpression of
GADD34 leads to apoptosis in some cell lines (54—56), and
forced expression of the C-terminal region of GADD34 in mice
causes dysfunction in glucose metabolism in the liver (53). Our
results indicate that uUORF2 regulation within the 5'UTR main-
tains low basal GADD34 expression during unstressed condi-
tions and is important in the translational induction for optimal
expression during cellular stress. Given that uORFs are pre-
dicted in ~25% of all 5'UTRs, further characterization of
GADD34 uORF translational control is warranted (57). The
elucidation of the GADD34 5'"UTR mechanism may shed light
on how other stress-induced mRNAs are translated during
elF2a phosphorylation.
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