CrossMark

&dlick for updates

THE JOURNAL OF BIOLOGICAL CHEMISTRY VOL. 291, NO. 20, pp. 10824 -10835, May 13,2016
© 2016 by The American Society for Biochemistry and Molecular Biology, Inc.  Published in the US.A.

Translation Regulation of the Glutamyl-prolyl-tRNA
Synthetase Gene EPRS through Bypass of Upstream Open
Reading Frames with Noncanonical Initiation Codons™

Received for publication, February 16, 2016, and in revised form, March 16,2016 Published, JBC Papers in Press, March 21,2016, DOI 10.1074/jbcM116.722256

Sara K. Young', Thomas D. Baird', and Ronald C. Wek’

From the Department of Biochemistry and Molecular Biology, Indiana University School of Medicine,

Indianapolis, Indiana 46202-5126

In the integrated stress response, phosphorylation of elF2«
(eIF2-P) reduces protein synthesis while concomitantly pro-
moting preferential translation of specific transcripts associated
with stress adaptation. Translation of the glutamyl-prolyl-tRNA
synthetase gene EPRS is enhanced in response to elF2a-P. To
identify the underlying mechanism of translation control, we
employed biochemical approaches to determine the regulatory
features by which upstream ORFs (uORFs) direct downstream
translation control and expression of the EPRS coding region.
Our findings reveal that translation of two inhibitory uORFs
encoded by noncanonical CUG and UUG initiation codons in
the EPRS mRNA 5'-leader serve to dampen levels of translation
initiation at the EPRS coding region. By a mechanism suggested
to involve increased translation initiation stringency during
stress-induced elF2a-P, we observed facilitated ribosome by-
pass of these uORFs, allowing for increased translation of the
EPRS coding region. Importantly, EPRS protein expression is
enhanced through this preferential translation mechanism in
response to multiple known activators of eIF2a-P and likely
serves to facilitate stress adaptation in response to a variety of
cellular stresses. The rules presented here for the regulated ribo-
some bypass of noncanonical initiation codons in the EPRS
5'-leader add complexity into the nature of uORF-mediated
translation control mechanisms during eIF2a-P and addition-
ally illustrate the roles that previously unexamined uORFs with
noncanonical initiation codons can play in modulating gene
expression.

Protein synthesis is modulated in response to a variety of
extracellular and intracellular stimuli. Phosphorylation of
eukaryotic initiation factor 2 serves as the integration point for
these stress signals and regulates the initiation phase of trans-
lation (1). During translation initiation, eIF2 combines with ini-
tiator Met-tRNAM®, GTP, and the 40S ribosomal subunit to
form the 48S preinitiation complex that facilitates start codon
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selection. Phosphorylation on the « subunit of eIF2 at serine 51
(eIF2a-P)? inhibits the exchange of eIF2-GDP for elF2-GTP,
thereby blocking delivery of the initiator Met-tRNAM®* and
triggering a global reduction in translation initiation (2). The
coincident reduction in protein synthesis allows cells to con-
serve energy and resources and facilitates the reconfiguration of
gene expression to promote the alleviation of stress damage.
elF2a-P facilitates the reprogramming of gene expression by
selectively inducing translation of specific transcripts involved
in stress adaptation. Because there are multiple mammalian
elF2 kinases that converge on a common substrate, this path-
way is referred to as the integrated stress response (ISR) (1, 3).
To illustrate, elF2a is phosphorylated by PERK (protein kinase
R-like ER kinase) in response to an accumulation of unfolded
protein in the lumen of the ER, whereas amino acid deprivation
is sensed by the GCN2 (general control nonderepressible 2)
kinase in the cytosol (2, 4).

Included among the downstream ISR induced transcripts are
transcription factors ATF4 (CREB2) and CHOP (DDIT3/
GADD153) that act to modify gene expression programs to
address cellular stress (4—6). GADD34 (PPP1R15A) is also
preferentially translated and combines with the catalytic sub-
unit of protein phosphatase 1 to regulate dephosphorylation of
elF2a-P and restoration of protein synthesis after amelioration
of the stress damage (7, 8). The 5'-leader of those mRNAs that
are preferentially translated contain upstream ORFs (uORFs)
that precede the coding sequence (CDS) and are critical for
translation control in response to elF2a-P. ATF4, for example,
contains two uORFs that confer its translation control (6, 9). In
the “delayed translation reinitiation” model, the 5'-proximal
uORF1 in the ATF4 mRNA serves as a positive-acting element
that promotes translation reinitiation at downstream ORFs.
During cellular stress, delayed delivery of the initiator Met-
tRNAM®* to the 40S ribosomal subunit after uUORF1 translation
allows for scanning ribosomes to surpass an inhibitory uORF2
that overlaps out of frame with the CDS and instead initiate
translation at the A TF4 start codon. This model shares features
with GCN4 translation control in yeast (10). Preferential trans-
lation of both CHOP and GADD34 during elF2a-P is regulated

3 The abbreviations used are: elF2a-P, phosphorylation of elF2q; ISR, inte-
grated stress response; UORF, upstream ORF; ER, endoplasmic reticulum;
CDS, coding sequence; RACE, rapid amplification of cDNA ends; MEF,
mouse embryonic fibroblast; gRT-PCR, quantitative RT-PCR; MTT, 3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide; PERK, protein
kinase R-like ER kinase.
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via a “bypass” mechanism in which an inhibitory uORF is
bypassed in part because of a less than optimal start codon
context (5, 8).

Although many ISR genes are subject to preferential transla-
tion via uORF-mediated mechanisms, the mere presence of an
uOREF is not sufficient to ensure enhanced translation during
elF2a-P. Genome-wide analyses of changes in translation in
response to elF2a-P suggest that ~40% of mammalian mRNAs
contain uORFs (11, 12). Furthermore, uORFs are suggested to
be equally present among those transcripts that are translation-
ally enhanced, repressed, or resistant to el[F2a-P (11). These
findings suggest that each uORF contains specific properties
that determine whether the 5'-leader of an mRNA serves to
activate or repress translation in response to eIF2a-P. Interest-
ingly, recent ribosome profiling analysis has indicated that in
addition to uORFs that contain a canonical AUG initiation
codon, there are also multitudes of previously unidentified
uORFs that begin with noncanonical (CUG, UUG, and GUG)
initiation codons (13—15). These observations provide intrigu-
ing evidence that the number of uORFs encoded in the genome
may be dramatically underestimated in previous studies and
suggests that the uORF start codon itself may provide addi-
tional information determining how the 5’-leader of a given
mRNA regulates translation in response to e[F2a-P.

In this study, we provide an example of translation control
mediated via uORFs that contain noncanonical initiation
codons and facilitate preferential translation during stress.
Translation of the EPRS mRNA encoding glutamyl-prolyl-
tRNA synthetase is suggested to be enhanced in response to
elF2a-P (11). The 5’-leader of EPRS contains two UUG initia-
tion codons and three in-frame CUG initiation codons that
collectively encode three putative uORFs. Using heterologous
reporter systems, we define the regulatory features of the three
uORFs that direct translation control of EPRS mRNA. We also
show that EPRS protein expression is increased through its
preferential translation in response to drugs known to activate
PERK and GCN2, implying increased EPRS expression during
stress serves to facilitate adaptation in numerous stress con-
texts. This study provides an understanding of the translation
control mechanisms that serves to regulate ISR induced gene
transcripts during elF2a-P but also illustrates the roles that
previously unidentified uORFs with noncanonical initiation
codons can possess in modulating gene expression.

Experimental Procedures

Cell Culture—Wild-type and A/A MEF cells expressing
either a WT version of eIF2a or elF2a-S51A were cultured in
DMEM as previously described (16). GCN2*'* and GCN2~/~
MEF cells were previously described (16) and were cultured in
DMEM supplemented with 10% (v/v) fetal bovine serum, 100
units/ml penicillin, 100 ug/ml streptomycin, and 1 X nonessen-
tial amino acids. For halofuginone treatments, both control and
treatment groups were cultured in DMEM supplemented with
10% (v/v) dialyzed fetal bovine serum (Gibco).

Immunoblot Analyses—MEF cells were treated with 1 pum
thapsigargin for up to 6 h or left untreated. Alternatively, MEF
cells were treated with 20, 50, or 100 nm halofuginone for 6 h or
left untreated. Protein lysates were collected followed by quan-

SASBMB

MAY 13,2016+VOLUME 291 -NUMBER 20

tification and immunoblot analyses as previously described
(17). Antibodies used for immunoblot analyses include: EPRS
(Abcam catalog no. ab31531), elF2a-P (Abcam catalog no.
ab32157), and B-actin (Sigma catalog no. A5441). Monoclonal
antibody measuring total elF2a was kindly provided by Dr.
Scott Kimball (Pennsylvania State University College of Medi-
cine, Hershey, PA). Immunoblots were developed either using
chemiluminescence with x-ray film or LI-COR Odyssey (LI-
COR Biosciences) imaging.

mRNA Measurement by Quantitative PCR—Total RNA was
isolated from MEF cells and polysome fractions with TRIzol
reagent (Invitrogen) followed by single-strand cDNA synthesis
using a TagMan reverse transcriptase kit (Applied Biosystems)
according to the manufacturer’s protocol. Quantitative PCR of
transcripts was conducted using SYBR Green (Applied Biosys-
tems) on a Realplex2 Master Cycler (Eppendorf). Primers used
for measuring transcripts include: ATF4 forward, 5'-GCCG-
GTTTAAGTTGTGTGCT-3"; ATF4 reverse, 5'-CTGGATTC-
GAGGAATGTGCT-3'; EPRS forward, 5'-TGTGGGGAAAT-
TGACTGTGA-3'; EPRS reverse, 5'-AACTCCGACCAAAC-
AAGGTG-3'; Firefly luciferase forward, 5'- CTCACTGAGAC-
TACATCAGC-3'; Firefly luciferase reverse, 5'-TCCAGATC-
CACAACCTTCGC-3'; B-actin forward, 5'-TGTTACCAA-
CTGGGACGACA-3'; and B-actin reverse, 5'-GGGGTGT-
TGAAGGTCTCAA-3".

Polysome Profiling and Sucrose Gradient Ultracentrifu-
gation—MEF cells were left untreated or treated with either 1
M thapsigargin or 25 nm halofuginone for 6 h. 50 pg/ml cyclo-
heximide was added to culture medium just prior to lysate col-
lection. Lysates were collected, sheared using a 23-gauge nee-
dle, and layered onto 10-50% sucrose gradients followed by
ultracentrifugation as previously described (11, 18). A piston
gradient fractionator (BioComp) and a 254-nm UV monitor
with Data Quest Software were used to fractionate sucrose gra-
dients and measure whole cell lysate polysome profiles.

After fractionation, 10 ng/ml firefly luciferase control RNA
(Promega) was added to each fraction to generate polysome
shifts for specific transcripts normalized to an exogenous RNA
control (11, 18). Fractions were mixed with TRIzol, and RNA
isolation and ¢cDNA production were performed as described
above. Calculations for percentages of total gene transcript and
percentages of individual transcript shifts are as previously
described (11). Whole cell lysate polysome profiles and specific
transcript polysomes shifts are representative of at least three
independent biological experiments.

Plasmid Constructions and Luciferase Assays—A 5'-rapid
amplification of cDNA ends (5'-RACE; FirstChoice Ambion)
was performed using RNA lysates collected from WT MEF cells
left untreated or treated with 1 um thapsigargin for 6 h to deter-
mine the transcriptional start site for EPRS. The cDNA frag-
ment encoding the 5'-leader of EPRS was inserted between Sacl
and Ncol between the TK promoter and firefly luciferase CDS
in a derivative of plasmid pGL3 (6). The resulting P -EPRS-
Luc contains the mouse EPRS 5’-leader fused to a luciferase
reporter. Site-directed mutagenesis and subcloning of synthe-
sized cDNAs was used to generate mutant P .-EPRS-Luc con-
structs (Table 1) that were sequenced for verification of nucle-
otide substitutions. P -EPRS-Luc constructs were transiently
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TABLE 1
Description of EPRS mutations used in this study

Gene construct

Description of mutation

EPRS stem loop insertion

EPRS uORF1 ACUG1

EPRS uORF1 ACUG2

EPRS uORF1 ACUG3

EPRS uORF2 AUUG1

EPRS uORF3 AUUG2

EPRS uORF1 CUG2 to optimized AUG
EPRS uORF2 UUGL1 to optimized AUG
EPRS uORF2 UGA to UGG

Insertion of CTGCAGCCACCACGGCCCCCAAGCTTGGGCCGTGGTGGCTGCAG 3’ of CGTAGCGTGC
GGGCTGCGG to GGGAAACGG
CACCTGAAC to CACAAAAAC
CTCCTGGGA to CTCAAAGGA
ACGTTGCAT to ACGAAACAT
TCCTTGCTT to TCCAAACTT
CACCTGAAC to ACCATGGAC
ACGTTGCAT to ACCATGGAT
ACCTGAACC to ACCTGGACC

co-transfected with a Renilla reporter plasmid into WT or A/A
MEEF cells for 24 h followed by a 6-h 0.1 um thapsigargin treat-
ment or a 6-h 50 nM halofuginone treatment. Lysates were col-
lected, and firefly and Renilla luciferase activities were mea-
sured as described previously (6). Relative values for luciferase
measurements are represented with S.D. indicated for at least
three independent biological experiments.

The full-length EPRS uORFs were each individually fused
in-frame to the luciferase CDS and were transcriptionally
expressed from a TK promoter for generation of P..,.-CUG123
uORF-Lug, P4, -UUG1 uORF-Luc, and P -UUG2 uORF-Luc.
Site-directed mutagenesis and subcloning of synthesized
c¢DNAs was used to generate WT and mutant P -uORF-Luc
constructs (Table 1) that were sequenced for verification of
desired nucleotide substitutions. P -uORF-Luc constructs
were transiently co-transfected with a Renilla reporter plasmid
into WT MEF cells for 24 h. Lysates were collected, and firefly
and Renilla luciferase activities were measured as described
previously (6). Relative values for luciferase measurements are
represented with S.D. indicated for at least three independent
biological experiments.

Cell Viability Assays—For MTT assays, GCN2"'" and
GCN2~'~ MEFs were seeded in 96-well culture plates at 5,000
cells/well 24 h prior to treatment. Cells were treated with 12.5,
25, or 50 nM halofuginone for 6 h, followed by recovery in fresh
medium for 18 h. Viability was measured using a CellTiter
96-well nonradioactive cell proliferation assay (Promega).
Treatment values were normalized to untreated groups for
each respective cell line.

Statistical Analyses—The values indicate the means * stan-
dard deviation and are representative of at least three indepen-
dent experiments. Calculations of statistical significance were
done using the two-tailed Student’s ¢ test. One-way analysis of
variance and a post hoc Tukey HSD test were used to determine
differences between multiple groups. p values less than 0.05
were considered statistically significant and are indicated by
asterisks, and treatment groups considered statistically signifi-
cant from WT control are indicated by pound signs.

Results

EPRS Expression Is Increased in Response to eIF2a-P through
Enhanced Translation—The glutamyl-prolyl-tRNA synthetase
gene EPRS was previously identified in a genome-wide analysis
of changes in translation as a transcript that has enhanced
expression in response to e[F2a-P (11). To further explore the
role that eI[F2-P and translation control play in the expression
of EPRS, WT mouse embryonic fibroblast (MEF) cells were
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treated with thapsigargin, an inducer of endoplasmic reticulum
stress and PERK activity, and analyzed for changes in transla-
tion by sucrose gradient ultracentrifugation. Polysome profiles
of cells subjected to ER stress indicated reduced global transla-
tion initiation as ascertained by a decrease in heavy polysomes
coincident with increased monosomes (Fig. 14). EPRS and
ATF4, a transcript known to be subject to preferential transla-
tion (6), were measured for changes in translation by qRT-PCR
analysis of polysome fractions. Both EPRS and A TF4 transcripts
were predominantly associated with monosomes and light
polysomes in the absence of stress. However, upon ER stress
induction, EPRS and A TF4 mRNAs significantly shifted to asso-
ciation with heavy polysomes (Fig. 1A). These results suggest
that EPRS is preferentially translated in response to ER stress.

To determine the role that e[F2a-P plays in the expression of
EPRS, we measured changes in EPRS protein levels in WT MEF
cells and mutant MEF cells (A/A) that express elF2a-S51A that
cannot be phosphorylated. As expected, elF2a-P was detecta-
ble only in WT cells treated with thapsigargin. EPRS protein
expression was increased 3-fold by 6 h of thapsigargin treat-
ment in WT MEFs, whereas A/A MEFs presented with reduced
and delayed induction in EPRS expression (Fig. 1B). EPRS
mRNA expression did not significantly change in response to
ER stress (Fig. 1C), suggesting that EPRS is not subject to tran-
scriptional regulation in this cell line, but is preferentially trans-
lated upon ER stress and elF2a-P.

Preferential Translation of EPRS Features Two uORFs with
Noncanonical Initiation Codons—The advent of ribosome pro-
filing has resulted in the genome-wide identification of previ-
ously uncharacterized translation initiation sites including
those for amino-terminal protein extensions, protein trunca-
tions, and uORFs with noncanonical (non-AUGQG) initiation
codons (13-15). Intriguingly, the 5'-leader of EPRS contains
three putative uORFs with five noncanonical initiation codons,
two of which have been identified in ribosome profiling studies
as functional initiation codons (Fig. 1D) (13).

Multiple mechanisms of preferential translation rely on
uORF-mediated translation control (5, 6, 8, 19). To determine
the role of the EPRS 5'-leader in its preferential translation, we
next conducted a 5'-RACE to define the transcriptional start
site of the mouse EPRS gene (Fig. 24). A cDNA segment encod-
ing the 155-nucleotide EPRS 5'-leader was cloned in between a
minimal TK promoter and the firefly luciferase CDS, producing
P -EPRS-Luc. This construct and the subsequent ones that
follow feature in-frame replacement of the firefly luciferase ini-
tiation codon with the initiation codon of the EPRS CDS. Lucif-
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FIGURE 1. EPRS translational expression is increased in response to elF2a-P. A, WT MEF cells were treated with thapsigargin for 6 h or left untreated. Lysates
were collected and separated by sucrose gradient centrifugation followed by analysis of polysome profiles at 254 nm. Total RNA was isolated from sucrose
fractions, and the percentage of total ATF4 and EPRS mRNA was determined by qRT-PCR. Profiles and ATF4 and EPRS mRNA polysome shifts are representative
of atleast three independent biological experiments. B, WT and A/A MEF cells were treated with thapsigargin for up to 9 h or left untreated. Protein lysates were
processed, and levels of EPRS, elF2a-P, elF2« total, and B-actin were measured by immunoblot. C, total RNA was collected from WT and A/A MEF cells treated
with thapsigargin for 6 h or left untreated, and the relative levels of EPRS mRNA were measured using qRT-PCR. D, representation of EPRS 5’-leader. The uORFs
inthe 5'-leader of the EPRS mRNA are illustrated by the colored boxes, with the initiation codon(s) for each uORF listed. The green box indicates the CDS for EPRS.
Ribosomes above UUG1 and CUG2 indicate those start codons that have been suggested to facilitate translation initiation in previous ribosome profiling

studies (13, 14). TG, thapsigargin; NS, not significant.

erase activity from P..,.-EPRS-Luc was induced 2-fold in WT
MEEF cells treated with thapsigargin compared with minimal
induction in A/A cells (Fig. 2B). In both these and the following
reporter measurements, there was no significant change in
EPRS-Luc mRNA levels, suggesting that the changes in lucifer-
ase activity are the result of translation control. These results
suggest that the EPRS 5'-leader is sufficient to direct preferen-
tial translation of EPRS in response to elF2a-P.

To determine which, if any, of the five noncanonical initia-
tion codons can serve as functional sites of translation initia-
tion, we constructed in-frame fusions of each uORF with the
firefly luciferase CDS. These constructs featured deletion of the
luciferase AUG, ensuring that any measureable luciferase activ-
ity was the product of translation initiation at the in-frame
uOREF. Fusion of the first uORF resulted in the in-frame fusion
of three CUGQG initiation codons, here denoted CUG1, CUG2,
and CUGS3. Fusion of uORF1 with the firefly luciferase CDS had
measurable luciferase activity, indicative of at least one func-
tional initiation codon (Fig. 3). Individual deletion of CUG1 and
CUGS3 each resulted in slight decrease in luciferase activity,
whereas deletion of CUG2 resulted in a 75% decrease in lucif-

SASBMB

MAY 13,2016+VOLUME 291 -NUMBER 20

erase activity. This indicates that although all three CUGs can
serve as functional initiation codons, CUG2 is the dominant site
of translation initiation in uORF1. Optimization of CUG2 to an
AUG with strong Kozak context (ACCAUGG) resulted in a
24-fold increase in luciferase activity as compared with fusion
of uORF1 with all three CUG initiation codons intact.
Together, these results indicate that CUG2 is the dominant
initiation codon in uORF1 and that optimization of CUG2 to an
AUG with strong Kozak context can further facilitate transla-
tion initiation at this site.

Fusion of the second uORF that contains a UUG initiation
codon resulted in a 1.5-fold increase in luciferase activity as
compared with fusion of uORF1 (Fig. 3). Deletion of the UUG
initiation codon, denoted UUGI, by mutating it to AAA
resulted in no appreciable luciferase activity caused by the lack
of any additional initiation codons in the uORF2 fusion. Muta-
tion of the UUGI initiation codon to an AUG in optimal con-
text (ACCAUGG) resulted in nearly a 14-fold increase in lucif-
erase activity as compared with the WT UUGI fusion. These
results suggest that UUG1 serves as the functional site of trans-
lation initiation in uORF2 and that translation initiation at this
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FIGURE 2. The 5’-leader of the EPRS mRNA directs preferential translation. A, top panel, a 5'-RACE was conducted for EPRS using WT MEFs treated with
thapsigargin for 6 h or left untreated. Total RNA and cDNA were prepared, and DNA products were separated by gel electrophoresis, with markers for the
indicted base pair sizes listed on the left. Bottom panel, nucleotide representation of the EPRS 5’-leader in lowercase letters, with uppercase letters representing
the 5’-linker added during the 5’-RACE procedure and the beginning of the CDS of the EPRS-Luc fusion. Colored boxes represent the EPRS uORFs, with uORF1
in blue, UORF2 in yellow, and UORF3 in purple. Start codons for each UORF are indicated above the colored boxes. The coding region of the EPRS-Luc fusion is
illustrated by the green box. The transcription start site is indicated with an arrow, and the location of the stem loop insertion is illustrated. B, the Py,-EPRS-Luc
construct and a Renilla luciferase reporter were co-transfected into WT or A/A MEFs and treated with thapsigargin for 6 h or left untreated. EPRS 5’'-leader
mediated translation control was measured via Dual-Luciferase assay, and the corresponding EPRS-Luc mRNA was measured by qRT-PCR. The P-EPRS-Luc
construct contains the cDNA sequence corresponding to the EPRS 5'-leader fused to the luciferase reporter gene with both the EPRS uORFs and the CDS of the

EPRS-Luc fusion indicated with colored boxes that are the analogues to those indicated in Fig. 2A. TG, thapsigargin; Luc, luciferase.

site can be further increased with the introduction of an AUG
initiation codon in Kozak context.

Fusion of the third uORF also with a UUG initiation codon,
denoted UUG2, did not result in any appreciable luciferase
activity (Fig. 3). Furthermore, deletion of UUG2 by mutation to
AAA did not result in any change in luciferase activity, indicat-
ing that there are no functional initiation sites in the uORF3
fusion. Consistent with a previous ribosome profiling study,
these combined results suggest that CUG2 and UUGL1 can both
serve as functional sites of translation initiation in the EPRS
5'-leader (Fig. 1D) (13) and that the 5'-leader of EPRS can direct
EPRS preferential translation in response to elF2a-P.

EPRS Translation Control Involves Bypass of Two uORFs with
Noncanonical Initiation Codons—To determine whether pref-
erential translation of EPRS occurs through ribosome scanning,
a stem loop structure with a predicted free energy of AG = —41
kcal/mol was inserted 10 nucleotides downstream of the 5" cap
of the EPRS-Luc transcript (Figs. 24 and 4, construct 2). Intro-
duction of this palindromic sequence to the EPRS-Luc mRNA
significantly reduced luciferase activity independent of stress,
suggesting that EPRS preferential translation is mediated by
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ribosome scanning beginning from the 5'-end of the EPRS
transcript.

Ribosomes scanning the EPRS mRNA would encounter the
three uORFs located in the EPRS 5'-leader (Fig. 24). To deter-
mine the contribution of each uORF and noncanonical initia-
tion codon to the preferential translation of the EPRS CDS, we
began by mutating the three CUG initiation codons located in
uORF1 to AAA, as indicated by ACUG in the figure (Fig. 4).
Deletion of CUG1 and CUG3 individually resulted in no signif-
icant difference in basal luciferase activity and were induced
2-fold with ER stress treatment, a similar result as the WT P.p-
EPRS-Luc construct (Fig. 4 constructs 1, 3, and 5). Combined
deletion of CUGI1 and CUGS3 resulted in a slight increase in
luciferase activity both basally and with ER stress treatment
(Fig. 4, construct 6). This result is consistent with the observa-
tion that CUG1 and CUG3 incur low amounts of translation
initiation (Fig. 3) and serve as mild dampeners of downstream
translation. Deletion of CUG2, however, resulted in an almost
2.5-fold increase in basal luciferase activity that was stress-in-
ducible (Fig. 4, construct 4). Furthermore, deletion of all three
CUGs resulted in similar luciferase activity as deletion of CUG2
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FIGURE 3. Preferential translation of EPRS features two uORFs with noncanonical initiation codons. The full-length EPRS uORFs were each individually
fused in-frame to the luciferase CDS and were transcriptionally expressed from a TK promoter for generation of P;,-CUG123 uORF-Luc, P,-UUG1 uORF-Luc,
and P1-UUG2 uORF-Luc. WT and mutant versions of the uORF-Luc fusions were transfected into WT MEF cells, and uORF translation control was measured by
Dual-Luciferase assay, and the corresponding CUG123 uORF-Luc, UUGT uORF-Luc, and UUG2 uORF-Luc mRNA levels were measured by qRT-PCR. WT versions of
each luciferase fusion are illustrated by the green boxes. Mutant versions of P1,-CUG123 uORF-Luc include mutations of the CUG initiation codons, as repre-
sented by ACUG1, ACUG2, and ACUG3, and optimization of the start codon for CUG2 to an AUG in strong Kozak consensus sequence (ACCAUGG), as
represented by CUG2 to optimized AUG. Mutant versions of Pr,-UUG1 uORF-Luc include mutation of the UUG initiation codon, as represented by AUUG1, and
optimization of the UUG start codon to an AUG in a strong Kozak consensus sequence (ACCAUGG), as represented by UUG1 to optimized AUG. Mutation of
P1x-UUG2 uORF-Luc includes mutation of the UUG initiation codon, as represented by AUUG2. Loss of the indicated initiation codon in the uORF-Luc fusion is
illustrated by the gray boxes, and the optimized initiation codon in the uORF-Luc fusion is illustrated in orange. Relative values are represented as histograms
for each with the S.D. indicated. Luc, luciferase.

Relative Luciferase Activity

alone, supporting the role of CUG2 as the dominant regulatory
initiation codon in uORF1 (Fig. 4, constructs 4 and 7).
Multiple preferentially translated mRNAs rely on ribo-
some bypass of uORFs with poor start codon context for
optimal expression during cellular stress (5, 8). To determine
whether noncanonical initiation codons function in a similar
manner by allowing for ribosome bypass, we next mutated
CUG?2 to an AUG with the optimal Kozak consensus sequence
(ACCAUGQG). Introduction of the optimized AUG reduced
luciferase activity over 60% (Fig. 4, construct 8). Because uORF1
overlaps out of frame with the EPRS CDS, the observed
decrease in luciferase activity after substitution of the AUG for
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CUG?2 suggests that although CUG2 serves as the dominant site
of initiation in uORF1, it can be bypassed, in part because of a
noncanonical initiation codon, to facilitate translation at the
downstream EPRS CDS.

To determine the contribution of the remaining two uORFs,
we next mutated the UUG initiation codon for uORF2 to AAA,
as indicated by AUUGL (Fig. 5, construct 2). Deletion of UUG1
resulted in lower basal luciferase activity as compared with WT
Pr«-EPRS-Luc and a decreased induction ratio upon thapsi-
gargin treatment, suggesting that UUG1 can act as a positive
element that facilitates initiation at the downstream CDS. Dele-
tion of the third uORF by substituting the UUG initiation
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FIGURE 4. EPRS translation control involves bypass of an uORF with a noncanonical CUG initiation codon. WT and mutant versions of Py,-EPRS-Luc
constructs were transfected into WT MEF cells, treated for 6 h or left untreated, and measured using a Dual-Luciferase assay, and the relative levels of the
corresponding EPRS-Luc mRNAs were measured by qRT-PCR. Mutant versions of Pr-EPRS-Lucinclude a stem loop insertion and mutation of the CUG initiation
codons individually or together, as represented by ACUG1, ACUG2, and ACUG3. Losses of the initiation codons CUG1, CUG2, and CUG3 are indicated in the
EPRS-Luc fusion that is indicated by the gray boxes. Optimization of the CUG2 initiation codon to an AUG in optimal Kozak consensus sequence (ACCAUGG) is
represented as CUG to optimized AUG (orange box). Relative values are represented as histograms for each with the S.D. indicated. TG, thapsigargin; Luc,

luciferase.

codon for AAA, denoted AUUG?2, resulted in no difference in
luciferase activity as compared with the WT P, -EPRS-Luc
construct (Fig. 5, constructs I and 3). This finding is consistent
with the low levels of luciferase activity observed for the UUG2
in-frame fusion (Fig. 3) and indicates that the uORF3 does not
serve a regulatory role in EPRS translation.

To further dissect the role of uORF2 in EPRS translation
control, we next mutated the UUG initiation codon to an AUG
in optimal context, as indicated by UUG1 to optimize AUG in
the figure (Fig. 5, construct 4). Mutation of UUG1 to an opti-
mized AUG resulted in a decrease in both the basal luciferase
activity and the luciferase induction ratio upon ER stress treat-
ment. This result suggests that the ability of uORF2 to allow for
initiation at the downstream CDS relies upon its noncanonical
UUG initiation codon.

In addition to bypass of uORFs, downstream translation ini-
tiation can also be regulated by ribosome reinitiation (6, 10, 19).
To determine the contribution of ribosome reinitiation after
uOREF2 translation, the uORF2 stop codon was mutated from
TGA to TGG to generate an overlapping out of frame uORF.
Mutation of the uORF2 stop codon resulted in a 25% decrease
in basal luciferase activity that was still induced 2-fold upon
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thapsigargin treatment. The basal reduction in luciferase
activity suggests that after translation initiation at uORF2
UUGLI in the WT P .-EPRS-Luc construct, a certain amount
of translating ribosomes terminate and later reinitiate at the
EPRS CDS. UUG1 is 5" proximal to CUG2 and likely plays a
positive-acting role in the EPRS translational control scheme
by precluding a small number of scanning ribosomes from
initiating translation at the inhibitory, overlapping out of
frame CUG2. Instead UUG1 would allow for a measurable
amount of ribosome reinitiation 3’ to the predominant
CUGQG2 initiation codon in the uORF1. Combined mutation of
UUGLI to an optimized AUG with the TGA stop codon sub-
stituted for TGG resulted in a further decrease in basal lucif-
erase activity that was only induced 1.7-fold upon stress
treatment. Overall, these results suggest that although a por-
tion of the ribosomes that translate uORF2 can reinitiate down-
stream, scanning ribosomes also bypass uORF2 because of its
noncanonical UUGL initiation codon and initiate translation at
the downstream CDS.

Because CUG2 and UUGI are suggested to be the dominant
initiation codons for uORF1 and uORF2, respectively, in the
EPRS 5'-leader, we finally generated their combined deletion by
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FIGURE 5. EPRS translational control involves bypass of uORFs with noncanonical initiation codons. WT and mutant versions of Pr-EPRS-Luc constructs
were transfected into WT MEF cells, treated for 6 h or left untreated, and measured using a Dual-Luciferase assay, and the corresponding EPRS-Luc mRNA levels
were measured by gRT-PCR. Mutant versions of Py,-EPRS-Luc include mutation of the UUG1 and UUG2 initiation codons (AUUG1 and AUUG2), optimization of
the UUGT initiation codon to an AUG with optimal Kozak consensus sequence (UUG1 to optimized AUG), mutation of the stop codon of the UUG1 uORF to
generate an overlapping out of frame UORF (UGA to UGG), combined mutation of UUG1 to an AUG with optimal Kozak consensus sequence (ACCAUGG) with
the stop codon mutation (UUG1 to optimized AUG and UGA to UGG), and combined mutation of the initiation codons for UUGT and CUG2 (AUUG1 and
ACUG2). Loss of the indicated initiation codon in the EPRS-Luc fusion is illustrated by a gray box, and those involving optimization of the initiation codon or
extension of the UORF are indicated by orange boxes. Relative values are represented as histograms for each with the S.D. indicated. TG, thapsigargin; Luc,
luciferase.

mutating each to AAA (Fig. 5, construct 7). Combined deletion
of both UUGI and CUG?2 resulted in 5-fold increase in lucifer-
ase activity independent of stress, further supporting the roles
of UUGI1 and CUG?2 as overall repressing elements in EPRS
translation control. A model for EPRS translation control and
its broader medical implications will be expanded upon under
“Discussion.”

Translation Control of EPRS during Treatment with the Drug
Halofuginone—Halofuginone, a drug currently in phase II clin-
ical trials for the treatment of fibrotic disease and solid tumors
(Clinical Trial NCT00064142), was shown to confer surgical
stress resistance in an animal model by a mechanism requiring
the elF2a kinase GCN2 (20). Halofuginone competes with pro-
line for the active site of EPRS, leading to an accumulation of
uncharged tRNA"" and activation of the GCN2/elF2a-P path-
way (20-22). Dietary restriction has been associated with an
improved clinical outcome prior to an ischemic event in both
animal and clinical models. The pharmacological induction of
the GCN2/elF2a-P pathway by halofuginone offers the exciting
potential of conferring presurgical stress resistance using a
pharmaceutical. We determined that EPRS mRNA is preferen-
tially associated with heavy polysomes upon ER stress and that
the 5'-leader of the EPRS gene transcript confers translational
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control in luciferase reporter constructs, suggesting preferen-
tial translation of EPRS in response to e[F2a-P. As a result, we
proposed that halofuginone treatment would lead to the
enhanced expression of its target substrate EPRS. To first
examine the impact of halofuginone treatment on elF2a-P and
EPRS expression, WT and GCN2~ '~ MEF cells were treated
with increasing concentrations of halofuginone for 6 h (Fig.
6A). As expected, elF2a-P was detectable only in WT cells
treated with halofuginone. EPRS protein expression was in-
creased in a dose-dependent manner with halofuginone treat-
ment in WT MEFs, whereas GCN2~/~ MEFs displayed mini-
mal induction in EPRS expression.

To determine the outcome of increased elF2a-P with
halofuginone treatment on global translation initiation, WT
MEF cells were treated with halofuginone for 6 h or left un-
treated. Halofuginone treatment substantially reduced heavy
polysomes with an accumulation of the 80S monosome peak,
indicative of an elF2a-P induced defect in global translation
initiation (Fig. 6B). The biological implication of this during
preconditioning is that, upon ischemic reperfusion, halofugi-
none would induce eIlF2a-P providing the benefits of target
UPR genes important for stress remediation. Coincident with
the induction of the UPR, the increase in EPRS protein levels
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EPRS 5'-leader mediated translation control was measured via Dual-Lucifer-
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PCR. The relative values are represented as histograms for each with the S.D.
indicated. HF, halofuginone; TG, thapsigargin.
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would quickly alleviate the toxicity associated with the drug
treatment.

To further address whether EPRS mRNA is subject to trans-
lational control during halofuginone treatment, WT and A/A
MEF cells were transfected with the P -EPRS-Luc reporter
followed by either halofuginone treatment or no treatment.
Both cell types were also treated with thapsigargin as a positive
control for preferential translation of EPRS during elF2a-P. In
the WT MEF cells, both halofuginone and thapsigargin treat-
ment resulted in a 2.5-fold induction of EPRS-Luc expression
(Fig. 6C). Importantly, this increase in EPRS-Luc mRNA trans-
lation was absent in the alanine mutant (Fig. 6C). We conclude
that translation of EPRS is enhanced in response to different
stress conditions, including that triggered by halofuginone.

To examine the role of the ISR on cell fate, we treated WT
and GCN2~'~ MEF cells with increasing doses of halofuginone
for 6 h and then allowed the cells to recover for 18 h in fresh
media prior to measuring viability via MTT assay. From this
analysis, we observed a sharp decrease in viability in the
GCN2'~ cells compared with their WT counterparts. This
difference was most notable at the 12.5 nm treatment, at which
we observed an over 20% decrease in viability in the GCN2~/~
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FIGURE 7. GCN2 confers protection against halofuginone-induced toxic-
ity. A, equal numbers of GCN2"/* and GCN2~/~ MEFs were seeded in 96-well
plates, cultured for 24 h, and treated with 12.5, 25, or 50 nm halofuginone for
6 h, followed by recovery in fresh media for 18 h. MTT activity was measured
by the conversion of tetrazolium to formazan. B, model depicting gene regu-
lation downstream of the elF2 kinase GCN2 during halofuginone treatment.
With the accumulation of uncharged tRNA™ during halofuginone treat-
ment, activated GCN2 phosphorylates elF2a and decreases global mRNA
translation initiation. Coincident with a decrease in overall translation, mRNA
encoding ATF4 is subject to preferential translation, ultimately leading to an
increase in ATF4 downstream targets central to stress remediation. Also sub-
jectto preferential translation during elF2a-P is mRNA encoding EPRS. During
halofuginone treatment, EPRS is preferentially translated, and the resulting
increase in its expression is suggested to quench chronic drug toxicity. HF,
halofuginone.

cells compared with WT (Fig. 7A). Collectively, these results
suggest that GCN2 activation and subsequent EPRS transla-
tional control are paramount to cell survival during halofugi-
none treatment (Fig. 7B).

Discussion

In this study, we address the mechanisms by which uORFs
with noncanonical initiation codons modulate gene expression
in response to eIF2a-P. Previously, identification of uORFs was
largely dependent on the presence of an AUG initiation codon
in the 5'-leader of a given mRNA. Recent ribosome profiling
evidence has suggested that this mechanism of uORF identifi-
cation has vastly underestimated the number of functional
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an increase in EPRS CDS translation and subsequent protein expression.

uORFs and that uORFs with noncanonical initiation codons
can also be translated and serve regulatory roles in gene expres-
sion (13-15). The 5’-leader of the glutamyl-prolyl-tRNA syn-
thetase gene EPRS contains five noncanonical initiation codons
that are divided between three uORFs. We determined here the
regulatory features by which the uORFs direct translation con-
trol of EPRS and promote increased EPRS protein expression in
response to diverse cellular stresses.

As illustrated in the model presented in Fig. 8, translation
initiation at either CUG2, encoded in uORF1, or the uORF2
UUG reduce basal translation initiation at the EPRS CDS.
uORF1 overlaps out of frame with the EPRS CDS, and translation
of uORF1 results in translation termination 3’ of the start codon
for EPRS (Fig. 8). Additionally, only ~25% of the ribosomes that
translate uORF2 reinitiate at the downstream EPRS initiation
codon, thereby dampening basal EPRS expression (Fig. 5). Central
to the EPRS mechanism of translation control are the noncanoni-
cal initiation codons for the two functional uORFs. Replacement of
either CUG2 or UUG1 with an AUG initiation codon resulted in
over a 60% decrease in luciferase activity (Figs. 4 and 5). The pres-
ence of the CUG and UUG initiation codons allows for a portion of
the scanning ribosomes to bypass the uORFs, at least in part
because of their noncanonical initiation codons, and instead initi-
ate translation at the EPRS CDS during basal conditions. elF2a-P
further facilitates bypass of the uORFs and allows for an increase in
EPRS expression in response to stress. This modulation of ribo-
some bypass ensures appropriate expression of EPRS protein to
perform its function as a dual function aminoacyl tRNA synthetase
and allows for increased EPRS expression upon cellular stress and
changes in demand for appropriately charged aminoacyl-tRNAs.

Expression of EPRS Is Induced during Diverse Cellular
Stresses—EPRS is responsible for charging of glutamyl and
prolyl tRNAs with their cognate amino acids. Levels of amino-
acyl tRNA synthetases are critical for translation through
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charging of tRNAs and modulating the available aminoacyl-
tRNA pool (23, 24). We show here that EPRS protein expres-
sion is enhanced through an uORF-mediated translation
mechanism in response to ER stress and to treatment with
halofuginone, which is suggested to cause a decrease in the
charged prolyl-tRNA pool (21). Lowered global protein synthe-
sis by elF2a-P would help to conserve resources and allow cells
to reconfigure gene expression to alleviate these stress condi-
tions. In the case of halofuginone treatment, increased amounts
of uncharged prolyl-tRNAs are suggested to directly activate
GCN2 phosphorylation of elF2a-P (Fig. 7B). The elF2a-P
would then lead to preferential translation of key ISR genes
including ATF4, which would facilitate nutrient uptake and
alter metabolism to better manage the change in tRNA charg-
ing. Of importance, eIF2a-P would also lead to increased EPRS
expression that would serve to diminish the toxicity of the drug
(Fig. 7B). This model is central to the surgical stress resistance
concept whereby nutrient depletion prior to surgery provides
for a boost in expression of genes that would enable for subse-
quent protection from ischemic damage occurring during sur-
gical procedures (20). GCN2 induction of protective patterns of
gene expression is suggested not just to be restricted to nutrient
depletion. For example, budding yeast exposure to high salinity
results in a transient decrease in the charging of several differ-
ent tRNAs, most likely because of changes in amino acid trans-
port and/or aminoacyl tRNA synthetase expression or activity
(25-27). Therefore, stresses not directly linked to starvation for
amino acids can change the status of tRNA charging and acti-
vate GCN2 and the ISR.

Halofuginone directly inhibits the prolyl-tRNA charging
function of EPRS, and expression of EPRS in the ISR is sug-
gested to diminish the toxicity of halofuginone treatment.
However, expression of EPRS and other aminoacyl-tRNA syn-
thetases are induced by elF2a-P and the ISR in response to
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diverse environmental stresses (28). One benefit of enhanced
levels of aminoacyl tRNA synthetases would be to rapidly
restore translation in the feedback regulation of the ISR. In
addition to their role in regulating translation through tRNA
charging, aminoacyl tRNA synthetases are also suggested to
serve a role in proofreading to prevent tRNA charging with
damaged amino acids, thereby ensuring translation fidelity and
proper protein folding and function (29, 30). Finally, aminoacyl
tRNA synthetases can serve other functions unrelated to tRNA
charging. EPRS, for example, functions in the GAIT complex
(y-interferon-activated inhibitor of translation) to repress
translation of a class of inflammatory mRNAs in immune
cells (31).

Specific Features of uORFs Function to Regulate Translation
Control—Although many ISR genes are subject to preferential
translation via uORF-mediated mechanisms, the mere pres-
ence of an uOREF is not sufficient to ensure enhanced transla-
tion during elF2a-P. Indeed, uORFs are suggested to be equally
present among those transcripts that are translationally
enhanced, repressed, or resistant to eIF2a-P (11). This finding
suggests that each uORF contains specific features that deter-
mine whether the 5'-leader of an mRNA serves to activate or
repress translation in response to elF2a-P. Our study suggests
that the use of a noncanonical start codon for an uORF allows
for basal ribosome bypass that can be further enhanced during
elF2a-P. Because glutamyl- and prolyl-tRNA charging by EPRS
is required for cellular homeostasis, bypass of uUORFs with non-
canonical initiation codons allows for appropriate levels of the
aminoacyl-tRNA pool basally that can be fine-tuned during dis-
ruptions to the cellular environment.

The EPRS mechanism of translation control contains fea-
tures of both the ATF4 and CHOP preferential translation
mechanisms. The ATF4 mechanism of “delayed translation
reinitiation” relies upon translation of an uORF that overlaps
out of frame with the ATF4 CDS to thwart ATF4 protein pro-
duction during basal conditions (6). EPRS translation control
similarly utilizes an overlapping out of frame uORF to dampen
basal EPRS expression. During cellular stress and elF2a-P,
however, the overlapping uORF1 and an additional inhibitory
5" proximal uORF2 in the EPRS 5'-leader can be bypassed
through the use of noncanonical initiation codons in the inhib-
itory uORFs (Fig. 8). This is reminiscent of a feature from the
CHOP and GADD34 mechanisms of preferential translation in
which ribosomes bypass an inhibitory uORF in part because of
its poor Kozak start codon context (5, 8).

In addition to EPRS, a recent study illustrated that BiP
(GRP78/HSPA5) is an example of another gene that is required
for protein homeostasis whose translational expression is reg-
ulated by uORFs with a noncanonical initiation codon (32).
Interestingly, BiP appears to incorporate these uORFs in a
mechanism of translational control that involves an internal
ribosome entry sequence that would allow for BiP translation to
efficiently occur despite robust elF2a-P during environmental
stress (32-34). Additionally, amino acid starvation results in
increased GADD45G expression through a mechanism involv-
ing an overlapping out of frame uORF with a CUG initiation
codon (15). The rules for regulation of ribosome bypass exam-
ined herein for EPRS provide new insight into the uORF-medi-
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ated translation control mechanisms that serve to regulate ISR-
induced gene transcripts during eIF2a-P but also illustrate the
role that previously unexamined uORFs with noncanonical ini-
tiation codons can possess in modulating gene expression.
These findings have implications for the genome-wide assess-
ment of uORF prevalence and provides an additional uORF
feature that can be used to predict the basic translation control
properties for an mRNA during basal conditions and those that
induce eIlF2a-P.
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