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Background: Protein synthesis control is important for �-cell fate during ER stress.
Results: Increased protein synthesis during chronic ER stress in �-cells involves the transcriptional induction of an amino acid
transporter network.
Conclusion: Increased amino acid uptake in �-cells during ER stress promotes apoptosis.
Significance: Induced expression of a network of amino acid transporters in islets can contribute to chronic ER stress-induced
diabetes.

Endoplasmic reticulum (ER) stress-induced responses are
associated with the loss of insulin-producing �-cells in type 2
diabetes mellitus. �-Cell survival during ER stress is believed to
depend on decreased protein synthesis rates that are mediated
via phosphorylation of the translation initiation factor eIF2�. It
is reported here that chronic ER stress correlatedwith increased
islet protein synthesis and apoptosis in �-cells in vivo. Paradox-
ically, chronic ER stress in �-cells induced an anabolic tran-
scription program to overcome translational repression by
eIF2� phosphorylation. This program included expression of
amino acid transporter and aminoacyl-tRNA synthetase genes
downstream of the stress-induced ATF4-mediated transcrip-
tion program. The anabolic response was associated with
increased amino acid flux and charging of tRNAs for branched
chain and aromatic amino acids (e.g. leucine and tryptophan),
the levels of which are early serum indicators of diabetes. We
conclude that regulation of amino acid transport in �-cells dur-
ing ER stress involves responses leading to increased protein
synthesis, which can be protective during acute stress but can
lead to apoptosis during chronic stress. These studies suggest

that the increased expressionof amino acid transporters in islets
can serve as early diagnostic biomarkers for the development of
diabetes.

Type 2 diabetes mellitus (T2DM)4 begins with insulin resis-
tance of peripheral tissues (1, 2). To compensate for this resis-
tance, pancreatic�-cells respondwith increased insulin synthe-
sis and proliferation. Increased insulin synthesis in the ER
causes ER stress that triggers the UPR (3, 4). Prolonged activa-
tion of the UPR in �-cells leads to apoptosis, which limits cir-
culating insulin levels and leads to T2DM (5). The mecha-
nism(s) involved in the progression of �-cell dysfunction in
T2DM are poorly understood.
The UPR involves transcriptional and translational repro-

gramming of the stressed cells (2). During the early response,
PERK kinase phosphorylates the initiation factor eIF2�, which
represses the translation of most mRNAs and limits the accu-
mulation of unfolded proteins. This phosphorylation also
induces translation of mRNAs encoding two key regulators of
the stress response program: the transcription factor ATF4 and
the phosphatase subunitGADD34 (6).During prolonged stress,
GADD34, which is also induced by transcriptional mecha-
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nisms, dephosphorylates eIF2�, enabling the translation of
stress-induced mRNAs (2). This translational recovery during
the UPR needs to be tightly regulated to ensure that the synthe-
sized proteins do not exceed the folding capacity of the ER. The
current view is that translational recovery is mediated by con-
trolling the extent of eIF2� phosphorylation via GADD34 (1, 2,
7).
Several mouse models with mutations in the UPR pathway

confirm its importance in �-cell fate (2, 8, 9). In humans,
mutant INS gene-induced diabetes of youth is caused by an
insulin (Ins) gene mutation that induces autosomal dominant
insulin-deficient diabetes, consistentwith induction of theUPR
in �-cells by the mutant insulin (10). We tested the hypothesis
that translational recovery during chronic UPR in �-cells
involvesmechanisms additional to the actions of GADD34.We
used Min6 insulinoma and Akitamice, which have a mutation
(C96Y) in the Ins2 gene that causes proinsulinmisfolding, lead-
ing to UPR-induced �-cell apoptosis (11). These mice develop
hyperglycemia and diabetes without obesity or peripheral insu-
lin resistance (12).
We report the identification of a cohort of ATF4-induced

anabolic genes that promote protein synthesis during pro-
longed ER stress inMin6 cells andAkita islets in vivo. Induction
of protein synthesis involved a sensing mechanism of extracel-
lular nutrients that included regulation of AA flux and
increased charging of a select group of tRNAs. This was accom-
panied by increased expression of AA transport systems L
(branched chain and aromatic AAs) and A (small neutral AAs)
and the corresponding aminoacyl-tRNA synthetases. Protein
synthesis recovery during chronic ER stress correlated with
�-cell apoptosis and development of diabetes. These studies
identify the expression of transport systems L and A as early
biomarkers in the development of diabetes. These data also
suggest that increased expression of system L AA transporters
in �-cells may promote development of diabetes in individuals
with elevated plasma levels of system L substrates.

EXPERIMENTAL PROCEDURES

Chemicals and Cell Culture—Tg (Sigma) was used at 400 nM.
Sal003 was from Tocris. Min6 cells (passages 30–42) were cul-
tured as described (13). Adenoviral particles expressing shRNA
against ATF4 (Vector Biolabs) or a mock shRNA were propa-
gated inHEK293Tcells. The expression of vector-encodedGFP
was monitored to ensure similar levels of infection.
Transport Assays—AA transport was performed at 37 °C in

Earle’s balanced salt solution (EBSS) or EBSS with NaCl
replaced by choline chloride as follows: (i) system A: 0.1 mM

[14C]MeAIB (4 �Ci/ml) for 2 min; (ii) system L: 0.01 mM

[3H]Leu or [3H]Met (3 �Ci/ml) for 2 min, (iii) system y�: 0.1
mM [3H]Arg (8 �Ci/ml) for 30 s in the presence of 2 mM Leu,
which prevents uptake through system y�L; and (iv) 0.05 mM

[3H]Gln (5 �Ci/ml). Gln efflux was measured after preloading
cells with 0.25 mM [3H]Gln (10 �Ci/ml) for 10 min followed by
incubationwith the indicatedAAs (0.1mM) for 1min.All radio-
chemicals were from PerkinElmer Life Sciences.
Animal Studies—Experimental protocols were approved by

theCaseWestern ReserveUniversity Institutional Animal Care
and Use Committee. Mice from Jackson Laboratory were bred

at Case Western Reserve University and were fed standard lab
chow (LabDiet) and housed under 12:12-h light/dark cycle with
free access to food andwater at 23� 1 °C. Tu (Sigma) in 150mM

dextrose was injected intraperitoneally (2�g/g of body weight).
C57BL/6J and C57BL/6-Ins2�/Akita mice were used for experi-
ments. Fractional protein synthesis rates in vivoweremeasured
as described (14). Pancreatic islets were isolated as described
(15).
mRNA Analysis—Islets from four to six mice were pooled

and cultured for 2 h in RPMI 1640 medium. 70–80 islets were
picked and used for RNA isolation. Islets were treated with
QIAshredder (Qiagen), andRNAwas purified using theRNeasy
Plus Micro kit (Qiagen). RNA from whole pancreas and Min6
cells was isolated using TRIzol (Invitrogen). cDNA synthesis
and qPCR analysis of RNA was performed as described previ-
ously (16). Primers used in the study are listed in Table 1.
Other Methods—The following techniques were performed

as described: cell extraction and Western blotting (17), using
antibodies listed in the figure legends; incorporation of
[35S]Met/Cys using EXPRE35S35S Protein Labeling Mix (18);
eIF2B-GEF activity (19); and flow cytometry (17). Charged and
total tRNA species were quantified as described (20). Statistical
significance was determined by Student’s t test and ANOVA.

TABLE 1
Primers used for qPCR

Primer name Sequence

EIF2B4_tot_For TCAACGGCAAGACCCAATCA
EIF2B4_tot_Rev AGTTCTGCCTTACTCCGGC
EIF2B4_v1_For CGGAGCCTGTCTGGCTCACT
EIF2B4_v1_Rev GTCAACTCCCGCCCTGCTG
EIF2B4_v2_For ATGGCTGCGGTGGCGGTGGCT
EIF2B4_v2_Rev CATCTCGGATCTCGATTC
Slc1a5_For TCAACCATGGTCCAGCTTCT
Slc1a5_Rev CGGGTGCGTACCACATAATC
Slc3a2_For CATGAGCCAGGACACCGAAG
Slc3a2_Rev TCCTCCGCCACCTTGATCTT
Slc7a1_For ATCGGTACTTCAAGCGTGGC
Slc7a1_Rev CCATGGCTGACTCCTTCACG
Slc7a5_For CTGCTACAGCGTAAAGGC
Slc7a5_Rev AACACAATGTTCCCCACGTC
Slc38A2_For TAATCTGAGCAATGCGATTGTGG
Slc38A2_Rev AGATGGACGGAGTATAGCGAAAA
Slc38A3_For GAGAGACCGGGGAGAAAAC
Slc38A3_Rev CCTCGAAATCGGTGAAGTGT
Slc38A5_For TGGCACACACTGGAGTCATC
Slc38A5_Rev ACGGATGCCTACAACACTGG
GRP78(BIP)_Rev ATCGCCAATCAGACGCTCC
GRP78(BIP)_For ACTTGGGGACCACCTATTCCT
p58IPK_For CCGTTCCTGCTGGTCCTGGTG
p58IPK_Rev GCTTCTCCACATCCGCATTTACTCC
CHOP_For CTGGAAGCCTGGTATGAGGAT
CHOP_Rev CAGGGTCAAGAGTAGTGAAGGT
EPRS_For GATGAAGGCGGAACGTGAAC
EPRS_Rev CAGGACTGACCAAACTGGCT
GARS_For GGAAGGCGCTATGCAAGAAC
GARS_Rev GAGTCTCGGTCCCTCAGAGT
LARS_For GCACCCCTGACGTGCTATAA
LARS_Rev CTGCAAGATCATCCGGGGAA
MARS_For GCAAGGTATTGTCGCCTTCG
MARS_Rev CCAGCGGTAGATGTCAGCAT
SARS_For CGTGACACCCGTGGTATCTT
SARS_Rev AGGGATCCCCAAAGACTGGT
18S_rRNA_For TTGACGGAAGGGCACCACCAG
18S_rRNA_Rev GCACCACCACCCACGGAATCG
GAPDH_For CGCCTGGAGAAACCTGCCAAGTATG
GAPDH_Rev GGTGGAAGAATGGGAGTTGCTGTTG
INS1_For CAACTGGAGCTGGGAGGAAG
INS1_Rev GCTGGTAGAGGGAGCAGATG
Amy2_For GCAACAATGTTGGTGTCCGTAT
Amy2_Rev AATTCCCTGTTATTTGGATTGAGG
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RESULTS

Translational Recovery in Response to ER Stress in �-Cells
Has a Component Independent of eIF2� Dephosphorylation—
Uncontrolled protein synthesis in�-cells leads to apoptosis and
development of diabetes (3, 21).We used Tg-treatedMin6 cells
as a model to study the mechanisms that regulate protein syn-
thesis in �-cells during ER stress. Protein synthesis was mea-
sured by [35S]Met/Cys incorporation into proteins. Transla-
tional inhibition at 1 h of stress was followed by translational
recovery at 6–18 h (Fig. 1A). Translational recovery did not
correlate well with GADD34 induction and eIF2� dephosphor-
ylation (Fig. 1B), the major drivers of translational recovery
during ER stress (22, 23). The persistence of eIF2� phosphory-
lation was in agreement with the sustained activation of PERK
via its phosphorylation atThr980 (Fig. 1B). These data suggested
that there is an alternative pathway of translational recovery
during stress in�-cells, whichmay be less sensitive to inhibition
of protein synthesis by eIF2�-P.

eIF2�-P inhibits the guanine nucleotide exchange activity
(GEF) of eIF2B, an essential step in ternary complex recycling

and translation initiation (24). We showed that eIF2B-GEF
activity decreased early in the stress response, but it was com-
pletely restored during translational recovery (Fig. 1C). Because
some cancer cells have decreased sensitivity to eIF2�-P by up-
regulating expression of eIF2B� variant-1 (25), we tested
whether ER stress in �-cells induces expression of this variant.
mRNA for eIF2B� v-1, but not the constitutively expressed v-2,
increased with kinetics similar to eIF2B-GEF activity (Fig. 1, C
andD). eIF2B� v-1 was the predominant eIF2B�mRNA species
during stress, as determined by qPCR analysis using primers
that detect a common region of the two variants (Fig. 1D).
ER Stress in �-Cells Induces AA Transport—We hypothe-

sized that protein synthesis recovery involves increased expres-
sion of genes encoding tRNA synthetases and AA transporters
that can positively affectmRNA translation via increased tRNA
charging. We used qPCR to measure the ER stress-induced
changes in mRNA levels. Because ATF4 was previously impli-
cated in this regulation (26–28), we examined this stress
response in control and ATF4-depleted cells (Fig. 2A).With Tg
treatment, the levels of several tRNA synthetase mRNAs

FIGURE 1. Translational recovery in Min6 cells during prolonged ER stress. A, [35S]Met/Cys incorporation into proteins in Min6 cells treated with Tg for the
indicated times. Results are the mean of triplicate determinations. All Tg-treated samples are significantly less than the untreated control p � 0.01. B, Western
blot analysis of extracts from cells treated with Tg for the indicated times. Antibodies for the listed antigens were from the following vendors: eIF2a-PSer51,
PERK-PThr980, and PERK from Cell Signaling; CHOP, GADD34, ATF4, and eIF2� from Santa Cruz Biotechnology; tubulin from Sigma. C, eIF2B-GEF activity
measured in extracts from cells treated with Tg for the indicated times. Data are expressed as mean � S.E. (error bars) of three independent experiments.
*, significantly different from the untreated control (p � 0.01). D, qPCR analysis of mRNA isolated from cells treated with Tg for the indicated times. qPCR primers
detect the indicated variants or total eIF2B� mRNA. Results of duplicate analyses were normalized to 18S rRNA and shown as -fold change over untreated cells.
One-way ANOVA showed significant changes for each of the mRNAs over time (p � 0.01).
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increased (Fig. 2B), includingMRS (Met), LRS (Leu), SRS (Ser),
GRS (Gly) and EPRS (Glu-Pro). The AAs that are used by these
tRNA synthetases are substrates for AA transport systems A
(Ser, Gly, Pro) and L (Leu andMet). Both systems are known to
be up-regulated in anabolic conditions and to promote cell
growth (27, 29). Interestingly, the expression of AA transport-
ers of systems L (light chain SLC7A5 and heavy chain SLC3A2)
and A (SNAT2/SLC38A2) were also increased in an ATF4-de-
pendent manner (Fig. 2C). For system L to mediate increased
net uptake of branched chain AAs during stress, another trans-
port systemmust provide intracellular substrate AAs for efflux
(30, 31). Transport systems that could supply these intracellular
AAs were also induced in an ATF4-dependent manner. These
include systems ASC (SLC1A5), A (SNAT2/SLC38A2), and N
(SNAT3/SLC38A3) (Fig. 2C). Expression of the system y� cat-
ionic AA transporter (Cat1/SLC7A1) was also increased during
stress by ATF4 (32). These data suggest that ATF4 coordinately
induces expression of AA transporter genes and aminoacyl-
tRNA synthetases in �-cells during ER stress. This expression
suggests that translational recovery during ER stress may
involve a nutrient sensing mechanism that is regulated by AA
flux. The latter was tested next in Tg-treated Min6 cells by
measuring AA uptake.
System A-mediated uptake of MeAIB increased in a manner

that paralleled the expression of the gene SNAT2/SLC38A2
(Figs. 2C and 3A). Because systemA transport is trans-inhibited
by the intracellular accumulation of its substrates (33), the
increased AA uptake was lower than the 3-fold increase in the

levels of the transportermRNA.As previously reported in other
cell types (34), system y� activity, measured as Arg uptake,
increased during ER stress (Fig. 3B), consistent with the
increased levels of the SLC7A1 mRNA (Fig. 2C).
System L is known to mediate the sodium-independent

exchange of branched chain and aromatic AAs (31). Met is a
substrate for system L in some cell types (30). We therefore
measured the sodium-independent uptake of Leu (L-Leu) and
Met in Tg-treated Min6 cells. Induction of Met uptake was
observed earlier than induction of Leu uptake (Fig. 3, C andD).
Uptake of Leu (preferred substrate) increased at 18 h of treat-
ment (3.5-fold) in good correlationwith increasedmRNA levels
for SLC7A5 and SLC3A2. Althoughmaximum induction of the
mRNA levels was observed between 6 and 9 h of treatment
(�6-fold, Fig. 2C), Leuuptake at 9h increasedonlyby2-fold (data
not shown). The delayed response can be explained by the inhibi-
tion of translation for the transporter mRNA early in the stress
response due to eIF2�-P and the need of translational recovery for
the efficient translation of the system L transporter mRNAs. This
was in contrast to the uptake ofArg,which increasedwith kinetics
that paralleled SLC7A1 mRNA levels. The latter is in agreement
with our finding that translation of the SLC7A1 mRNA is IRES-
mediated and is not inhibited by eIF2�-P (34).
Because there is a strong correlation between dietary Leu and

development of diabetes (35, 36), we further characterized the
AA transport systems that are involved in the uptake of Leu in
control and stressed Min6 cells. Leu uptake was sodium-inde-
pendent and was inhibited by the system L inhibitors BCH and

FIGURE 2. Induction of aminoacyl-tRNA synthetase and AA transporter genes during ER stress in Min6 cells involves the transcription factor ATF4.
A, Western blot analysis of the ATF4 protein in Min6 cells infected with adenovirus expressing control and shRNA against ATF4. B–D, 5 days after infection, cells
were treated with Tg for the indicated times and used for qPCR analysis. B, aminoacyl-tRNA synthetase genes. C, plasma membrane AA transporter genes.
D, stress-induced marker genes. As expected, induction of the ER chaperone genes (BiP and p58IPK) was independent of ATF4, and induction of CHOP mRNA
was severely inhibited in cells depleted of ATF4. Two-way ANOVA showed significant time-dependent changes for all samples and significant effects for the
shRNA in all samples except BiP and p58IPK (p � 0.01).
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�-methyltryptophan (37) and in both control and Tg-treated
Min6 cells (Fig. 3E).We also tested the effect of D-Leu, a known
competitor of system L (38, 39), on the uptake of L-Leu inMin6
cells. D-Leu inhibited Leu uptake in control and Tg-treated
Min6 cells (Fig. 3E). High concentrations of Met also inhibited
Leu uptake, suggesting that Leu and Met are transported by
systemL (Fig. 3E). These data suggest that systemL is themajor
AA transport system for Leu in �-cells. In addition, SLC7A5
(also known as LAT1) was the only system L transporter that
was regulated by stress (data not shown).
As mentioned previously, net Leu uptake by system L

depends on other transporters that provide efflux substrates
(30, 31). It was proposed that Gln is an efflux substrate for Leu
uptake in cancer cells (40). Gln uptake was relatively high com-
pared with other tested AAs and uptake increased during ER
stress (Fig. 3F). Because several AA transport systems can facil-
itate Gln uptake, we determined the characteristics for Gln
uptake (Fig. 3G): (i) in both untreated and Tg-treated Min6
cells, Gln uptake was not inhibited by MeAIB, suggesting a
minor contribution of system A; (ii) Gln uptake in the absence
of Na� and its inhibition by Leu revealed system L as a Gln
exchanger; (iii) further inhibition of Gln uptake by Thr and His
suggested the involvement of systems ASC (SLC1A5), and N
(SNAT3/SLC38A3), respectively; and (iv) increasedGln uptake in
Tg-treated cells was observed for all identified transport systems.
Finally, the remaining Gln uptake that was not inhibited by the
four competitors (MeAIB, Leu, Thr, andHis) was induced during
Tg treatment, indicating that additional ER stress-induced AA
transport systemsmay also contribute to Gln flux.
To further support the idea that Gln is an efflux substrate for

system L-mediated Leu uptake, we measured Gln efflux in the
presence of extracellular Leu or Met (system L substrates) or
Ala (systemA substrate). Cells were preloadedwith [3H]Gln for
10 min to minimize metabolic turnover of the labeled AA. Sys-
tem L substrate AAs increased release of Gln from cells in con-
trol and Tg-treated Min6 cells (Fig. 3H). In contrast, the sub-
strate for system A did not stimulate Gln efflux (Fig. 3H).
We next tested whether other AAs serve as efflux substrates

for system L, as a means of maximizing Leu uptake by �-cells.
Cells were incubated for 10 min in complete medium (DMEM)
or medium depleted of AAs (EBSS). Leu uptake via system L
decreased by �50% in AA-depleted cells (Fig. 3I). Refeeding (5
min) with Lys, Phe, or Trp did not restore Leu uptake, suggest-
ing that either they are not good efflux substrates for system L
and/or the cells did not have transporters to increase their intra-
cellular pool (Fig. 3I). Supplementation with other AAs increased
Leuuptake.GlnorAsn restoredLeuuptake to values of 85%of the
AA-fedcells (Fig. 3I). Surprisingly,Met,Thr,Val, orHis stimulated
uptake significantly more than Gln (p � 0.05). This suggests that
other AA transport systems cause the concentration of these AAs

inMin6 cells and/or they are better substrates for system L-medi-
ated efflux than Gln (Fig. 3I). For example, (i) His is a system N
substrate and expression of the systemNgene, SNAT3/SLC38A3,
increasedduring stress (Fig. 2C) and (ii)Met is a good substrate for
the net accumulation by systemA and a good exchange substrate
for system L. Similar results were obtained in control and
Tg-treatedMin6 cells, suggesting that a similar set of transporters
is expressed in both conditions, although the levels increased dur-
ing stress. Taken together these data suggest that the regulation of
several AA transport systems contributes to increased Leu uptake
in �-cells during ER stress.
ER Stress in �-Cells Increases tRNA Charging for AAs That

Are Substrates of Transport Systems L and A—We hypothe-
sized that translational recovery during ER stress involves a
global increase of tRNA charging. We tested changes in the
levels and charging of tRNAs using custom made microarrays
(Fig. 4A). The total levels of the tRNAs did not change signifi-
cantly (Fig. 4B). In contrast, we observed increased levels of
charged tRNAs that carry AAswhich are substrates for systems
L and A (Fig. 4C). tRNAi

Met, which is part of the ternary com-
plex (eIF2/GTP/Met-tRNAi

Met) of translation initiation, was
one of the tRNAs with increased charging. We also evaluated
changes in charging ofmitochondria-encoded tRNAs (Fig. 4C).
Interestingly, charging of somemitochondrial tRNAs increased
at 12 h of Tg treatment whereas others decreased. Changes in
the levels of charged tRNAs were likely the result of increased
availability of the corresponding AAs in the cytosol and mito-
chondria. Because the intracellular levels ofmostAAs increased in
Min6cells duringTg treatment (datanot shown), it is possible that
sequestration of AAs in subcellular compartments such as the
lysosomes limits their availability for tRNA charging. Increased
charging was unlikely a reflection of increased aminoacyl-tRNA
synthetases.Althoughweobserved increasedexpressionof several
tRNA synthetases, only a subset of tRNAs showed increased
charging (Fig. 4A). Inconclusion,weshowfor the first time thatER
stress in Min6 cells induced charging of a subset of tRNAs with
neutral AAs that are known substrates of the growth-promoting
AA transport systems A and L.
Protein Synthesis and Induction of the Anabolic Program in

Pancreatic Islets under ER Stress—In the Akita mouse, mis-
foldedmutant proinsulin induces ER stress in �-cells leading to
apoptosis (10, 11). Akitamale mice had elevated blood glucose
levels, starting at 4weeks (Fig. 5A). By studying incorporation of
deuterium from 2H2O (14), we quantified fractional protein
synthesis rates in islets and the leftover pancreata from 2–12-
week-old WT and Akita mice. ER stress begins in the Akita
islets upon birth due to formation of aggregates between
mutant and WT proinsulin in the ER. It would therefore be
expected that stress in 2-week-old Akita islets to cause a
decrease in protein synthesis compared with WT littermates.

FIGURE 3. Regulation of AA flux in Min6 cells during ER stress. A–D, uptake of MeAIB by system A (A), Arg by system y� (B), and Met and Leu by system L
(C and D) tested in unstressed cells and after Tg treatment for the indicated times. E, effect of Na� ions and inhibitors of system L (BCH and �-methyltryptophan
(�-MT)) and Met or D-Leu (5 mM) on Leu uptake in unstressed and Tg-treated cells. F, Na�-dependent uptake of Gln in cells treated with Tg for the indicated
times. G, effect of Na� ions and AA competitors (5 mM) on Gln uptake in untreated and Tg-treated cells. H, Gln efflux in the presence of 0.1 mM indicated AAs,
in untreated or Tg-treated cells. I, Leu uptake in untreated and Tg-treated cells depleted of AAs (10-min incubation in EBSS), followed by 5 min re-feeding with
individual AAs (5 mM). Data were normalized to Leu uptake by cells in DMEM. Results are expressed as mean � S.E. (error bars) of three independent
experiments. Tg caused significant increases in the uptake of MeAIB, Arg, Met, and Gln (A–D and F; one-way ANOVA (p � 0.01)). G and H, significant effects of
added compounds (p � 0.05) are indicated (*). I, Leu uptake in all media was significantly different (p � 0.01) from EBSS, except media with Lys and Phe.
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FIGURE 4. Genome-wide analysis of tRNA charging in Min6 cells during ER stress. A, tRNA was extracted from untreated and Tg-treated cells under acidic
conditions to retain aminoacylated-tRNAs. One portion of each sample was treated with periodate, which oxidizes the 3�-acceptor stem of uncharged tRNAs.
A second sample was kept in buffer solution. The tRNAs in both samples were deacylated and ligated to fluorescently tagged oligonucleotides with a stable
stem-loop and a region complementary to the 3�-CCA sequence that is conserved among all tRNAs (Integrated DNA Technologies). This allowed the labeling
of one sample with Cy3 and the other with Alexa Fluor 647. Samples were combined and hybridized to tRNA microarrays containing complementary probes
for 40 nuclear encoded mouse tRNAs and 18 mouse mitochondria-encoded tRNAs. Microarrays were custom printed by Microarray Inc. (Nashville, TN).
B, abundance of total tRNA in cells treated with Tg for the indicated times. The average of two independent experiments is shown. C, levels of charged tRNA
shown as a TreeView image. All values are relative to unstressed cells. Assays were performed with Alexa Fluor 647-labeled charged tRNA and Cy3-labeled total
tRNA or with Cy3-labeled charged tRNA and Alexa Fluor 647-labeled total tRNA. Data are the average from these two experiments. Green indicates a lower and
red a higher level of charged tRNA during stress relative to control.
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At 2 weeks, WT and mutant mice had normal blood glucose
levels and had similar fractional protein synthesis rates in islets
(Fig. 5B), suggesting that translational recovery has started
before development of diabetes. In agreement with this conclu-
sion, induction of CHOPmRNA was prominent in 2-week-old
Akita islets (data not shown). In contrast, protein synthesis was
higher thanWT in 6- and 12-week-oldAkita islets (Fig. 5B), but
the rates in the remaining pancreata were similar inmutant and
WT (Fig. 5B). These data suggest that chronic ER stress in
�-cells correlated with higher fractional protein synthesis rates
in islets, �-cell loss, and development of diabetes.

We next determined the effect of acute ER stress on islet
protein synthesis rates in WT mice injected with the ER stres-
sor Tu. Acute ER stress decreased protein synthesis in both
islets and leftover pancreata (Fig. 5C). The combined data from
the chronic (Akita) and acute (WT mice injected with Tu)
induction of ER stress in islets (Fig. 5,B andC), suggested that in
chronic ER stress there is a loss of the translational inhibition
that is present during acute stress.
We next determined the expression of the anabolic genes

that can contribute to translational recovery in the islets of
6-week-old mice. The purity of the isolated islets was deter-
mined by evaluating mRNA levels for genes that are expressed
only in islets or acinar cells. There was a�700-fold enrichment

of the �-cell marker Ins2 mRNA in islets over whole pancreas
and a �12,000-fold depletion of mRNA for the acinar cell
marker amylase 2. The mRNA levels of the tested aminoacyl-
tRNA synthetases (LRS, MRS, SRS, and GRS) were higher in
Akita than inWT islets (Fig. 5D). In addition, expression of the
AA transporters known to assist Leu uptake (SLC7A5, SLC3A2,
and SLC1A5) showed significant induction in Akita islets (Fig.
5D). Induced expression of themRNAs for systems A (SNAT2/
SLC38A2) and y� (SLC7A1) was also observed, further estab-
lishing similar responses to chronic ER stress inAkita islets and
Min6 cells (Figs. 2C and 5D).
The specificity of the induction of protein synthesis-promot-

ing genes during chronic ER stress in the �-cells of Akita islets
(�2% of the pancreatic tissue) is demonstrated by the fact that
we did not observe increased mRNA levels for any of the ana-
bolic genes in Akita pancreata (Fig. 5D). In addition, as
expected, stress-induced marker genes such as BiP and the
transcription factor CHOP showed increased mRNA levels in
Akita islets but not in Akita pancreata (Fig. 5D). GAPDH
mRNA levels were similar in islets and pancreata (Fig. 5D).
Thus, either this transcription program is not the direct result
of hyperglycemia in theAkitamice (given the absence of induc-
tion of anabolic genes inAkitapancreata), or the islets are selec-
tively sensitive to hyperglycemia in ways that do not affect the

FIGURE 5. Regulation of protein synthesis and anabolic gene expression in pancreatic islets from Akita mice. A, blood glucose levels from Akita and WT
(C57BL/6J) mice (n � 8). B, fractional protein synthesis rates measured as [2H]Ala enrichment in proteins from islets and rest of pancreas (remaining pancreatic
tissue after removal of islets) in 2-, 6-, and 12-week-old male Akita (n � 6 – 8) and age/sex-matched WT littermates (n � 4 – 8). C, fractional protein synthesis rates
in islets of 6-week-old male WT mice (n � 4) measured as [2H]Ala enrichment in proteins from islets and rest of pancreas after Tu injection (2 �g/g of body
weight). A–C, *, significantly different from WT (p � 0.01). D, qPCR analysis of RNA from islets and whole pancreas from 6-week-old Akita male mice (n � 6) and
age/sex-matched WT littermates (n � 4). The ratio of signals in Akita and WT mice is shown. For islets, all of the signals from Akita mice were significantly higher
than WT (p � 0.05) for all mRNAs except GAPDH. No significant differences between Akita and WT were seen in the remaining pancreatic tissue.
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remaining pancreas. However, given that Tg treatment ofMin6
cells produced similar changes under conditions where extra-
cellular glucose was held constant, it seems unlikely that these
effects require changes in extracellular glucose. We therefore
propose that the changes in the transcription of anabolic genes
in Akita islets are a response to chronic ER stress in �-cells due
to accumulation of misfolded proinsulin.
Attenuation of Protein Synthesis Recovery during ER Stress

Improves Cell Survival—Our data show that ATF4 is an impor-
tant contributor to the anabolic program that promotes trans-
lational recovery (Fig. 2). Because ATF4 induction during ER
stress promotes expression of genes involved in both survival
and apoptosis (26, 41), it is difficult to evaluate the molecular
mechanisms thatmediate cell fate during ER stress by depleting
cells from ATF4. In addition, ATF4 promotes transcription of
GADD34, which contributes to protein synthesis recovery via
eIF2� dephosphorylation (6, 23). ATF4 depletion is expected to
decrease protein synthesis due to the accumulation of eIF2�-P.
We have shown that Tg treatment of Min6 cells sustained
eIF2�-P during the recovery of protein synthesis between 6 and
18 h of stress (Fig. 1B). We attributed the recovery of protein
synthesis to three parallel cellular responses: (i) increased eIF2B
activity via induction of an eIF2B� subunit variant (Fig. 1,C and
D); (ii) induction of GADD34, which contributed to partial
eIF2� dephosphorylation; and (iii) ATF4-mediated induction
of genes that promote protein synthesis. Disturbing the balance
of any of these responses should affect translational recovery
and�-cell fate during ER stress.We next tested the relationship
between translational recovery and �-cell fate.

We used the salubrinal derivative Sal003, an inhibitor of the
PP1 phosphatase (42), to attenuate protein synthesis during the
6–18 h of translational recovery during ER stress (Fig. 6A). We
first determined the concentration of Sal003 that attenuated
protein synthesis at 12 h, when added to cells 6 h after starting
Tg treatment. This design (i) allowed the induction of the
ATF4-mediated transcription program during the first 6 h of
Tg treatment (Fig. 1B) and (ii) tested the requirement of protein
synthesis recovery on sustaining translation of the ATF4
mRNAand synthesis of the anabolic proteins. Sal003 treatment
of Min6 cells in the presence of Tg decreased ATF4 levels in a
time-dependentmanner (Fig. 6B). Similar decreases inATF4 pro-
tein levelswereobserved incells treatedwithSal003 in theabsence
of stress (Fig. 6B). This suggests that chronic exposure of cells to
eIF2�-P diminishes the available active ternary complex, leading
to decreased translation of ATF4mRNA. Decreased ATF4 levels,
in turn,will attenuate the stress-induced transcriptionprogram.A

FIGURE 6. Attenuation of translational recovery during ER stress in Min6
cells promotes survival. A, [35S]Met/Cys incorporation into proteins in cells
treated with Tg and Sal003 for the indicated times. Sal003 was added 6 h after
initiation of Tg treatment as indicated by the scheme. B, Western blot analysis
of the indicated proteins from cells treated with Tg and Sal003 (7.5 �M for the
last 6 or 12 h of Tg treatment). Antibodies against LRS and XPOT were from
Abcam; others are listed in Fig. 1. C, Leu and MeAIB uptake in cells treated with
Tg and Sal003 (7.5 �M) for the indicated times. D, cells were treated as indi-
cated and apoptosis was assessed by measuring the percentage of sub-G1
cells by flow cytometry of propidium iodide-stained cells. Leu starvation was
performed by replacing the media after 6 h of Tg treatment with Tg-contain-
ing Leu-free medium. D-Leu (40 mM) or Sal003 (7.5 �M) was added for the last
6 h of Tg treatment. Significant differences (p � 0.01) from untreated cells (*)
or the appropriate Tg-treated cells (**) are indicated. Error bars, S.E.
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similar regulation was observed for GADD34 (Fig. 6B), which is
translated via mechanisms similar to ATF4 (43). In agreement
with our hypothesis that translational recovery promotes the ana-
bolic program of AA uptake and sensing, expression of the ana-
bolic geneLRSdownstreamofATF4 also decreasedduring Sal003
treatment (Fig. 6B). To further support our hypothesis, we found
thatLeuuptakedecreasedduringSal003 treatment in thepresence
of Tg (Fig. 6C). Interestingly systemA-mediated uptake ofMeAIB
did not change significantly (Fig. 6C), in agreement with transla-
tion of the SNAT2 mRNA via an IRES that is insensitive to
increased eIF2�-P (42, 44).

Finally, we determined the effect of translational recovery on
the fate of Min6 cells during Tg treatment. The percentage of
apoptotic cells increased during translational recovery between
6 and 12 h of treatment (Fig. 6D). Sal003, when added during
translational recovery (6–12 h of Tg treatment), caused a
decrease in apoptosis (Fig. 6D). Similarly, depletion of cells of
the essential AA Leu, during 6–12 h of Tg treatment decreased
apoptosis (Fig. 6D). We further supported the hypothesis that
increased system L-mediated Leu uptake contributes to �-cell
apoptosis during chronic ER stress by inhibiting system
L-transporter activity with D-Leu (Fig. 3E).We show that D-Leu
decreased apoptosis in Tg-treated Min6 cells (Fig. 6D). These
findings further support our hypothesis that up-regulation of
the AA transporter network and translational recovery during
unresolved ER stress in �-cells promotes apoptosis.

DISCUSSION

Uncontrolled protein synthesis in �-cells leads to apoptosis
(3). During ER stress, protein synthesis is regulated by modu-
lating the phosphorylation of eIF2� (6) via the activities of
PERK and PP1 (with GADD34 as the regulatory subunit). The
interplay between PERK and PP1 favors repression of protein
synthesis via increased eIF2�-P during acute (early) stress and
translational recovery via dephosphorylation during chronic
(adaptive) stress (8). We show here that the efficiency of trans-
lational recovery in �-cells during ER stress is an important
factor for their survival. We report novel mechanisms in addi-
tion to the PERK/GADD34 interplay that promote transla-
tional recovery. Thesemechanisms (Fig. 7B) involve the follow-
ing: (i) translational recovery associated with increased eIF2B
GEF activity and increased expression of eIF2B� v-1, which is
not inhibited by eIF2�-P, (ii) induction of an anabolic program
with increased aminoacyl-tRNA synthetase and AA trans-
porter gene expression under the control of the transcription
factor ATF4, (iii) increased AA uptake by systems L and A and
increased tRNA charging with the AA substrates of these sys-
tems (both systems known to promote protein synthesis and
growth). In agreement with our findings, proinsulin synthesis
in Akita islets increased compared with WT islets (45). These
mechanisms allow for translational recovery in �-cells even
though they have elevated eIF2�-P levels and PERK activation
during chronic stress.
Induction of the ATF4-dependent expression of AA trans-

porters and tRNA synthetases has been reported during insu-
lin-mediated anabolism (27). This is also supported by the
lower levels ofmRNAs for tRNA synthetases andAA transport-
ers in tissues from ATF4-deficient mice (46). The same ana-

bolic genes were induced during stress in different cell types
(26). These earlier studies assumed that increased expression of
the anabolic genes would increase global tRNA charging (47).
Instead, we found increased tRNA charging in �-cells only for
tRNAs charged with AAs that are substrates for systems L and
A. We propose that the ATF4 transcription program induces
expression of specific AA transporters and tRNA synthetases
that provides increased AAs for protein synthesis. The mecha-
nism of the selective increase in tRNA charging is not known.
However, we observed that ATF4 also increased the levels of
the nuclear export receptor for tRNAs (XPOT, Fig. 6B, and data
not shown), which introduces a novel hypothesis on how selec-
tive tRNA charging may occur during stress.
Our studies suggest a novel regulatory mechanism in the

�-cell response to ER stress. It is well established that Leu
uptake or feeding increases protein synthesis in cells and tissues
via mechanisms that activate mTORC1 (48, 49). The increased
systemL-mediatedAA transport we observedmay signal through
this pathway to increase protein synthesis. Recently the Leu-sens-
ingmechanism formTORC1activationwas shown to involve leu-
cyl-tRNA synthetase (50). It will therefore be interesting to deter-
mine whether translational recovery in �-cells involves increased
mTORC1 activity and translation ofTOPmRNAsdownstreamof
the ATF4 transcription program which controls the intracellular
AApool. BecauseTOPmRNAs encode proteins of the translation
machinery (51), their efficient translation is expected to be a sig-
nificantcontributor to translational recoveryduringERstress.The

FIGURE 7. Working model of the AA network and its contribution in reg-
ulation of protein synthesis in �-cells during ER stress. A, proposed mech-
anism for the increased uptake of Leu via system L during chronic ER stress. B,
proposed model by which translational recovery leads to apoptosis during
chronic ER stress.
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latter is supported by the finding that ATF4-depleted cells have a
lower pool of free AAs (27).
We conclude that during chronic ER stress �-cells induce a

self-defeating prosurvival program. This program involves
induction of tRNA synthetases and a network of AA transport-
ers that lead to increased tRNA charging with system L and A
substrateAAs (Fig. 7A). Thesemechanisms contribute to trans-
lational recovery, which leads to �-cell apoptosis. In agreement
with the idea that the transporter activity contributes to cell fate
of� cells during chronic stress was the finding that inhibition of
system L-mediated Leu uptake, in late stress decreased apopto-
sis (Fig. 6D). Induction of apoptosis is probably the result of
increased oxidative stress in the cytosol and mitochondria due
to high rates of protein synthesis and limited protein folding
capacity in the ER (3, 7, 23, 41). Similar to our findings, earlier
reports concluded that attenuation of protein synthesis pro-
tected cells from apoptosis (42).
Our studies lead us to speculate that increased AA uptake by

�-cells may be a mechanism contributing to development of
diabetes in humans. A recent report showed that increased
plasma levels of five AAs (Ile, Leu, Val, Tyr and Phe, all system
L substrates) in normoglycemic human subjects, was a good
predictor for development of T2DM (36). Higher plasma levels
of specific AAs in these individuals may increase the activity of
exchangers on the�-cell plasmamembrane, resulting in increased
system L-mediated uptake of AAs with the consequence of
increased protein synthesis. In agreementwith this idea, our stud-
ies provide a mechanistic explanation for this finding: In the pre-
diabetic state which involves peripheral tissue insulin resistance,
chronic demand for insulin induces ER stress in �-cells, which
activates the ATF4-mediated anabolic program. The presence of
higher plasma levels of system L substrate AAs may drive the
exchange of extracellular Leu with intracellular substrates, thus
promoting protein synthesis, increasing ER stress, and promoting
the development of diabetes. Future studies will determine
whether increased AA uptake in �-cells in vivo promotes �-cell
dysfunction and early development of diabetes.
Because our data showed induced expression of the amino

acid transporters in islets and not in the total pancreatic tissue
of theAkitamice (Fig. 5D), we speculate that amino acid trans-
porters in islets can serve as early diagnostic biomarkers for the
detection of diabetes using positron emission tomography
(PET). PET has been used to detect increased rates of AA
uptake in tumors using 18F-labeled AAs for systems L, A, Gln,
and others (52). In addition, islets and specifically � cells have
been visualized by PET imaging in transgenic mouse models
(53).We can therefore envision thatwe can image islets inAkita
mice, via the utilization of 18F-labeled AA analogues that are
system L substrates (52). These studies are currently under
investigation, and they can potentially result in a diagnostic tool
for the early diagnosis of diabetes in humans.
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