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In response to different environmental stresses, phosphory-
lation of eIF2 (eIF2~P) represses global translation coincident
with preferential translation of ATF4. ATF4 is a transcriptional
activator of the integrated stress response, a program of gene
expression involved in metabolism, nutrient uptake, anti-oxida-
tion, and the activation of additional transcription factors, such
as CHOP/GADDI153, that can induce apoptosis. Although
elF2-P elicits translational control in response to many different
stress arrangements, there are selected stresses, such as expo-
sure to UV irradiation, that do not increase ATF4 expression
despite robust eIF2~DP. In this study we addressed the underly-
ing mechanism for variable expression of ATF4 in response to
elF2~P during different stress conditions and the biological sig-
nificance of omission of enhanced ATF4 function. We show that
in addition to translational control, ATF4 expression is subject
to transcriptional regulation. Stress conditions such as endo-
plasmic reticulum stress induce both transcription and transla-
tion of ATF4, which together enhance expression of ATF4 and
its target genes in response to eI[F2~P. By contrast, UV irradia-
tion represses ATF4 transcription, which diminishes ATF4
mRNA available for translation during eIF2~P. elF2~P
enhances cell survival in response to UV irradiation. However,
forced expression of ATF4 and its target gene CHOP leads to
increased sensitivity to UV irradiation. This combination of
transcriptional regulation and translational control allows the
elF2 kinase pathway to selectively repress or activate key regu-
latory genes subject to preferential translation, providing the
integrated stress response versatility to direct the transcriptome
that is essential for maintaining the balance between stress
remediation and apoptosis.

Protein synthesis is dynamic, with rapid reductions in trans-
lation in response to many different cellular stresses. An impor-
tant contributor to this stress adaptation is a family of protein
kinases that phosphorylates elF2 (eIF2~P), a translation initi-
ation factor that associates with initiator Met-tRNAM®* and
GTP and facilitates 40 S ribosome binding to mRNA and sub-
sequent recognition of the start codon (1, 2). In response to
disruption of protein folding and assembly in the endoplasmic
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reticulum (ER),” PERK (EIF2AK3/PEK) phosphorylation of the
a subunit of eIF2 at serine 51 blocks the exchange of eIF2-GDP
to elF2-GTP required for binding and delivery of the initiator
tRNA to the ribosomal machinery. The ensuing block in global
protein synthesis reduces the influx of nascent polypeptides
into the overloaded ER secretory pathway (3). Accompanying
this global translational control, eIF2~P selectively enhances
the translation of ATF4 mRNA, encoding a transcription acti-
vator of genes important for essential adaptive functions (2,
4-6).

Preferential translation of ATF4 involves two upstream
ORFs (UORFs) located in the 5'-leader of the ATF4 mRNA.
After translation of uORF1, el[F2~P delays ribosomal reinitia-
tion, facilitating the bypass of the inhibitory uORF2, leading to
enhanced translation of the ATF4 coding region (6). This leads
to increased levels of the ATF4 transcription factor that then
functions in conjunction with additional ER stress regulators,
ATF6 and IRE1], to induce the transcription of genes involved in
the unfolded protein response. Collectively, expression of the
unfolded protein response genes lead to an enhanced process-
ing capacity of the secretory pathway (3). In addition to PERK,
there are other eIF2 kinases, including GCN2 that directs trans-
lational control in response to nutrient starvation and UV irra-
diation (7-9), PKR which participates in an anti-viral defense
mechanism mediated by interferon (10-12), and HRI that is
activated by heme deprivation in erythroid tissues (13, 14).

The idea that ATF4 is a common downstream target that
integrates signaling from different eIF2 kinases has led to the
elF2~P/ATF4 pathway being collectively referred to as the
integrated stress response (ISR) (15). The ATF4 target genes are
involved in protein folding and assembly, metabolism, nutrient
uptake, gene expression, alleviation of oxidative stress, and the
regulation of apoptosis (15, 16). Although the ISR serves essen-
tial adaptive functions, perturbations in or unabated induction
of this stress response can contribute to morbidity. In this
sense, the ISR, which ameliorates cellular damage in
response to environmental stresses, becomes maladaptive
(16-18). The processes by which the ISR can adversely affect
cells is not well understood, but central to this process is the
ATF4-target gene, CHOP/GADD153, a transcriptional reg-
ulator whose extended expression during stress can trigger
apoptosis (1, 16, 17, 19).

2The abbreviations used are: ER, endoplasmic reticulum; uORF, upstream
ORF; ISR, integrated stress response; MEF, mouse embryonic fibroblast;
MMS, methyl methane sulfonate; MTT, 3-(4,5-dimethylthiazol-2-yl)-2,5-di-
phenyltetrazolium bromide; TG, thapsigargin; PARP, poly(ADP-ribose)
polymerase.
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A range of different environmental stresses has been
reported to elicit the ISR. That is not to say that activation of the
elF2~P/ATF4 pathway and its target genes is indistinguishable
between various stress arrangements. Clearly there can be
important differences in gene expression that are required for
optimal alleviation of each stress condition. The underlying
reason for the differences in gene expression elicited by eIF2~P
during various stress arrangements can involve the combined
actions between the ISR and other stress response pathways.
For example, PERK functions in combination with the unfolded
protein response regulators, and GCN2 is integrated with
TORCI1 during nutrient stress (3, 20-23). A second reason for
the distinct gene expression profiles is that there are some
stress conditions, such as UV irradiation, that elicit robust
elF2~P that is required for cell survival yet do not enhance
ATF4 expression (8). Furthermore, e[F2~P in the absence of
induced ATF4 was also reported in brain ischemia and non-
alcoholic steatohepatitis (24, 25).

In this study we addressed the underlying mechanism for
variable expression of ATF4 in response to eIF2~P induced by
different stress conditions and the biological significance of
omission of enhanced ATF4 function. We show that in addition
to translational control, ATF4 expression is subject to tran-
scriptional regulation. Stress conditions, such as ER stress,
show significant induction of both transcription and transla-
tion of ATF4, which together enhance expression of ATF4 and
its target genes in response to el[F2~P. By comparison, UV irra-
diation represses A TF4 transcription, which diminishes mRNA
available for translation during eIF2~P. This combination of
transcriptional regulation and translational control allows the
elF2 kinase pathway to selectively repress or activate key regu-
latory genes subject to preferential translation, providing the
ISR versatility to direct the transcriptome and cell survival dur-
ing different environmental stresses.

EXPERIMENTAL PROCEDURES

Cell Culture and Stress Conditions—ATF4~'~, CHOP™ '™,
and A/A (elF2a-S51A) mouse embryonic fibroblast (MEF) cells
along with their wild-type counterparts were described previ-
ously (26 —31). MEF cells were cultured in Dulbecco’s modified
Eagle’s media (DMEM), which was supplemented with 1 mm
nonessential amino acids, 10% (v/v) fetal bovine serum, 100
units/ml penicillin, and 100 wg/ml streptomycin at 37 °C.
ATF4~'~ cells require additional essential amino acids along
with 55 uMm B-mercaptoethanol, and thus, all cell lines were
cultured with the same enriched media when compared in the
described experiments. Human glioblastoma M059K cells were
cultured in medium containing a 1:1 mixture of DMEM and
Ham’s F-12 medium supplemented with 0.05 mM nonessential
amino acids and 10% fetal bovine serum (32). Primary normal
human keratinocyte cells were isolated from foreskin tissue and
cultured in EpiLife medium (Cascade Biologics) supplemented
with human keratinocyte growth supplement, Cascade Biolog-
ics) and 1000 units/ml penicillin and 1000 pg/ml streptomycin
(Roche Applied Science) (33). Cells were cultured to 70% con-
fluence and irradiated with the indicated dose of UV-C or UV-B
followed by further incubation for the indicated number of
hours (8, 33). Alternatively, cells were treated with up to 200 um
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methyl methane sulfonate (MMS) or 1 um thapsigargin for up
to 6 h as indicated. In some cases MEF cells were pretreated
with 10 pm salubrinal-003 for the indicated number of hours.

To measure the ATF4 mRNA half-life, wild-type MEF cells
were treated with 1 um thapsigargin, 40 J/m> UV-C irradiation,
or no stress. One hour later the cells were treated with 20 um
actinomycin D, the cells were cultured for 1, 2, or 4 h, and ATF4
mRNA levels were measured by qRT-PCR as described below.
To determine whether protein synthesis is required for tran-
scriptional regulation of ATF# in response to ER stress or UV
irradiation, wild-type MEF cells were treated with 50 ug/ml
cycloheximide for 30 min. Cells were then treated with 1 pg/ml
thapsigargin, 40 J/m? UV-C irradiation, or no stress and then
cultured for an additional 3 or 6 h. ATF4 mRNA levels were
measured by qRT-PCR following the experimental details high-
lighted below.

Preparation of Protein Lysates and Immunoblot Analysis—
Cultured cells treated with or without stress agents were
washed twice with ice-cold phosphate saline buffer (pH 7.4) and
lysed in a solution containing 50 mm Tris-HCI (pH 7.9), 150 mm
NaCl, 0.1% SDS, 100 mMm NaF, 17.5 mum glycerol phosphate, and
10% glycerol supplemented with protease inhibitors (100 um
phenylmethylsulfonyl fluoride, 0.15 um aprotinin, 1 uMm leupep-
tin and 1 M pepstatin). Lysates were subjected to sonication
for 30 s and precleared by centrifugation. Protein concentra-
tions were measured by the Bio-Rad protein quantification kit
for detergent lysis, and equal amounts of protein were subjected
to electrophoresis by SDS/PAGE along with low or high molec-
ular weight markers (Bio-Rad). Proteins were transferred to
nitrocellulose filters and subsequently incubated with TBS-T
solution (20 mm Tris/HCI (pH 7.9), 150 mm NaCl, and 0.2%
Tween 20) supplemented with 4% (w/v) nonfat dried milk for
1 h followed by an overnight incubation with antibodies specific
for phosphorylated e[F2a at serine 51, cleaved PARP, or cleaved
caspase-3 (Cell Signaling Technologies). ATF4 antibody was
prepared against recombinant protein (34). CHOP and -actin
antibodies were obtained from Santa Cruz Biotechnology (sc-
7351) and Sigma (A5441), respectively. Monoclonal antibody
that recognizes either phosphorylated or nonphosphorylated
forms of eIF2« was provided by Dr. Scot Kimball (Pennsylvania
State University College of Medicine, Hershey, PA). Filters
were washed in TBS-Tween 3 times and subsequently incu-
bated with secondary antibody tagged with horseradish perox-
idase and chemiluminescent solution. Proteins bound to anti-
body in the immunoblots were visualized by exposure to x-ray
film and by imaging using the LI-COR Odyssey system. Images
shown in the figures are representative of three independent
experiments.

Sucrose Gradient Centrifugation and Polysome Analysis—
Cultured wild-type and A/A cells were treated with 1 um thap-
sigargin for 6 h or subjected to 40 J/m* UV-C irradiation and
cultured for 6 h. Polysome analyses were carried out as
described previously (34). Before lysis, cells were treated with
50 wg/ml cycloheximide to inhibit translation elongation. Cells
were washed twice with an ice-chilled phosphate saline solu-
tion containing 50 ug/ml cycloheximide, and cellular lysates
were prepared in a solution of 20 mm Tris-HCI (pH 7.5), 5 mMm
MgCl,, 100 mMm NaCl, and 0.4% Nonidet P-40 supplemented
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with 50 ug/ml cycloheximide. Lysates were gently passed
through a 23-gauge needle followed by a 10-min incubation on
ice to ensure proper lysis. The preparation was then cleared by
microcentrifugation (10,000 X g for 10 min) at 4 °C and quan-
tified for RNA concentration using a UV spectrophotometer
(Nanodrop). Lysates were loaded onto 10 -50% sucrose gradi-
ents (20 mm Tris-HCI (pH 7.5), 10 mm MgCl,, 100 mm NaCl,
and 50 pg/ml cycloheximide) and subjected to centrifugation in
a Beckman SW-41Ti rotor for 2 h at 40,000 rpm. Gradients
were fractionated using a Biocomp Gradient Station. Absorb-
ance of RNA at 254 nm was recorded by an in-line UV monitor,
and polysome to monosome ratios were quantitated by com-
paring the areas under the recorded peaks.

RNA Isolation and Real Time PCR—MEF cells were treated
with the indicated stress conditions and harvested, and total
cellular RNA was prepared using TRIzol reagent (Invitrogen).
Single-stranded cDNAs were synthesized using the Taqman
reverse transcriptase kit (Applied Biosystems) according to the
manufacturer’s protocol. Quantitative PCR reactions were car-
ried out with 400 ng of cDNA sample from each reaction using
Tagman probes (Applied Biosystems) specific for detection of
ATF4,p21, CHOP, GADD45av and B-actin (u) genes in a Roche
LightCycler real-time PCR system. Quantitation of the target
genes was normalized using the reference 18 S rRNA to com-
pensate for inter-PCR variations. Quantification was carried
out using the Light Cycler 480 software (Version 1.2.9.11) to
generate C, values. Values are a representation of three inde-
pendent experiments, with standard deviations as indicated.
Statistical significance was calculated by using the two-tailed
Student’s ¢ test.

Plasmid Constructions and Luciferase Assays—ATF4 trans-
lational control was measured using a previously constructed
Pr-ATF4-Luc plasmid containing the cDNA for the full-
length 5'-leader of the ATF4 mRNA along with the ATF4 start
codon, inserted between the TK promoter and firefly luciferase
gene in plasmid pGL3 (6). In parallel, mutant versions of the
Pr-ATF4-Luc plasmid, with mutations in the start codon of
uORF1 or both uORF1 and uORF2, were analyzed. ATF#4 tran-
scription was measured by fusing a 2.5-kb mouse ATF#4 pro-
moter to the firefly luciferase gene in plasmid pGL3, generating
P, rpa-Luc. Transient co-transfections were carried out in trip-
licate using the wild-type or mutant versions of the P .-ATF4-
Luc plasmid or the P, 1p,-Luc reporter along with the Renilla
luciferase plasmid for normalization. Plasmid transfections
were performed in the MEF cells using the FUGENE 6 reagent
(Roche Applied Science). 24 h after transfection, the MEF cells
were exposed to vehicle alone, 1 um thapsigargin, or 40 J/m?>
UV-C irradiation and cultured for 6 h. Dual luciferase assays
were carried out as described by the Promega instruction man-
ualin triplicates, and statistical significance was calculated with
a Standard ¢ test.

Cell Survival Assays—Cells were plated in 96-well plates and
treated with UV irradiation followed by culture incubation for
the indicated times. Selected cultures were pretreated with
salubrinal-003 for 6 h followed by UV irradiation and then incu-
bated for the indicated times. The MTT (3-(4,5-dimethylthi-
azol-2-yl)-2,5-diphenyltetrazolium bromide) assay was per-
formed by using the CellTitre 96 nonradioactive cell
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FIGURE 1. UV irradiation elicits elF2~P in the absence of induced ATF4
and CHOP. A, wild-type MEF cells were treated with the indicated dosage of
UV-Cirradiation and then incubated in the culture medium for 6 h. B, alterna-
tively, the MEF cells were treated with 40 J/m? UV-C irradiation and then
cultured for up to 6 h as indicated. In each case lysates were prepared from
the UV-Cirradiated cells, and the levels of ATF4, phosphorylated elF2q, total
elF2q, p21, and B-actin were measured by immunoblot analysis using anti-
body specific to each protein. As a control, cells were subjected to ER stress
elicited by 1 um thapsigargin for 6 h, and immunoblot analyses were carried
out using the cell lysates. C, MEF cells were treated with up to 200 um MMS for
6 hasindicated. D, alternatively, the cells were exposed to 100 um MMS for up
to 6 h. Lysates were prepared from the treated cells, and the levels of the
indicated proteins were measured by immunoblot analysis. Results shown in
each panel are representative of three independent experiments.

proliferation assay kit (Promega) to measure the number of
viable cells as described in the manufacturer’s protocol. Clono-
genic assays involved plating cells at a density of 500 cells/
60-mm plate. 48 h after seeding, cells were then treated with
UV-C irradiation and Sal-003 as indicated, and the cells were
cultured for a period of 7—10 days. Cells were fixed with a solu-
tion containing 10% methanol and 10% acetic acid and stained
with 0.4% crystal violet. Colonies were counted by using the
Alphalmager system from Innotech and plotted from three
independent experiments. Statistical significance was calcu-
lated using the Student’s ¢ test.

RESULTS

UV Irradiation Induces eIF2a Phosphorylation without Acti-
vation of ATF4 and CHOP—UYV irradiation has been reported
to induce translation control by e[F2~P without activating its
target genes, ATF4 and CHOP (8). To test this model, we mea-
sured the levels of elF2a phosphorylation in MEF cells in
response to increasing doses of UV-C irradiation (Fig. 14). The
levels of eIF2a phosphorylation were determined by immuno-
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FIGURE 2. UV-C and UV-B irradiation induces elF2~P in different cell
types. Human glioblastoma cells M059K (A) and normal human keratinocytes
(NHK) cells (B) were treated with 40 J/m? UV-C irradiation and then cultured
for up to 6 h. As a control, cells were exposed to 1 um TG for 6 h. Lysates were
prepared from the stressed human cells, and the levels of the indicated pro-
teins were measured by immunoblot analysis. Wild-type MEF cells (C) and
normal human keratinocyte cells (D) were treated with increasing dosages of
UV-B irradiation and cultured for up to 6 h, and the indicated proteins were
measured by immunoblot analyses. Each panel is representative of three
independent experiments.

blot analysis using a polyclonal antibody that specifically recog-
nizes the translation initiation factor phosphorylated at serine
51. eIF2~P was detected with a dose range between 20 and 80
J/m? of UV-C, with a maximum at 40 J/m?. Levels of eIF2~P at
40 J/m? UV-C irradiation were comparable with that measured
in cells treated with 1 um thapsigargin, a well established
inducer of ER stress (Fig. 1A4). Phosphorylated elF2a was
detected by 1 h after exposure to 40 J/m> UV-C and was sus-
tained for 6 h (Fig. 1B). Importantly, neither ISR regulators,
ATF4, nor CHOP was appreciably induced in response to UV
irradiation, whereas both were highly expressed during ER
stress (Fig. 1, A and B). By comparison, expression of the p53
target gene, p21, was enhanced in response to UV irradiation
but not during ER stress. We also carried out a dose- and time-
dependent analysis of the ISR during treatment of the MEF cells
with MMS, an alkylating agent that can damage DNA, and
found induction of both ATF4 and CHOP (Fig. 1, C and D).
We also observed increased eIF2~P without induced expres-
sion of the ISR genes in two different cultured human cell types
(glioblastoma cell line M059K and primary human keratino-
cytes) treated with UV-C irradiation (Fig. 2, A and B). By con-
trast, in response to thapsigargin treatment, both of the human
cells showed increased ATF4 and CHOP levels accompanied by
elF2~P. Finally, we addressed whether UV-B irradiation elicits
a similar discordant induction of the ISR. MEF and normal
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FIGURE 3. Phosphorylation of elF2a reduces translation initiation in
response to UV irradiation or ER stress. Wild-type MEF cells (WT) or mutant
cells expressing the nonphosphorylated elF2a-S51A (A/A) were treated with
40 J/m? UV-C irradiation (UV) followed by incubation for 6 h or to no stress
treatment (NT). Alternatively, the MEF cells were subjected to ER stress by
treatment with 1 um TG for 6 h. Lysates were prepared and then subjected to
centrifugation in a 10-50% sucrose gradient. Polysome profiles were gener-
ated, and absorbance was measured at 254 nm. Arrows indicate peaks corre-
sponding to 40 S and 60 S ribosomal subunits and 80 S monosomes; the line
highlights polysome fractions. The polysome to monosome (P/M) ratios are
indicated in each panel.

——

human keratinocyte cells were treated with increasing doses of
UV-B irradiation, and although there were significant levels of
elF2~DP, there was no induction of ATF4 and CHOP (Fig. 2, C
and D). These results indicate that both UV-C and UV-B irra-
diation significantly increase eIF2~P without activation of the
central ISR regulators, ATF4 and CHOP.

elF2~P by UV Irradiation Reduces Global Protein Synthesis—
elF2~P isa potent repressor of translation initiation. We exam-
ined the effects of UV-induced elF2~P on global protein
synthesis by sucrose gradient analyses of polysomes. UV irradi-
ation of MEF cells significantly reduced polysomes, coincident
with increased free ribosomes and monosomes, indicating
repressed translation initiation (Fig. 3). By comparison, there
was a substantial restoration of polysomes in UV-irradiated
A/A MEF cells expressing a mutant form of el[F2« with alanine
substituted for the phosphorylated serine 51. This result sup-
ports the model that eIF2~P is the principal mediator of global
translation repression in response to UV irradiation. This cen-
tral idea is also true for ER stress, with e[F2~P being required
for a robust reduction in translation initiation (Fig. 3).

ATF4mRNA Is Lowered in Response to UV Irradiation—Both
UV and ER stresses elicited eIF2~P and repressed translation
initiation, yet there is differential regulation of ATF4, with ER
stress triggering enhanced ATF4 protein levels, whereas in
response to UV irradiation, ATF4 is absent. The loss of ATF4
protein in response to UV irradiation may be due to altered
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regulation of the synthesis and/or turnover of ATF4 mRNA or
protein. ATF4 mRNA levels were measured in MEF cells during
the ER and UV stress conditions. Treatment with thapsigargin
led to almost a 3-fold increase in ATF4 mRNA levels, whereas
UV irradiation led to a lowering of ATF4 mRNA in a dose-de-
pendent fashion, with significant reductions in the transcript
levels in response to exposure to 40 J/m> UV irradiation (Fig.
4A). Treatment with MMS, a condition that led to elevated
ATF4 protein levels along with elF2~P, elicited a modest
increase in ATF4 mRNA levels. UV irradiation did not lead to a
general reduction in mRNA levels, as the amount of actin
mRNA remained unchanged for up to 6 h after exposure to 40
J/m> UV-C irradiation (Fig. 4, A and B). The amount of p21 and
GADD45a transcripts, both known to be induced by genotoxic
stress, were increased 3-fold or greater (Fig. 4B). The kinetics of
the ATF4 mRNA changes are gradual, with lowered ATF4 tran-
script levels 2 h after UV irradiation and a further reduction 4 h
after the UV stress (Fig. 4, B and C). By contrast, in MEF cells
exposed to thapsigargin there was a continuous enhancement
in ATF4 mRNA levels, with a 3-fold increase after 4 h of ER
stress (Fig. 4C). These results indicate that changes in ATF4
transcript levels are an important reason for differential expres-
sion of ATF4 in response to UV and ER stress. UV-Cirradiation
leads to selective reduction in ATF4 mRNA levels, coincident
with low ATF4 protein levels despite a robust eIF2~P.

ATF4 mRNA Is Short-lived Independent of Stress—Reduced
ATF4 mRNA in response to UV irradiation can be due to an
increase in mRNA decay or repressed transcription. To address
whether the half-life of ATF4 mRNA is decreased in response to
UV irradiation, we utilized the transcription blocking capabili-
ties of actinomycin D. MEF cells were treated with UV-C irra-
diation, thapsigargin, or no stress, and 1 h later 20 uMm actino-
mycin D was added to the cells, which were then incubated for
an additional period of 1, 2, or 4 h. Total RNA was isolated, and
subsequently ATF4 mRNA was measured by qRT-PCR (Fig. 4,
C and D). We anticipated that if the ATF4 mRNA half-life is a
significant factor in the lowered levels of ATF4 transcript in
response to UV irradiation that the turnover of ATF4 mRNA
would be considerably greater than that measured in cells
treated with thapsigargin or no stress. Although ATF4 mRNA
was short-lived, with a half-life of ~3 h, there was not a signif-
icant difference in ATF4 transcript turnover in the MEF cells
treated with UV irradiation, thapsigargin, or no stress (Fig. 4D).
These results indicate that the decay of ATF4 mRNA does not
change between different stress arrangements and is not the
regulatory switch for reduced mRNA levels in response to UV
irradiation.

irradiation and then incubated in culture medium for 1, 2, or 4 h as indicated.
Cells not subjected to stress are indicated as 0. Additionally, ATF4 transcript
levels were measured in cells that were exposed to 1T um TG for up to 4 h.
D, measurement of the half-life of ATF4 mRNA was carried out by first treating
MEF cells with 1 um TG or to 40 J/m? UV-C UV. 1 h later the cells were then
treated with 20 um actinomycin D (UV+AD or TG+AD) to halt transcription
and then cultured for up to 4 h. Alternatively, cells were treated with actino-
mycin D alone (AD). ATF4 mRNA levels were measured by qRT-PCR at the
indicated times, and the panels are presented as the averages = S.D. of three
independent experiments, with each measurement performed in triplicate (¥,
p < 0.05).
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ATF4 Transcription Is Repressed in Response to UV
Irradiation—We propose that ATF4 transcription is repressed
in response to UV irradiation, leading to low levels of ATF4
mRNA available for preferential translation in response to
elF2~P. To test this model, a 2.5-kb insert encompassing the
ATF4 promoter was fused to a firefly luciferase reporter gene.
The resulting P ,.p,-Luc reporter, which did not encode the
5'-leader region of ATF4 mRNA required for translational con-
trol in response to elF2~P, was introduced into MEF cells and
subjected to ER or UV stress. After thapsigargin treatment
there was about a 4-fold increase of luciferase activity, consis-
tent with the idea that enhanced A TF4 mRNA in response to ER
stress was due to increased transcription (Fig. 54). Exposure to
40 J/m? UV-C resulted in a 3-fold reduction of luciferase activ-
ity, indicating that UV irradiation leads to transcriptional
repression of ATF4.

We next addressed whether ATF4 translational control can
occur during UV irradiation and elF2~P if the ATF4 transcript
is available. We analyzed an ATF4-Luc fusion reporter, which
contained the 5'-leader of the ATF4 mRNA expressed from a
constitutive thymidine kinase (TK) promoter (6). MEF cells
transfected with the P -ATF4-Luc plasmid were treated with
thapsigargin or UV irradiation. In response to either stress con-
ditions, there was a significant increase in luciferase activity
compared with nontreated cells (Fig. 5B). By comparison a sim-
ilar reporter with mutations in the uORF1 that block preferen-
tial translation of ATF4 led to low levels of luciferase expression
independent of stress. Finally, mutations in both uORF1 and
uOREF2 in the 5'-leader of the ATF4 mRNA remove the under-
lying translation control in response to e[F2~P (6). In this case,
there were high levels of luciferase activity in response to the
stress and non-stressed conditions, consistent with the idea
that the luciferase was subject to the constitutive transcription
from the thymidine kinase promoter. These results indicate
that if ATF4 mRNA is present in response to UV irradiation
that the transcript is subject to preferential translation.

Our results indicate that ATF4 is transcriptionally regulated
in response to UV-C and ER stress, suggesting that there is a
transcriptional repressor(s) and activator(s) that contributes to
ATF4 expression. To address the nature of these transcrip-
tional regulators, we stressed the MEF cells with thapsigargin or
UVirradiation in the presence or absence of cycloheximide. We
reasoned that if the transcriptional regulators were present
before stress and were subject to allosteric regulation or signal-
ing that cycloheximide would not affect the changes in ATF4
mRNA levels in response to ER or UV stress. Alternatively, if
the activities of the proposed transcriptional repressor(s) and
activator(s) relied directly or indirectly on synthesis for their
regulation in response to the stress conditions, cycloheximide
would block the changes in ATF4 mRNA in response to these
stress conditions. In both stress conditions, treatment with
cycloheximide significantly blocked the changes in ATF4
mRNA levels (Fig. 5C). There was a 3-fold increase in ATF4
transcripts after 6 h of the thapsigargin exposure, whereas there
were minimal changes in cells with the combined thapsigargin
and cycloheximide treatment. Similarly, 6 h after the UV insult
there was a 3-fold decrease in the levels of ATF4 mRNA. By
contrast, this reduction was blocked in cells when cyclohexi-
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FIGURE 5. ATF4 transcription is regulated during stress. A, a 2.5-kb seg-
ment of the ATF4 promoter was fused to a firefly luciferase reporter and
assayed for expression in MEF cells treated with 1 um TG for 6 h, 40 J/m? UV-C
followed by culture incubation for 6 h or to no stress treatment (NT). The firefly
luciferase activity was assayed as described under “Experimental Proce-
dures,” and the relative light units (RLU) are presented relative to the non-
stressed cells. B, wild-type and mutated versions of the 5'-leader sequences of
the ATF4 mRNA, which mediate translational control, were inserted between
the constitutive thymidine kinase promoter and the firefly luciferase reporter
gene. MEF cells were co-transfected with the P;-ATF4-Luc plasmid and a
control Renilla luciferase plasmid. The transfected cells were treated with 1
M thapsigargin, 40 J/m? UV-C or no stress agent as indicated. The mutant
versions of the 5’-leader of the ATF4 transcript include a mutation in the
initiation codon of UORF1 (AuORFT1), abolishing the positive-acting element
for translational control. Alternatively the mutations were present in the ini-
tiation codons for both uORFs (AuORF1,2). For clarity, the histograms are rep-
resented in two different scales. C, protein synthesis in wild-type MEF cells
was blocked by treatment with 50 ug/ml of cycloheximide (CHX) for 30 min.
Cells were then exposed to 40 J/m? UV-C (UV+CHX) or thapsigargin
(TG+CHX) stress for 3 or 6 h. Control experiments were carried out by treating
cells only with 40 J/m? UV-C (UV), thapsigargin (TG), cycloheximide, or no
stress (NT). Levels of ATF4 mRNA were measured by qRT-PCR. Panels A, B, and
C illustrate experimental averages * S.D. from three independent experi-
ments (¥, p < 0.05).

mide was combined with UV irradiation (Fig. 5C). As a control
we measured p21 mRNA levels 6 h after UV irradiation, and
similar to the qRT-PCR measurements in Fig. 4B, there was a
5-fold increase in p21 mRNA levels compared with no treat-
ment. This increase in p21 transcript levels after UV exposure
was not significantly changed when cycloheximide was com-
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bined with UV irradiation (data not shown), which is consistent
with the idea that induction of p21 transcription by genotoxic
stress involves signaling events activating the p53 transcription
factor (35). These results suggest that there are transcription
factors that are synthesized after stress or are controlled by
co-regulators expressed during stress, which are central to the
transcriptional control of ATF4.

elF2~P Is Important for Cellular Survival in Response to
UV-C—We next addressed the role of eIlF2~P in the resistance
to UV irradiation and the functional consequences of the
absence of induced ATF4 expression. The A/A MEF expressing
the nonphosphorylated version of e[F2a (S51A) showed low-
ered cell survival in response to UV irradiation. There was a
decrease in the number of surviving A/A cells as judged by the
MTT assay, with a 2.5-fold reduction 24 h after exposure to 40
J/m*> UV-C (Fig. 6A). By comparison, wild-type MEF cells
showed only a modest ~20% reduction in cell count after the
UV insult. Long term clonogenic survival assays also showed
over a 3-fold decrease in surviving A/A cells after UV irradia-
tion, whereas the wild type did not show significant reductions
(Fig. 6B). Finally, A/A cells showed measureable cleavage of
PARP and caspase-3, markers of apoptosis, after 8 h of exposure
to UV-C (Fig. 6C). These studies indicate that eI[F2~P signifi-
cantly contributes to cell survival after UV irradiation.

We next wished to address whether expression of ATF4, and
its downstream target CHOP, have negative consequences after
UV stress. To address this question, we used a derivative of the
drug salubrinal, a selective inhibitor of el[F2a dephosphory-
lation (36), to induce ATF4 and CHOP along with e[F2« phos-
phorylation without adding any cellular stress. This drug has
been used to precondition cells in response to oxidizing stress,
providing for a heightened ISR gene expression that provides
for increased resistance to stress conditions. Wild-type MEF
cells were pretreated with salubrinal-003, a derivative of salu-
brinal that is more potent and soluble (37), for 6 h, which is
sufficient for induced eIF2~P and its downstream targets ATF4
and CHOP. After this pretreatment, salubrinal was removed
from the media, and the cells were then exposed to 40 J/m? UV-
C. We found that the combined salubrinal and UV-irradiation
significantly reduced survival of the wild-type cells as judged by
the clonogenic assay (Fig. 7A). Salubrinal alone did not have any
negative consequence on wild-type cells, although A/A cells
showed a partial lowering in cell survival, suggesting that this
drug may have consequences beyond elF2~P. Importantly,
deletion of either ATF4 or CHOP restored cell survival in
response to the combined salubrinal and UV treatment (Fig.
7A). These results indicate that although eIlF2~P provides for
resistance to UV-C irradiation, activation of ATF4 and the
downstream CHOP is detrimental to survival.

We also carried out immunoblot analyses of the wild-type,
ATF4 '~ ,and CHOP '~ cells after 3 and 24 h after UV irradi-
ation. Early in the UV stress response, there were measurable
increases in ATF4 and CHOP protein in the wild-type MEF
cells after the combined salubrinal and UV treatments, as com-
pared with UV-C irradiation alone, which yielded induced
elF2~P but no detectable ATF4 and CHOP proteins (Fig. 7B).
As expected, ATF4 '~ cells displayed no expression of ATF4 or
its target CHOP early in the salubrinal and UV treatment regi-
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FIGURE 6. Phosphorylation of elF2« provides for resistance to UV irra-
diation. A, WT and elF2a-S51A (A/A) MEF cells were treated with 40 J/m?
UV-Cirradiation and cultured for 12 or 24 h. The number of viable cells was
then determined by the MTT assay. B, the percentage of surviving cells
after exposure to 40 J/m? UV-C was determined by the clonogenic survival
assay. NT indicates cells not treated with UV stress. The results in panels A
and B correspond to the mean = S.D. derived from three independent
experiments and are normalized to the no treatment control. C, cells were
subjected to the UV stress, cultured for up to 12 h as indicated, and phos-
phorylated elF2«, B-actin, and apoptotic markers; cleaved caspase 3 and
PARP were measured by immunoblot. 0 represents lysates not subjected
to the UV stress.

men. CHOP-deficient cells displayed elevated ATF4 protein
but no CHOP. After an extended period after the salubrinal and
UV treatment, there was measureable cleavage of PARP and
caspase 3 in the wild-type cells, supporting a role for apoptosis
in the reduced cell death (Fig. 7C). These apoptotic markers
were not detectable in the ATF4~'~ and CHOP~ '~ cells sub-
jected to salubrinal and UV irradiation. It is noted that CHOP
expression is robust in the wild-type cells 24 h after the treat-

JOURNAL OF BIOLOGICAL CHEMISTRY 33171



Transcriptional and Translational Regulation of ATF4

A s

Hwr
Oaa
T 4 ] [ J.g%; O crop-
= X ] ATF4-
@
2
5
2 05+
S
O *
NT uv sal  Sal+ UV
WT _ _ATF4- _CHOP*
UV -+ -+ -+ -+ -+ - +
Sal - - ++ - -+ 4 -- ++
— -
AR 1 " e
elF20-P] . e === “’
6lF 20 [P M ol o s L
| i -
CHOP _—
Y] L R—— g

C WT ATF4"- CHOP”
UV -+ = + =+ - + -+ - +
Sal == kb = === &%
CHOP| *% ==
c-Casp 3 A
cPARP| e |
Actin | * 909NN

FIGURE 7. Expression of ATF4 and CHOP elicited by pretreatment with
salubrinal reduces viability of cells during UV stress. A, WT, elF2a-S51A,
ATF4~/~,and CHOP~/~ MEF cells were treated with 10 um salubrinal-003 (Sal)
for 6 h. After pretreatment with salubrinal, the cells were washed and then
treated with 40 J/m? UV-C (UV) irradiation. Alternatively, cells were subjected
to only the salubrinal-003 pretreatment, UV irradiation, or no stress treatment
(NT). Survival of the stressed wild-type and mutant MEF was measured by
clonogenic assays, which are represented as the mean = S.D. derived from
three experiments. Values for each are normalized to the no-treatment con-
trols. B, induction of the ISR in the wild-type, ATF4~/~,and CHOP~/~ MEF cells
after 3 h of the stress treatments was validated by immunoblot analysis by
using antibodies specific for phosphorylated elF2q, total elF2«, ATF4, CHOP,
and B-actin. G, CHOP, B-actin, and two apoptotic markers (cleaved caspase 3
and PARP) were measured by immunoblot in the wild-type, ATF4~/~¥ and
CHOP™'~ after 24 h of the stress regimen.

ment with salubrinal and UV or with salubrinal alone. This
suggests that CHOP expression alone is not sufficient to trigger
cell death but, rather, the timing and duration of CHOP expres-
sion may be critical for the sensitivity of cells to UV irradiation.
Furthermore, ATF4~ '~ cells expressed measureable CHOP
levels 24 h after treatment with salubrinal alone or the com-
bined salubrinal and UV irradiation. This indicates that during
extended stress conditions, CHOP can be expressed indepen-
dent of ATF4.
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DISCUSSION

This study addressed the regulatory mechanisms governing
the variable ATF4 expression in response to eIF2~P and differ-
ent stress conditions. From our experimental results, we draw
four central conclusions. First, elF2~P is induced by UV-B and
UV-Cirradiation in many different mammalian cell types (Figs.
1 and 2), and this phosphorylation event leads to a reduction in
global translation initiation (Fig. 3). This finding is consistent
with earlier studies that showed that UV irradiation can
enhance GCN2 phosphorylation of elF2« (8, 9).

The second conclusion is that expression of ATF4 in
response to environmental stress involves changes in ATF4
mRNA levels. For example, ATF4 mRNA levels are lowered
3-fold in response to UV stress, whereas A TF4 transcript levels
are significantly increased during ER stress (Fig. 4). ATF4 tran-
scriptional regulation is the key switch for the changes in ATF4
mRNA levels in response to UV and ER stress conditions (Fig.
5A). ATF4 mRNA is also subject to rapid turnover, with a half-
life of about 3 h, but this is independent of stress conditions
(Fig. 4D). The lability of ATF4 mRNA renders it more sensitive
to changes in transcriptional regulation elicited by stress con-
ditions. For example, transcriptional repression in response to
UV irradiation coupled with the constitutive short half-life
facilitates reduced levels of ATF4 mRNA during this stress con-
dition. These central ideas are further supported by earlier
reports that observed increased ATF4 transcript levels in
response to ER stress (4, 5, 38). Additionally, it was reported
that ATF4 mRNA levels are elevated in response to amino acid
starvation (39). These results indicate that expression of ATF4
is subject to both transcriptional regulation and translational
control.

The third conclusion is that the combined transcriptional
regulation and translational control of ATF4 provides for ver-
satility in regulating the ISR gene expression. In response to UV
irradiation, the lowered availability of the ATF#4 transcript sig-
nificantly reduces the amount of ATF4 synthesized, thus block-
ing ATF4 induction of the ISR. Therefore, there does not
appear to be an inherent inability to elicit preferential ATF4
mRNA translation in response to elF2~P and UV stress. This
was illustrated by our finding that constitutive transcription of
the ATF4-luciferase reporter from the thymidine kinase pro-
moter led to preferential translation during UV irradiation (Fig.
5B). Consistent with this idea, mutation of uORF1 in the
5'-leader of the ATF4 mRNA, which is required for reintiation
of translating ribosomes and preferential translation, blocked
expression of the luciferase reporter. During ER stress, there is
elevated transcription of ATF4, which enhances the amount of
ATF4 transcript available for preferential translation by
elF2~P, therefore, amplifying expression of ATF4 and the ISR.
These results indicate that the combination of transcriptional
regulation with translational control allows for genes marked
for preferential translation by eI[F2~P to be selectively induced
in response to a range of environmental stresses. The ISR is not
constricted to a specific program of gene expression but, rather,
can tailor it for a given stress condition.

The fourth central conclusion is that the absence of ATF4
expression appears to be advantageous for cells during UV
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FIGURE 8. Model depicting proposed transcriptional regulation and
translational control of ATF4 expression and the ISR. The y axis represents
the levels of MRNA translation in stressed cells compared with non-stressed,
whereas the x axis represents changes in transcript levels of a given gene in
stressed cells relative to non-stressed. The diagonal line represents the levels
of transcription and translation that are proposed to yield no change in ATF4
protein levels. The black gradient depicts the levels of transcriptional regula-
tion and translational control that would enhance ATF4 protein levels and
induce its target ISR genes. The solid circles represent the outcome of the
transcriptional regulation and translational control of ATF4 in response to UV
irradiation (UV) or ER stress elicited by TG treatment.

stress (Fig. 7). Clearly e[F2~P and its reduction in translation
initiation facilitates resistance to UV irradiation (Fig. 6). How-
ever, the versatility of the ISR has provided for selective loss of
expression of ATF4 and its ISR target genes. Pretreatment with
salubrinal, an inhibitor of elF2~P dephosphorylation that
enhances the elF2~P/ATF4 pathway, typically provides for
heightened resistance to stress conditions, such as those trig-
gered by oxidizing agents (5, 36, 40-42). However, this pre-
treatment regimen renders cells much more susceptible to UV
irradiation (Fig. 7). Importantly, this UV sensitivity is alleviated
by deletion of either ATF4 or CHOP (Fig. 7). During the ISR,
elevated CHOP levels for an extended period are thought to
elicit gene expression that triggers apoptosis (17, 18, 43, 44).
These findings suggest that cells encountering UV stress are
hypersensitive to expression of CHOP.

The Combination of Transcriptional Regulation and Trans-
lational Control Allows for Differential Expression of ISR Target
Genes—We propose that a combination of transcriptional reg-
ulation and translational control of ATF4 underlies the ability
of the ISR to differentially express ATF4 depending on the pre-
cise stress condition and that this process is central to cell sur-
vival (Fig. 8). Although this model is specifically highlighted for
ATF4, it would apply to other genes subject to translational
control in response to e[F2~P. Expression of genes slated for
preferential translation in the ISR can be enhanced or blocked
depending on their transcription status. Enhanced ATF# tran-
script availability would ensure a greater level of ATF4 protein
synthesis and activity, as illustrated by the degree of black color
in the gradient depiction in Fig. 8. A range of ATF4 expression
appears to be central for alleviation of different stress condi-
tions. In most cases, including nutrient and ER stress, ATF4
activity provides for resistance to the stress insults, whereas in
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others, such as UV irradiation, ATF4 is suggested to be harmful.
The detrimental properties of ATF4 are due at least in part to its
ability to induce CHOP, which is suggested to elicit apoptosis
through induction of pro-apoptotic genes, such as BCL2, DR5,
and those tied to autophagy (43, 45, 46). In addition to UV
irradiation, lowered ATF4 expression during heightened
elF2~P has been reported during brain ischemia and non-al-
coholic steatohepatitis (24, 25), suggesting that the dampened
expression of ATF4 in the gradient model can be applied to a
number of stress arrangements.

The idea of a combination of transcriptional regulation and
translational control of ATF4 redefines some features of the
ISR. ATF4 was defined as a common downstream target, which
integrates signaling from different eIF2 kinases (3). In this
respect the mammalian ISR builds on and elaborates upon the
earlier concept of the general amino acid control in yeast. This
yeast pathway features the ability of different nutritional
stresses to activate GCN2 phosphorylation of elF2« and pref-
erential translation of GCN4, a “master regulator” of genes
involved in amino acid metabolism and the salvaging and
uptake of nutrients (7, 47). It is noted that UV irradiation has
been reported to enhance GCN4 translation in yeast, possibly in
a GCN2-independent manner (48). Therefore, regulation of
GCN4 by UV irradiation in yeast may differ from the ISR in
mammalian cells.

The model featuring combined transcriptional regulation
and translation control indicates that e[F2~P in response to
various stress arrangements does not lead to default activation
of ATF4. Rather, there are additional target genes activated by
elF2~P that play a major role in alleviating stress damage. In
some cases these additional target genes may function in con-
junction with ATF4, whereas in others they may function in the
absence of the ATF4 transcriptional activator. These additional
target genes could include those subject to preferential transla-
tion in response to eIF2~P through 5'-leader configurations in
their mRNAs. For example, several DNA repair enzymes were
reported to be subject to preferential translation by elF2~P
after UV stress (32). These preferentially translated genes
include ERCCI1, ERCCS5, and DDBI, and the uORFs in the
5'-leaders of these encoded transcripts were suggested to be
important to maintain elevated expression after UV irradiation.
However, in these cases eI[F2~P in the absence of UV irradia-
tion did not appear to be sufficient for translational control,
suggesting that additional signaling pathways and proteins may
be involved. It is also noted that in this earlier study that UV
irradiation did not enhance expression of luciferase activity
expressed from a transfected vector that included the 5'-leader
of ATF4 (32). This result appears to differ from our findings in
Fig. 5B. We are currently uncertain as to the underlying reason
for this difference, but it may reflect the different cell type
(HeLa cells) or the UV-B irradiation used in the earlier study.

Repressed translation by UV irradiation also reduces the syn-
thesis of key labile regulatory proteins, such as IkBa (8), which
can relieve its repression of NF-«kB. Activation of NF-«B would
then enhance the transcription of diverse target genes, such as
those involved in inflammation and the regulation of apoptosis.
In this respect, the ISR can be viewed as a collection of elF2
kinases that recognize various stress arrangements activating
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different combinations of target gene modules that can provide
for stress resistance.

Regulation of ATF4 Transcription in Response to Environ-
mental Stresses—We do not yet know the regulators of ATF4
transcription during the different stress arrangements. Our
experiments with UV and ER stress combined with cyclohexi-
mide suggest that the proposed repressor(s) and activator(s) of
ATF4 transcription need to be synthesized during the stress
conditions (Fig. 5C). Our preliminary studies using A/A MEF
cells suggests that e[F2~P is required at least in part for the
changes in ATF4 mRNA levels in response to UV and ER
stresses. Furthermore, analysis of the P,rp,-Luc reporter in
ATF4~'~ cells suggests that ATF4 is not involved in autoregu-
lation. Therefore, there is involvement of additional ISR regu-
latory genes in the transcriptional regulation of ATF4. Future
studies are needed to define these transcription regulators and
their control of the ATF4 promoter.
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