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It has been well established that amino acid availability can control gene expression. Previous studies have
shown that amino acid depletion induces transcription of the ATF3 (activation transcription factor 3) gene
through an amino acid response element (AARE) located in its promoter. This event requires phosphorylation
of activating transcription factor 2 (ATF2), a constitutive AARE-bound factor. To identify the signaling cascade
leading to phosphorylation of ATF2 in response to amino acid starvation, we used an individual gene
knockdown approach by small interfering RNA transfection. We identified the mitogen-activated protein
kinase (MAPK) module MEKK1/MKK7/JNK2 as the pathway responsible for ATF2 phosphorylation on the
threonine 69 (Thr69) and Thr71 residues. Then, we progressed backwards up the signal transduction pathway
and showed that the GTPase Rac1/Cdc42 and the protein G�12 control the MAPK module, ATF2 phosphor-
ylation, and AARE-dependent transcription. Taken together, our data reveal a new signaling pathway activated
by amino acid starvation leading to ATF2 phosphorylation and subsequently positively affecting the transcrip-
tion of amino acid-regulated genes.

In mammals, amino acids exhibit two important character-
istics: first, nine amino acids are essential in healthy adult
humans, and second, there is no proper storage of amino acids,
which means that essential amino acids must be obtained from
the diet. Consequently, amino acid homeostasis may be altered
in response to malnutrition (4, 40, 59) and also by various
forms of pathology leading to a negative nitrogen balance
(chronic pathology, AIDS, and cancer, etc.) (41, 86, 89). Very
often, in one of these situations, the availability of one or
several essential amino acids is dramatically affected. Conse-
quently, individuals have to adjust several physiological func-
tions involved in the defense/adaptation response to amino
acid limitation. In such a situation, it has been shown that
amino acids by themselves are involved in a variety of regula-
tory processes (26, 47, 67). For all these reasons, the role of
amino acids as signaling molecules that regulate gene expres-
sion and physiological functions has received considerable at-
tention in recent years. However, the molecular mechanisms
involved in this process are not completely understood for
mammals at present (44, 47, 52).

Up to now, two ubiquitous amino acid-sensing processes
have been described to occur in mammals. They involve pro-
tein kinases mTORC1, activated by amino acid supplementa-
tion, and GCN2, activated by amino acid starvation. These two
kinases play a major role in the control of protein synthesis
(71), transcription, and mRNA turnover of specific genes (24,

46, 69). Although the mechanisms involved in the regulation of
gene expression by the mTORC1 pathway are not yet identi-
fied, the role of the GCN2 pathway has been widely studied
using the experimental model of limitation with one essential
amino acid. This model has been used to characterize the
cellular transcriptional response to nutritional stress. At a mo-
lecular level, most of the results have been obtained by study-
ing the transcriptional regulation of the activating transcription
factor 3 (ATF3), C/EBP homologous protein (CHOP), and
asparagine synthetase (ASNS) genes. An amino acid response
element (AARE) was identified in the promoters of these
genes and can confer amino acid responsiveness to a heterol-
ogous promoter (5, 13, 68). Subsequently, functional se-
quences that share a high level of similarity with the described
AARE were identified in other amino acid-regulated genes,
such as the system A amino acid transporter (SNAT2) (66) and
arginine/lysine transporter cat-1 (cat-1) genes (55). The se-
quences of these AAREs are related to C/EBP and ATF/cis-
acting replication element binding sites. Most of these AAREs
were described as binding a combination of several transcrip-
tion factors and regulatory proteins to precisely modulate the
rate of transcription (ATF4, ATF2, C/EBP�, ATF3, TRB3,
PCAF, and JDP2) (for a review, see reference 47). Of these
regulatory proteins, two transcription factors, ATF4 and
ATF2, have been shown to play an essential role in the amino
acid regulation of a large number of genes (2, 12).

Changes in ATF4 protein level are induced in response to
amino acid starvation by a pathway that involves activation of
the GCN2 kinase by the accumulation of free tRNA, which in
turn catalyzes phosphorylation of the alpha subunit of eukary-
otic initiation factor 2 (eIF-2�). An immediate consequence of
eIF-2� phosphorylation is a general decrease in protein syn-
thesis and enhanced translation of ATF4, due to the presence
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of upstream open reading frames in the 5� untranslated region
of its mRNA (56, 81). Subsequently, ATF4 induces the expres-
sion of a large number of specific target genes (2, 31, 75).

ATF2 is the other transcription factor essential for amino
acid control of gene transcription. ATF2 functions either as a
homodimer or as a heterodimer with other members of the
ATF family, as well as other bZIP proteins, to bind to specific
DNA sequences and activate gene expression (8, 82). One
major role of ATF2 is to regulate the response of cells to stress
signals (30, 34). The transactivation capacity of the N-terminal
domain of this transcription factor can be enhanced through
phosphorylation of two N-terminal threonine residues, Thr69
and Thr71 (human ATF2). Phosphorylation at these residues
has been shown to be induced in response to several stress
signals in a mitogen-activated protein kinase (MAPK)-depen-
dent pathway (3, 53, 60, 65).

In the context of gene regulation by amino acid starvation,
we previously studied the role of ATF2 by using leucine-reg-
ulated transcription of the CHOP and ATF3 genes as a working
model (2, 12). It was shown that (i) in cells devoid of ATF2, the
induction of CHOP or ATF3 transcription upon amino acid
starvation is lost; (ii) ATF2 binds in vivo to the AARE under
starved and unstarved conditions; (iii) ATF2 is phosphorylated
on Thr71 in response to amino acid starvation; and then, (iv)
ATF2 promotes modification of the chromatin structure to
enhance transcription (12). Whereas the molecular events
leading to ATF4 regulation have been well identified, the sig-
naling pathway responsible for ATF2 phosphorylation in re-
sponse to amino acid starvation is not known.

This study was designed to identify the signaling pathway
leading to phosphorylation of ATF2 in response to amino acid
starvation. Using individual gene knockdown experiments, we
demonstrated that c-Jun NH2-terminal kinase 2 (JNK2) is es-
sential for regulation of ATF2 phosphorylation. Then, we pro-
gressed backwards up the signal transduction pathway to iden-
tify the different steps required. Taken together, our data
reveal a new signaling pathway activated by amino acid star-
vation and leading to ATF2 phosphorylation.

MATERIALS AND METHODS

Cell culture and treatment conditions. HeLa cells, HEK293 cells, and mouse
embryonic fibroblasts (MEF) were cultured at 37°C in Dulbecco’s modified
Eagle’s medium (DMEM)–Ham’s F-12 medium (Sigma) containing 10% fetal
bovine serum. When indicated, DMEM–Ham’s F-12 medium lacking leucine was
used. In all experiments involving amino acid starvation, 10% dialyzed fetal calf
serum (A15-107) (PAA laboratories) was used.

Antibodies. The following antibodies were purchased from Santa Cruz Bio-
technology: those against ATF2 (sc-187), ATF4 (sc-200), JNK1 (sc-571),
MEKK1 (sc-252), G�12 (sc-409), and G�13 (sc-410). Antibodies against ATF2
phosphorylated on Thr71 (P-Thr71 ATF2) (1268-1), P-Tyr185 JNK (2155-1),
JNK2 (2037-1), MKK4 (1650-1), MKK7 (1949-1), MEKK2 (1662-1), and
MEKK3 (1672-1) were obtained from Epitomics. The anti-P-Thr69�Thr71
ATF2 (9225), anti-P-Thr389 S6K (9205), and anti-P-Ser408 MEF2A (9737)
antibodies were from Cell Signaling Technology. The Rac1 (610650),
P-Thr202�Tyr204 extracellular signal-regulated kinase (ERK) (612358), and
Cdc42 (610928) antibodies were provided by BD Biosciences.

Immunoblot analysis. Cells were lysed in a buffer containing 50 mM Tris-HCl,
pH 7.4, 150 mM NaCl, 1% Triton X-100, 0.1% sodium dodecyl sulfate, 50 mM
NaF, 2 mM Na3VO4, 100 nM okadaic acid, 25 mM �-glycerophosphate, 1 mM
phenylmethylsulfonyl fluoride, and a protease inhibitor cocktail from Sigma.
Proteins (40 �g) were resolved by sodium dodecyl sulfate-polyacrylamide gel
electrophoresis and transferred onto a Hybond-P polyvinylidene difluoride mem-
brane (Amersham Biosciences). Membranes were incubated in blocking solution
(5% nonfat milk powder in Tris-buffered saline, 0.1% Tween 20) for 1 h at room

temperature. The blots were then incubated with primary antibody in blocking
solution overnight at 4°C. Antibodies were diluted in accordance with the man-
ufacturer’s instructions. The blots were washed three times in Tris-buffered
saline, 0.1% Tween 20 and incubated with horseradish peroxidase-conjugated
goat anti-rabbit immunoglobulin G (1:5,000) (Santa Cruz, CA) in blocking buffer
for 1 h at room temperature. After three washes, the blots were developed using
an enhanced chemiluminescence detection system (Amersham Biosciences).

Oligonucleotides. Oligonucleotides were from Sigma-Aldrich. When double-
stranded oligonucleotides were required, equal numbers of moles of comple-
mentary strands were heated to 90°C for 1 min and annealed by slow cooling to
room temperature.

Plasmid construction and reagents. TATA-Tk-Luc, containing the minimum
herpes simplex virus promoter for thymidine kinase (positions �40 to �50), was
generated as previously described (13). The 2xATF3AARE-Tk-Luc plasmid was
constructed by inserting SacI-XhoI double-stranded oligonucleotides containing
two copies of the ATF3 AARE sequence into the Tk-Luc plasmid. The
2xCHOPAARE-Tk-Luc plasmid was constructed as described in reference 13.
The MAPK inhibitors SB20350 (tlrl-sb20) and U0126 (tlrl-u0126) were obtained
from InvivoGen. The JNK inhibitor 8: JI8 (420135) and rapamycin (553211)
were from Calbiochem. The JNK inhibitor SP600125 (S5567-10MG) was from
Sigma-Aldrich.

siRNA transfection. Small interfering RNA (siRNA) corresponding to MKK4
(SI02655079), MKK7 (SI02660588), MEKK1 (SI02659965), MEKK2 (SI02224166),
MEKK3 (SI00605619), Rac1 (SI02655051), Cdc42 (SI02757328), G�12
(SI00096565) and G�13 (SI00089761) mRNA and to a control (1027280) were from
Qiagen. siRNA against JNK1 (12936-42) and JNK2 (12936-44) were purchased from
Invitrogen. The JNK1/2 siRNA primers (5�-AAAGAAUGUCCUACCUUCUdTd
T-3� and 5�-AGAAGGUAGGACAUUCUUUdTdT-3�) target a common se-
quence in both JNK1 and JNK2 mRNA and was synthesized by Qiagen. One day
before transfection with siRNA, HeLa cells were plated in six-well plates at 25%
confluence. Then, 60 pmol of siRNA was transfected into the cells by using the
calcium phosphate precipitation method as previously described (45). Seventy-two
hours after transfection, the amino acid starvation experiment was performed and
the expression level of target mRNA was analyzed by Western blotting.

Transient transfection and Luc assay. Cells were plated in 12-well dishes and
transfected by the calcium phosphate coprecipitation method. Twenty-four hours
after siRNA transfection (30 pmol), 1 microgram of luciferase (Luc) plasmid
(2xATF3AARE-Tk-Luc or 2xCHOPAARE-Tk-Luc) was transfected into the
cells, along with 0.1 �g of pCMV-ßGal as an internal control. This plasmid
carries the bacterial ß-galactosidase gene fused to the human cytomegalovirus
immediate-early enhancer/promoter region. Relative Luc activity was given as
the ratio of relative Luc units/relative ß-galactosidase units. All values are the
means calculated from the results of at least three independent experiments
performed in triplicate.

Analysis of gene expression by use of real-time reverse transcription-PCR
(RT-PCR). Total RNA was prepared using an RNeasy minikit (Qiagen) and
treated with DNase I, amplification grade (Invitrogen), prior to cDNA synthesis.
RNA integrity was electrophoretically verified by ethidium bromide staining.
RNA (0.5 mg) was reverse transcribed with 100 U of Superscript II plus RNase
H-reverse transcriptase (Invitrogen), using 100 �M random hexamer primers
(Amersham Biosciences), in accordance with the manufacturer’s instructions.
We used the following primers: those targeting mouse ATF3 (forward, 5�-CGC
CATCCAGAATAAACACC-3�; reverse, 5�-GCAGGCACTCTGTCTTCTCC-
3�), human ATF3 (forward, 5�-GCCATTGGAGAGCTGTCTTC-3�; reverse, 5�-
GGGCCATCTGGAACATAAGA-3�), human ASNS (forward, 5�-ATCACTG
TCGGGATGTACCC-3�; reverse, 5�-CTTCAACAGAGTGGCAGCAA-3�),
human �-actin (forward, 5�-TCCCTGGAGAAGAGCTACGA-3�; reverse, 5�-A
GCACTGTGTTGGCGTACAG-3�), and mouse �-actin (forward, 5�-TACAGC
TTCACCACCACAGC-3�; reverse, 5�-AAGGAAGGCTGGAAAAGAGC-3�).
Real-time quantitative PCR was carried out using a LightCycler system (Roche
Applied Science) as described previously (2). Relative results were displayed as
relative levels of ATF3 per ß-actin. Each experiment was repeated at least four
times.

ChIP analysis. Chromatin immunoprecipitation (ChIP) analysis was per-
formed as previously described (12). The following antibodies were purchased
from Santa Cruz Biotechnology, Inc. (Santa Cruz, CA): those against ATF2
(sc-187) and ATF4 (sc-200). Anti P-thr71 ATF2 (9221) was obtained from Cell
Signaling Technology (Beverly, MA). The primers used to amplify the mouse
ATF3 AARE sequence were 5�-GGTCTCCACCCACCTTTTG-3� and 5�-CTC
GCTGAGTGAGACTGTGG-3�. The results are expressed as the percentage of
antibody binding versus the amount of PCR product obtained using a standard-
ized aliquot of input chromatin. Sample results are the means from at least three
independent immunoprecipitations.
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RESULTS

ATF2 is phosphorylated in response to amino acid starva-
tion. We first determined the role of ATF2 and ATF4 in the
amino acid regulation of ATF3. This gene was chosen as a
working model since previous studies have shown that (i) ATF3
is dramatically induced upon amino acid starvation and that
(ii) it contains a genomic cis-acting AARE (ATF3 AARE) that
has been shown to be involved in the binding of several tran-
scription factors (12, 68). To determine whether ATF2 or
ATF4 is required to mediate ATF3 mRNA induction during a
short period of leucine starvation, we used MEF deficient in
ATF2 or ATF4. Figure 1A shows that ATF3 expression is
dramatically enhanced in response to a 4-hour period of
leucine starvation. In contrast, lack of either ATF4 or ATF2
resulted in a loss of ATF3 mRNA inducibility.

To investigate the binding of these factors on the ATF3
AARE, cells were incubated in control or leucine-free medium
for 4 h and ChIP assays were performed with primer sets
covering the ATF3 AARE (Fig. 1B). For wild-type cells, ChIP
experiments showed an increase in ATF4 binding to the
AARE following leucine deprivation whereas binding of ATF2
remained constitutive. ChIP analysis using an antibody that
specifically recognizes ATF2 phosphorylated on threonine 71
revealed that binding of the phosphorylated form of ATF2 was
significantly increased after removal of leucine. In ATF2-defi-
cient cells, neither ATF2 nor phosphorylated ATF2 bound to
the ATF3 AARE was detected. However, the increase in ATF4
binding remained. In cells lacking ATF4, the levels of bound
ATF2 and the increase of bound phospho-ATF2 were similar
to those in the wild-type cells. Taken together, these results
demonstrate that ATF4 binding and ATF2 phosphorylation
are two independent events that are associated with ATF3
induction upon amino acid starvation.

In the next experiment, we investigated the kinetics of ATF2
phosphorylation on Thr71 and on a combination of Thr69 and
Thr71 (Thr69�Thr71) in response to leucine starvation. The
phosphorylated form of ATF2 was estimated using two specific
antibodies recognizing either phosphothreonine 71 or double
phosphorylation on Thr69 and Thr71. Figure 1C shows that
leucine deprivation resulted in a rapid and sustained phosphor-
ylation of ATF2 on both Thr69 and Thr71 that appeared at
least 30 min after the beginning of leucine starvation and
persisted for up to 4 h. Furthermore, we checked the effects on
ATF2 phosphorylation of starvation for other individual amino
acids. Figure 1D shows that starvation for essential amino acids
such as lysine and methionine enhanced ATF2 phosphoryla-
tion but that glutamine starvation (glutamine being a nones-
sential amino acid) had no significant effects. This experiment
also showed that ATF4 expression is induced by lysine or
methionine starvation, confirming that the GCN2/ATF4 path-
way is activated following essential-amino-acid starvation.

GCN2 and mTORC1 pathways are not required for ATF2
phosphorylation in response to amino acid starvation. The
simplest hypothesis for explaining phosphorylation of ATF2 by
amino acid starvation would be the involvement of one of the
two ubiquitous pathways previously described. The first one
involves the protein kinase GCN2, activated by the accumula-
tion of free tRNA resulting from the lack of amino acid. We
checked whether uncharged tRNAleu accumulation resulting

from leucine starvation is involved in phosphorylation of ATF2
on Thr69�Thr71. We treated the cells for 2, 4, and 8 h with 10
mM of leucinol, an alcohol derivative of leucine. Leucinol
inhibits leucyl-tRNA-synthetase and then increases the un-
charged tRNAleu content of the cells. Figure 2A shows that
leucinol treatment did not affect the phosphorylation of ATF2
but induced ATF4 expression. This result demonstrates that
accumulation of uncharged tRNAleu alone is not able to in-
duce ATF2 phosphorylation. We also measured the phosphor-
ylation of ATF2 in response to leucine starvation in GCN2�/�

and GCN2�/� MEF cells (Fig. 2B). Measurement of eIF-2�
phosphorylation and ATF4 expression indicates that the
GCN2 pathway is not activated in�/� cells. Our results clearly
show that ATF2 is phosphorylated upon leucine starvation in
both GCN2�/� and GCN2�/� cells, demonstrating that the
GCN2 kinase is not involved in this process.

We next addressed the contribution of mTORC1 inhibition
in phosphorylation of ATF2. We treated the cells with rapa-
mycin, a pharmacological inhibitor of mTORC1. Both amino
acid starvation and rapamycin treatment are known to inhibit
mTORC1 activity. Figure 2C shows that rapamycin treatment
did not affect the phosphorylation level of ATF2. The effi-
ciency of rapamycin treatment was checked by measuring the
dephosphorylation of S6K1, a direct target of mTORC1. How-
ever, it has been shown that rapamycin does not inhibit all the
function of mTORC1 (83); therefore, we cannot totally ex-
clude the role of mTORC1 in this process. Taken together, our
data show that ATF2 phosphorylation in response to amino
acid starvation does not involve the GCN2 pathway and the
rapamycin-sensitive component of mTORC1 activity.

JNK2 inhibition abolishes amino acid starvation-induced
ATF2 phosphorylation. Numerous studies have shown that, in
response to various stress signals, ATF2 is phosphorylated on
Thr69 and Thr71 by the JNK and p38 pathways (11, 30, 80). In
response to mitogens, such as insulin, ATF2 is phosphorylated
via a two-step mechanism that involves the cooperation of two
different kinases (ERK1/2 and p38 or JNK), which phosphor-
ylate ATF2-Thr71 and then ATF2-Thr69, sequentially (3, 65).
These data prompted us to analyze the role of the MAPK
pathways in amino acid regulation of ATF2 phosphorylation.
For that purpose, we used pharmacological inhibitors of these
kinases. Figure 3 shows that inhibition of p38 by use of
SB203580 (19) and prevention of ERK1/2 phosphorylation by
MEK1/2 (MAPK/ERK kinase) inhibitor U0126 (19) had no
effect on the induction of ATF2 phosphorylation on Thr69 and
Thr71 by 4 h of leucine starvation. The efficiency of these
inhibitors was checked by measuring ERK (78) and MEF2A
(64, 88) phosphorylation (see Fig. S1 in the supplemental ma-
terial). In contrast, inhibition of JNK by either JI8 (63, 77) or
SP600125 (6) completely cancelled induction of ATF2 phos-
phorylation in response to leucine starvation. These results
suggest that JNK rather than p38 or ERK is responsible for
amino acid regulation of ATF2 phosphorylation. It is notable
that ATF2 phosphorylations on Thr71 and on Thr69�Thr71
are similarly regulated by leucine starvation in the presence
and absence of inhibitor, suggesting that these two residues are
phosphorylated by a single protein kinase. Similar conclusions
had previously been drawn for ATF2 phosphorylation in re-
sponse to other stress inducers, such as UV, methyl methane
sulfonate, or tumor necrosis factor alpha (65). For these rea-
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sons, only the phosphorylation on ATF2-Thr71 will be shown
in subsequent studies.

It has been well demonstrated that JNK proteins are
regulated by dual phosphorylation of threonine and tyrosine
in a TXY motif (21). To determine whether amino acid

starvation induces JNK phosphorylation, we measured the
phosphorylated form of JNK on Tyr185 proteins upon
amino acid starvation by using a specific antibody. Figure 4A
shows that phosphorylation of JNK proteins was enhanced
by 1 to 4 h of leucine starvation, demonstrating that JNK

FIG. 1. Role of ATF2 in the transcriptional regulation of ATF3 in response to amino acid starvation. (A) ATF2�/�, ATF4�/�, and wild-type (WT)
MEF were incubated for 4 h in either control or leucine-free (�Leu) medium and then harvested. Total RNA was extracted and analyzed by quantitative
RT-PCR for ATF3 mRNA content as described in Materials and Methods. Each point represents the mean value of results from three independent
experiments. We obtained the same results using the wild-type counterparts of the ATF2�/� and the ATF4�/� MEF (not shown). (B) ChIP analysis was
performed using antibodies specific for ATF4, ATF2, and phosphorylated ATF2 (Thr71). Quantitative RT-PCR was performed with immunoprecipitated
DNA and a dilution of input DNA samples, using primers to amplify the AARE region of the ATF3 promoter. Data were plotted as percentages of PCR
product from immunoprecipitated DNA versus input DNA. Each point represents the mean value of results from three independent experiments, and
the error bars represent the standard errors of the means (* indicates statistical significance at P values of �0.05). IgG, immunoglobulin G. (C) Cells were
incubated in either control or leucine-free medium and harvested after the indicated incubation times. Western blot analysis of phospho-ATF2 (Thr71
and Thr69�Thr71) and total ATF2 was performed with nuclear extract as described in Materials and Methods. (D) Cells were incubated for 4 h either
in control medium (Ctrl) or in a medium devoid of one individual amino acid (leucine, lysine, methionine, or glutamine), and then analysis of
phospho-ATF2 (Thr69�Thr71), ATF2, and ATF4 was performed.
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phosphorylation matches the time course of ATF2 phos-
phorylation.

JNK proteins are encoded by three genes. The jnk1 and jnk2
genes are expressed ubiquitously, whereas the jnk3 gene has a
limited pattern of expression, mainly restricted to the brain,
heart, and testis (20). To examine which JNK isoform is in-
volved in amino acid regulation of ATF2 phosphorylation,
HeLa cells were transfected with siRNA to silence JNK1,
JNK2, or both JNK1 and JNK2. We monitored the effective-
ness of the siRNA action by immunoblot analysis, using anti-
bodies that recognize JNK1 or JNK2 specifically. Figure 4B
shows that siRNA treatment was effective in dramatically re-
ducing the corresponding target expression relative to the level
for the control siRNA. These results reveal that knockdown of
JNK2 but not JNK1 abolished ATF2 phosphorylation on
Thr71 in response to leucine starvation but that ATF4 induc-
tion was not affected. We obtained similar results when mea-

suring ATF2 phosphorylation on ATF2 Thr69�Thr71 (data
not shown).

A cascade of protein kinases including MKK7 and MEKK1
mediates leucine starvation-induced ATF2 phosphorylation.
We next analyzed which known JNK2 activator(s) (MKK4,
MKK7, or both) was involved in response to leucine starvation.
Cells were transfected with siRNA targeting MKK4, MKK7, or
both, and the experiment was performed as described for Fig.
4B. Figure 5A shows that siRNA treatment (i) was effective in
reducing the expression of the corresponding target and (ii)
did not prevent ATF4 induction upon leucine starvation.
Moreover, it was clear that MKK7 knockdown completely
abolished ATF2 phosphorylation in response to leucine star-
vation. Conversely, in MKK4-silenced cells, leucine-dependent
phosphorylation of ATF2 was maintained.

MKK7 activity was increased following phosphorylation at
Ser and Thr residues within a SKAKT motif in its activation
loop by multiple kinases, including MEKK1 to -4, the protein
kinase of the mixed-lineage family (MLK1 to -3), apoptosis
signal-regulated kinase 1 (ASK1), dual-leucine-zipper-bearing
kinase, and transforming growth factor �-activated kinase 1
(TAK1). According to the literature, the properties of certain
kinases meant we did not consider them to be potential can-
didates for activation of MKK7 by amino acid starvation. First,
PAK1, dual-leucine-zipper-bearing kinase, MLK1, and MLK2
expressions are restricted to a limited number of tissues and
are either not expressed or poorly expressed in HeLa cells (9,
36). Second, several studies showed that MLK2, PAK1, ASK1,
TAK1, or MEKK4 activity predominantly phosphorylates
MKK4 rather than MKK7 (1, 15, 18, 38, 48, 51). Therefore, we
first investigated whether MEKK1, MEKK2, and MEKK3
were involved in the signaling pathway linking leucine deprivation
to ATF2 phosphorylation. Cells were transfected with specific
siRNA to silence MEKK1, MEKK2, MEKK3, or all three pro-
teins. Figure 5B shows that MEKK1 knockdown abolishes ATF2
phosphorylation resulting from leucine starvation while the

FIG. 2. ATF2 phosphorylation upon leucine starvation does not
involve the GCN2 and mTORC1 pathways. (A) Cells were incubated
with 10 mM leucinol for the indicated times, and then ATF2 phos-
phorylation and ATF4 expression were analyzed as previously de-
scribed. A 30-minute incubation with 20 �g/ml anisomycin (Aniso) was
used as a positive control for the measurement of ATF2 phosphory-
lation. (B) GCN2�/� or GCN2�/� MEF were incubated in either
control or leucine-free medium for 2 and 4 h. Cells were then har-
vested for analysis of ATF4 expression and phosphorylation of ATF2
and eIF-2�. (C) Cells were leucine starved for 4 h or treated with 50
nM rapamycin (Rapa) for 4 h, and then the phosphorylations of ATF2
and S6K were measured.

FIG. 3. Pharmacological inhibition of JNK prevents ATF2 phos-
phorylation by leucine starvation. Cells were incubated in either con-
trol or leucine-free medium for 4 hours in the presence of various
MAPK inhibitors (20 �M SB203580 inhibits p38, 50 �M U0126 inhib-
its MEK1/2 and thus ERK, and 20 �M JI8 and 50 �M SP600125 inhibit
JNK). The phosphorylation of ATF2 was then measured. For this
experiment, cells were first preincubated for 1 h with MAPK inhibitors
or vehicle (dimethyl sulfoxide [DMSO]).
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GCN2/ATF4 pathway is not affected. Conversely, MEKK2 or
MEKK3 silencing had no effect. Finally, we next confirm the role
of JNK in this amino acid-regulated pathway. Figure 5C shows
that JNK phosphorylation in response to leucine starvation is
prevented by MKK7 and MEKK1 silencing.

Taken together, our results demonstrate that amino acid
starvation triggered a cascade of protein kinases that includes
MKK7 and MEKK1 and mediated JNK2 activation and sub-
sequent ATF2 phosphorylation.

Leucine starvation-induced ATF2 phosphorylation requires
both Cdc42 and Rac1. Several lines of evidence indicate that
the Rho family of GTPases mediates activation of the JNK
pathway in response to various stimuli (10, 20). Particularly, it
has been shown that Rac1 and Cdc42 play a critical role in
controlling the JNK signaling pathway (17). In addition, these
small GTPases appear to transmit signals to the JNK module
via MEKK1 (for a review, see reference 29). Taken together,
these data prompted us to investigate the role of Cdc42 and
Rac1 in our model. Cells were transfected with specific siRNA
targeting either Cdc42 or Rac1 or both Cdc42 and Rac1. We

first checked that each siRNA had silenced its target gene (Fig.
6). Our results show that silencing of Rac1 or Cdc42 dramatically
decreased but did not abolish ATF2 phosphorylation upon
leucine starvation. However, knockdown of both Cdc42 and Rac1
completely abolished the response to leucine deprivation with
respect to ATF2 phosphorylation while ATF4 induction was not
affected. From these experiments, we can conclude that (i) these
two GTPases are required to trigger full phosphorylation of
ATF2 upon leucine starvation and that (ii) there is partial func-
tional redundancy between Cdc42 and Rac1.

G�12 knockdown prevents leucine starvation-induced ATF2
phosphorylation. In mammalian cells, members of the Rho
GTPase family are positioned at the center of a complex sig-
naling network. Diverse upstream signals can regulate Rho
GTPase through activation of various receptors, such as G
protein-coupled receptor (GPCR) or receptor tyrosine kinase
(73, 74). Since amino acids have already been shown to activate
GPCR (16), we favor the hypothesis that a GPCR could be
involved in the sensing of leucine deficiency. So we focused our
investigation on the role of G proteins. Among the G protein
alpha or beta-gamma subunits, G�12 and G�13 have been
shown to be able to activate the JNK pathway (29, 76). For Fig.
7A, we investigated the role of G�12 and G�13 in the regula-
tion of ATF2 phosphorylation by leucine starvation. We si-
lenced G�12, G�13, or both G�12 and G�13 by transfecting
appropriate siRNA. First, we observed that G�12 protein si-
lencing decreased the basal level of ATF4 protein expression.
Further work beyond the scope of this study will be necessary
to identify the role of G�12 in the regulation of ATF4 expres-
sion. More importantly, Fig. 7A shows that knockdown of
G�12 prevents ATF2 phosphorylation but that knockdown of
G�13 has no effect. Furthermore, data from literature showed
that the expression of an activated mutant of G�12 (G�12 QL)
leads to phosphorylation and activation of JNKs specifically
through the stimulation of the JNK-specific upstream kinase
MKK7 (23, 70). In Fig. 7B, we show that transfection of G�12
QL in HEK293 cells activates the phosphorylation of ATF2
and JNK. Taken together, these results show that the G�12
protein is involved in this pathway, suggesting that a GPCR
could be at the origin of the sensing of leucine starvation by
cells.

Inhibition of the pathway leading to ATF2 phosphorylation
affects the regulation of ATF3 expression in response to amino
acid starvation. To assess the role of the JNK pathway in
amino acid regulation of gene expression, we first measured
the effect of leucine starvation on ATF3 mRNA content in the
context of JNK2 or JNK1 silencing. The experiment was per-
formed as described in the legend to Fig. 4. Our results (Fig.
8A) show that JNK2-siRNA transfection decreased ATF3
mRNA induction significantly by leucine starvation but that
JNK1-siRNA and control siRNA had no effect. It was previ-
ously shown that ASNS is transcriptionally regulated by leucine
starvation through an AARE that does not require ATF2 bind-
ing (this point will be evoked in Discussion) (12). As negative
control, we show that the amino acid regulation of ASNS is not
affected by JNK2-siRNA treatment. Second, we focused our
investigation on the impact of JNK1 or JNK2 silencing on
AARE-dependent transcription. Cells were transiently trans-
fected with one siRNA together with a vector encoding Luc
driven by two copies of the ATF3 AARE. Figure 8B shows that

FIG. 4. Silencing of JNK2 by siRNA prevents ATF2 phosphorylation
by leucine starvation. (A) Cells were incubated in either control or
leucine-free medium and harvested after the indicated incubation times.
The phosphorylated forms of JNK (Tyr185) and ATF2 were measured.
Each blot was obtained from a representative experiment among three
independent experiments. (B) HeLa cells were transfected with control
siRNA, JNK1 siRNA, JNK2 siRNA, or siRNA targeting both JNK1 and
JNK2, as described in Materials and Methods. At 72 h posttransfection,
cells were incubated in either DMEM or leucine-free DMEM for 4 h and
then harvested for analysis of ATF2, JNK1, JNK2, ATF4, and the phos-
phorylated form of ATF2. Each blot was obtained from a representative
experiment among three independent experiments.
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the increase of the ATF3 AARE-dependent transcription upon
leucine starvation was affected by the JNK2-siRNA but not by
the JNK1 or control siRNA. Our previous article (12) demon-
strates that, like ATF3, the amino acid-regulated transcription
of the CHOP gene requires the expression of ATF2. Figure 8B
shows that the CHOP AARE-dependent transcription is also
affected by transfection of JNK2-siRNA, demonstrating that

the necessity of ATF2 phosphorylation is not restricted to the
regulation of ATF3 expression.

Data from Fig. 4B and 5A show that silencing JNK1 or MKK4
leads to a slight decrease in induction of ATF2 phosphorylation
upon leucine starvation; however, it does not affect AARE-de-
pendent transcription and ATF3 expression (Fig. 8) (data not
shown for MKK4 silencing). The latter observation shows that the

FIG. 5. Knockdown of MKK7 or MEKK1 inhibits leucine starvation-induced ATF2 phosphorylation. (A) HeLa cells were transfected with
either control siRNA, MKK4 siRNA, MKK7 siRNA, or both MKK4 siRNA and MKK7 siRNA. At 72 h posttransfection, cells were incubated in
either DMEM or leucine-free DMEM for 4 h. Cells were then harvested for analysis of MKK4, MKK7, ATF4, and the phosphorylated form of
ATF2 as previously described. (B) MEKK1, MEKK2, MEKK3, or all three proteins were silenced as previously described. Then, the expression
levels of MEKK1, MEKK2, MEKK3, ATF4, and the phosphorylated form of ATF2 were analyzed. (C) Protein extracts from cells transfected with
either control, MKK7, or MEKK1 siRNA were analyzed for JNK phosphorylation. Each blot was obtained from a representative experiment
among three independent experiments.
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signaling pathway connecting amino acid starvation to phosphor-
ylation of ATF2 protein bound on the AARE involves MKK7
rather than MKK4 and JNK2 rather than JNK1.

Finally, we investigated whether inhibition of one of the

upstream steps of the signaling pathway could affect the re-
sponse to leucine starvation. Since G�12 protein silencing de-
creases the basal level of ATF4 protein, it could influence
AARE-dependent transcription (Fig. 7). In consequence, we
chose to measure the impact of Rac1-Cdc42 knockdown on
regulation of ATF3 expression upon leucine starvation. The
experiment was performed as described for Fig. 8A and B. Our
results (Fig. 8C) show that silencing of Rac1 together with
Cdc42 affects induction of ATF3 mRNA in response to leucine
starvation.

FIG. 6. Silencing of Cdc42 and Rac1 prevents ATF2 phosphoryla-
tion in response to leucine starvation. Rac1, Cdc42, or both were
silenced as previously described. The phosphorylated form of ATF2
and the expression of Rac1, Cdc42, and ATF4 were measured. Each
blot was obtained from a representative experiment among four inde-
pendent experiments.

FIG. 7. Involvement of the G�12 protein in leucine starvation-in-
duced ATF2 phosphorylation. HeLa cells were transfected with either
control siRNA, G�12 siRNA, G�13 siRNA, or both G�12 siRNA and
G�13 siRNA. At 72 h posttransfection, cells were incubated in either
DMEM or leucine-free DMEM for 4 h. Cells were then harvested for
analysis of G�12, G�13, ATF4, and the phosphorylated form of ATF2 as
previously described. Each blot was obtained from a representative ex-
periment among three independent experiments. (B) HEK293 cells were
transfected with an activated mutant of G�12 (G�12 QL) or empty vector
(pcDNA3). At 48 h posttransfection, cells were lysed, then protein was
harvested for analysis of G�12, and the phosphorylated forms of ATF2
and JNK were measured as previously described.

FIG. 8. Role of JNK2 and Rac1/Cdc42 in the transcriptional reg-
ulation of ATF3 in response to amino acid starvation. (A) HeLa cells
were transfected with control siRNA, JNK1 siRNA, or JNK2 siRNA
and then incubated in a control medium or leucine-free medium
(�Leu) for 4 h as described for Fig. 4A. Total RNA was then extracted
and analyzed by real-time RT-PCR for ATF3 or ASNS mRNA con-
tent. (B) Cells were transfected with the appropriate siRNA, together
with a reporter plasmid containing two copies of the ATF3 or CHOP
AARE inserted 5� to the thymidine kinase promoter driving the Luc
gene (2xAARE-Tk-Luc). A plasmid encoding �-galactosidase, driven
by a cytomegalovirus promoter, was cotransfected to normalize trans-
fection (see Materials and Methods). At 48 h posttransfection, cells
were incubated in either DMEM or leucine-free DMEM for 16 h and
then harvested to measure Luc activity. (C) HeLa cells were trans-
fected with control siRNA or with Rac1 siRNA and Cdc42 siRNA.
Cells were then treated and analyzed as described for panel B. All
values are means calculated from the results for at least three inde-
pendent experiments performed in triplicate. Data are expressed as
mean � standard error of the mean. Statistical analyses were per-
formed using a Student test. Asterisks indicate that �Leu/siRNA-
treated cells had statistical significance at P values of �0.05 for com-
parison with the �Leu/control siRNA-treated cells.
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These data clearly show that inhibition of ATF2 phosphor-
ylation by siRNA targeting of upstream components of the
signaling pathway impairs induction of ATF3 by amino acid
starvation. However, Fig. 1 and previous results (12) show that
ATF2 knockout almost abolishes the regulation of ATF3 upon
amino acid deprivation. The most plausible hypothesis by
which to explain these data could be that inhibition of the
G�12/JNK pathway by siRNA does not totally inhibit phos-
phorylation of the ATF2 molecules bound on the AARE.

Taken together, these results suggest that a signaling path-
way involving the G�12 protein, Rac1/Cdc42, and the JNK
module is necessary to fully activate the AARE-dependent
transcription in response to amino acid starvation.

DISCUSSION

Cells respond to the stress of amino acid starvation by acti-
vating a gene expression program that either protects them
from stress or leads to apoptosis (42, 57, 58). The regulation of
ATF3 gene expression represents a mechanistic model for in-
vestigating how changes in amino acid availability regulate
transcription. ATF3 is a member of the ATF/CREB transcrip-
tion factor family, which also includes members of the C/EBP
family and Jun/Fos. Normally expressed at low levels in cells,
ATF3 expression is rapidly induced in response to various
stress signals and is likely to be involved in the control of a
number of stress-related responses, including nutrient stress
(33, 43). For example, ATF3 is expressed in the islets of mice
that have developed diabetes and in human patients with type
1 or type 2 diabetes. It was also shown that ATF3 is a regulator
of stress-induced pancreatic �-cell apoptosis (32). The litera-
ture clearly shows that two events are required for ATF3 in-
duction in response to amino acid starvation: ATF4 induction
and ATF2 phosphorylation. The data described in our study
include several novel observations concerning the signaling
pathway by which ATF2 is phosphorylated upon amino acid
starvation and then activates gene transcription. We demon-
strated that a G�12 protein-, Rac1/Cdc42-, MEKK1-, MKK7-,
and JNK2-dependent pathway is essential for regulation of
ATF2 phosphorylation and then ATF3 induction. The results
of this study, together with earlier data, suggest a model where
two independent pathways are involved for the activation of
AARE-dependent transcription by amino acid availability
(Fig. 9). One pathway leads to the induction of ATF4, and the
other one leads to the phosphorylation of ATF2.

It was previously shown that the AARE-regulated genes
(dependent on ATF4 expression) can be divided into two
classes, according to the degree of their ATF2 dependence in
eukaryotic cells (2, 68). The first class is composed of genes
that are totally ATF2 dependent, such as ATF3, CHOP, SARS,
or 4EBP1. In response to amino acid starvation, phosphoryla-
tion of ATF2, subsequent stimulation of the associated histone
acetyltransferase activity, and modification of the chromatin
structure are a general mechanism involved in transcriptional
regulation of the ATF2-dependent genes (12). The second
class, consisting of genes such as ASNS and YARS, is partially
ATF2 dependent since the lack of ATF2 decreases but does
not abolish amino acid regulation. For these genes, it appears
that the increase in histone acetylation resulting from amino
acid starvation involves an ATF2-independent histone acetyl-

transferase mechanism (14). Such differences in the mecha-
nism of histone acetylation would permit flexibility between
amino acid-regulated genes with regard to the rapidity and
magnitude of the transcriptional response despite the same
initial signal.

ATF2 phosphorylation results from the activation of a spe-
cific signaling cascade by amino acid starvation. Among the
upper components of the signaling pathway, we identified the
G�12 protein and two membrane-associated GTPases, Cdc42
and Rac1. It is notable that knockdown of both Cdc42 and
Rac1 is necessary to completely abolish the response to leucine
deprivation. Similar data have been reported for other models
(17, 62). For example, epidermal growth factor activates both
Rac1 and Cdc42 in a synergistic manner to regulate the down-
stream pathway (50). The observation that multiple GTPases
contribute to activation of the JNK module either indicates a
simple redundancy or suggests a specific role for each GTPase,
depending on the different cellular contexts.

Once activated, Rac1 and Cdc42 can interact with numerous
downstream effectors to regulate a diverse set of cellular func-
tions. Our data show that, in response to amino acid starvation,
MEKK1 is the downstream effector of Rac1 and Cdc42 in the
pathway leading to ATF2 phosphorylation. According to the
literature, the mechanisms by which the interactions between
Rac1/Cdc42 and their effectors activate the downstream signal
transduction pathway are still unclear. For example, multiple
Cdc42 downstream effectors (including MEKK1) (27) have the
same interaction motif, with similar affinities for binding to
active Cdc42. It has been hypothesized that guanine nucleotide
exchange factors are a component of the Rac1- or Cdc42-
signaling complex and could direct Rac1/Cdc42 to select the
specific downstream effector (35, 39, 74).

Downstream from MEKK1, the signaling between amino
acid starvation and ATF2 phosphorylation requires MKK7 and
JNK2 kinases. Previous data already mentioned the specificity
of a given kinase for a given downstream effector leading to the

FIG. 9. Model of amino acid starvation-induced AARE-dependent
transcription in human cells. In response to amino acid starvation, two
pathways are activated. The first one is activated by uncharged tRNA
and leads to ATF4 induction. The second one involves the G�12
protein and leads to ATF2 phosphorylation.
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specificity of a signaling pathway (22). For example, MKK7
activates only JNK, whereas MKK4 activates both JNK and
p38 (79, 84). Similarly, the substrate specificities of JNK1 and
JNK2 were different. For example, c-Jun was preferentially
phosphorylated by JNK1, while ATF2 was preferentially phos-
phorylated by JNK2 (20). The specificity of the signaling cas-
cade involves the affinity of the kinase for its substrate as well
as tissue-specific factors and scaffold proteins (84). For exam-
ple, it has been shown that JNK-interacting protein 1 (JIP-1)
forms a complex with JNK, MKK7, and certain MAPK kinase
kinases (25). So the phosphorylation cascade occurs within this
protein complex. The factor(s) responsible for the specificity of
the pathway at each step has not yet been identified. In par-
ticular, the activity of various guanine nucleotide exchange
factors such as guanine exchange factor (GEF), GTPase acti-
vating protein (GAP), or guanine dissociation inhibitor (GDI)
or the role of scaffold proteins (JIP and POSH proteins) in the
model of the JNK pathway activation in response to amino acid
starvation could be investigated (35, 85, 87).

Recently, it has been shown that, in addition to the JNK
pathway, amino acid limitation also activates the kinases MEK
and ERK (78). The authors described a complex cross talk
between the MEK-ERK signaling pathway and the GCN2/
ATF4 pathway. Indeed, activation of the ERK pathway re-
quires eIF-2� phosphorylation and ATF4 induction, which, in
turn, is regulated by ERK activity. Taken together, these data
demonstrate that, in addition to the well-described amino acid-
regulated kinases (GCN2 and mTORC1), several components
of the MAPK pathways are involved in the control of particular
cellular functions following amino acid deprivation. The regu-
latory role of MAPK could depend on the tissue or cell type
(78).

Amino acid starvation-dependent ATF2 phosphorylation in-
volves an unidentified sensor initiated at the cell membrane.
Our results suggest that the amino acid starvation sensor could
involve an unidentified GPCR. GPCRs constitute one of the
largest and most diverse protein families in mammalian ge-
nomes (49). In a recent analysis, more than 800 GPCRs were
listed in the human genome (72). Some members of GPCR
class 3 are described as broad-spectrum amino acid sensors
that couple changes in extracellular-amino-acid levels to the
activation of intracellular signaling pathways (16). They in-
clude the heterodimeric taste receptor (T1R1 and T1R3),
GPCR6A, and the extracellular calcium sensing receptor
(CaR). In yeast, a signaling pathway from the plasma mem-
brane to the nucleus is involved in sensing amino acid avail-
ability in the environment. Extracellular amino acids are rec-
ognized by a receptor at the plasma membrane, the integral
membrane protein Ssy1 (7, 28). In association with two other
peripheral membrane proteins, Ptr3 and Ssy5, it activates tran-
scription factors Stp1 and Stp2, which regulate the expression
of target genes (54).

In mammals, the nature of the upstream amino acid sensor
that could activate the JNK pathway in the context of low
amino acid concentrations remains to be identified. Several
articles report that binding of particular amino acids to their
respective transporter proteins could also serve as an effective
means of sensing amino acid availability at the cell surface
(37). For example, it was reported that leucine and glutamine
transporter activity was necessary for the regulation of

mTORC1 by these amino acids (61). However, in this article
the authors did not determine the origin of the signal: either
the transporter behaves as a receptor (and turns on the path-
way) or it allows a high intracellular concentration of amino
acid to be maintained, which is sensed by the cell. It is notable
that, in addition to leucine starvation, ATF2 phosphorylation is
enhanced by starvation for lysine or methionine (Fig. 1D).
These amino acids are not transported by a common trans-
porter, suggesting that either (i) the amino acid sensor is not an
amino acid carrier or (ii) several amino acid transporters could
be connected to a common protein complex that could turn on
the downstream signaling pathway. Further work will be nec-
essary to identify the amino acid sensor.

In conclusion, we have identified a new signal transduction
pathway activated by amino acid starvation and leading to
ATF2 phosphorylation. Our results demonstrate that, in mam-
malian cells, at least two signaling pathways are activated by
amino acid deprivation. (i) The first one senses the intracellu-
lar lack of amino acid through the activation of GCN2 and
leads to the induction of ATF4. (ii) The other sensor is located
at the plasma membrane and leads to the phosphorylation of
ATF2 through the activation of the JNK cascade. These two
pathways regulate the AARE-dependent transcription and
control a set of genes involved in adaptation to amino acid
limitation. However, we cannot exclude that these signaling
pathways could regulate biological functions other than
AARE-dependent transcription. In particular, the role of the
JNK module in the adaptation to an amino acid limitation
remains to be investigated. Defining the precise cascade of
molecular events by which the cellular concentration of an
individual amino acid regulates gene expression will be an
important contribution to our understanding of metabolite
control in mammalian cells. These studies will provide insight
into the role of amino acids in the regulation of cellular func-
tions like cell division, protein synthesis, and proteolysis.
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