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ABSTRACT

Mammals exhibit multiple adaptive mechanisms that sense and respond to fluctuations in dietary nutrients. Consumption of reduced total

dietary protein or a protein diet that is deficient in 1 or more of the essential amino acids triggers wide-ranging changes in feeding behavior and

gene expression. At the level of individual cells, dietary protein deficiency is manifested as amino acid (AA) deprivation, which activates the AA

response (AAR). The AAR is composed of a collection of signal transduction pathways that terminate in specific transcriptional programs

designed to catalyze adaptation to the nutrient stress or, ultimately, undergo apoptosis. Independently of the AAR, endoplasmic reticulum stress

activates 3 signaling pathways, collectively referred to as the unfolded protein response. The transcription factor activating transcription factor 4

is one of the terminal transcriptional mediators for both the AAR and the unfolded protein response, leading to a significant degree of overlap

with regard to the target genes for these stress pathways. Over the past 5 y, research has revealed that the basic leucine zipper superfamily of

transcription factors plays the central role in the AAR. Formation of both homo- and heterodimers among the activating transcription factor,

CCAAT enhancer-binding protein, and FOS/JUN families of basic leucine zipper proteins forms the nucleus of a highly integrated transcription

factor network that determines the initiation, magnitude, and duration of the cellular response to dietary protein or AA limitation. Adv. Nutr. 3:

295–306, 2012.

Current status of knowledge
Amino acid response
A broad spectrum of adaptive mechanisms has evolved in
mammals to sense and respond to fluctuations in dietary
nutrients. For example, it has been demonstrated that mam-
mals can detect the quality of dietary protein. A diet defi-
cient in even a single essential amino acid (AA)3 will be

avoided (1,2), a response mediated at least in part by general
control nonderepressible 2 (GCN2), which serves as an AA
sensor (3,4). Beyond changes in feeding pattern, a protein-/
AA-deficient diet also leads to changes in metabolism be-
yond protein/AA, such as lipid metabolism (5). mRNA
(messenger RNA) microarray analysis has documented
that a diet deficient in total protein results in significant
changes in gene expression (6) and, in the case of pregnancy,
results in fetal epigenetic changes, including DNA methyla-
tion (7). Likewise, consumption of dietary protein that is
naturally deficient in 1 or more of the indispensible AA, as
many of the grains are, also triggers an altered gene expres-
sion profile (6). At the level of organs and individual cells, a
reduction in total dietary protein or a protein source with an
imbalanced AA composition is manifested as AA depriva-
tion, which activates an AA response (AAR) that is com-
posed of multiple signal transduction pathways (Fig. 1).
As reviewed previously (8), activation of the AAR regulates
gene expression at many steps including chromatin structure,
transcription start site, transcription rates, mRNA splicing,
RNA export, RNA turnover, and translation initiation.

Although the initial AA sensor for some of the AAR-
associated pathways has not been identified definitively, the
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GCN2 kinase is well established as the AA monitoring mech-
anism for the activating transcription factor (ATF) 4 pathway.
GCN2 has the ability to sense the level of each of the AA be-
cause the GCN2 kinase activity is activated when the protein
binds any one of the uncharged transfer RNA (tRNA) mol-
ecules. GCN2 phosphorylates the translation eukaryotic in-
itiation factor 2 (eIF2)a (4,9–13). Phosphorylation of eIF2a
(phospho-eIF2a) functions as an inhibitor of eIF2B (14),
which catalyzes the exchange of GDP for GTP during activa-
tion of the eIF2 complex, a necessary step for the assembly
of the 43S ribosomal subunit. Consequently, phospho-
eIF2a suppresses general protein synthesis, but promotes a
paradoxical increase in translation of selected mRNA

species. Among these are ATF4 and ATF5, discussed in detail
in the following, as well as growth arrest and DNA damage–
inducible 34 (GADD34) (15). GADD34 is a component of
the feedback loop that permits reactivation of general trans-
lation by targeting protein phosphatase 1 to phospho-eIF2a,
which is then dephosphorylated, thereby permitting transla-
tion of the up-regulated stress-responsive mRNA species
(16–18).

GCN2 is only 1 of 4 eIF2a kinases that respond to a spec-
trum of cellular stresses (reviewed in Reference 19). Another
eIF2a kinase is the double-stranded RNA–activated protein
kinase-like endoplasmic reticulum (ER) kinase (PERK).
PERK, activated by ER stress, is 1 of 3 ER stress-signaling
pathways collectively termed the unfolded protein response
(UPR). Activation of the PERK eIF2a kinase also increases
ATF4 synthesis and an associated downstream transcrip-
tional program that often overlaps with the AAR and oxida-
tive stress, leading Harding et al. (20) to propose the
integrated stress response with ATF4 as the central protein
mediator. One can, in many cases, use either AA deprivation
or ER stress to investigate common ATF4-responsive target
genes for these pathways. However, there are also differences
in the gene profile activated by GCN2 and PERK signaling
(21), indicating that factors other than ATF4 add specificity
to each pathway. The mechanism underlying this specificity
represents one of the many interesting questions yet to be
answered. Some insight has been gained from 1 ATF4 target
gene, the system A sodium-dependent neutral AA trans-
porter 2 (SNAT2). SNAT2 contains an ATF4-responsive
site that binds ATF4 and triggers increased transcription
during the AAR (22). However, despite increased ATF4
binding to this same SNAT2 genomic site during UPR acti-
vation, transcription activity is not enhanced. Simultaneous
activation of the AAR and the UPR revealed that the UPR
generates a signal that acts downstream of ATF4 binding
to repress the AAR action on SNAT2.

AAR in health and disease
There are circumstances in which protein/AA deprivation is
associated with positive health responses. For example, there
are data illustrating extension of life expectancy after protein
restriction and even after dietary restriction for a single es-
sential AA (23–25). However, more often protein malnutri-
tion or poor AA assimilation is a negative factor associated
with a wide range of disease states, and AA-dependent
gene expression has been recognized as a component in
some cases. For example, protein malnourishment of hospi-
talized patients is a common occurrence that is characterized
by decreased expression of insulin-like growth factor-
1 (IGF-1) and other genes, which can contribute to morbid-
ity in adults and can lead to slowed growth in children (26).
Similar reductions in IGF-1 expression are observed in non-
hospitalized people with disease-related protein malnutrition.
In healthy adults, consumption of a low-protein diet results in
a decrease in IGF-1 expression and an increase in the counter-
regulatory action of IGF binding protein 1 (IGFBP-1) (27).
The AA-dependent control of the IGF-1 and IGFBP-1 genes

Figure 1 Signal transduction pathways of the amino acid (AA)
response (AAR). The AAR represents a collection of signal
transduction pathways that are activated by AA deprivation of
mammalian cells. There are differences between cell types, such
as which mitogen-activated protein kinases are activated, but
the central pathway of general control nonderepressible 2
(GCN2)–eukaryotic initiation factor 2–activating transcription
factor 4 (ATF4) appears to be ubiquitously expressed and
regulated in all tissues. Likewise, the phosphorylation of ATF2
may well be a universal response, but the tissue distribution of
the nuclear factor kB (NF-kB) activation has not been
established. The autoregulatory induction of cJUN by the AAR
occurs in cultured transformed cells to a much greater extent
than in nontransformed counterparts, although the response
has not yet been studied in vivo. The initial AA sensor for the
cJUN and phosphorylated ATF2 (p-ATF2) pathways has not been
determined conclusively. Interestingly, the 4 pathways shown
rely on a variety of molecular mechanisms. The synthesis of ATF4
protein is translationally controlled, the phosphorylation of
preexisting cJUN and ATF2 protein is mediated by mitogen-
activated protein kinase signaling, and NF-kB activation occurs as
a consequence of disassociation, but not degradation, of IkB. See
the text for additional details. GPCR, G protein–coupled receptor;
IkB, inhibitory kappa beta; JNK, c-Jun N-terminal kinase; MEK/ERK,
mitogen-activated protein kinase/extracellular-regulated kinase.
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has been reported in both in vivo and cell culture models (28–
32).

In the United States, w10 to 15% of all babies are born
small for gestational age, and a significant number of those
are associated with intrauterine growth retardation (IUGR)
(reviewed in Reference 33). More than 50% of stillbirths
have preceding IUGR, and worldwide, w30 million new-
borns have IUGR (reviewed in Reference 34). Although
IUGR is typically the result of placental deficiencies that
limit nutrient delivery, it can also be caused by poor mater-
nal nutrition during the pregnancy. One of the hallmarks of
IUGR in both humans and animal models is a reduction of
maternal to fetal transfer of essential AA, and there is a pos-
itive correlation between the 2 with regard to the degree of
IUGR (35). Intracellular AA signaling within the placenta
has not been extensively investigated, but it has been docu-
mented that human placentas from IUGR pregnancies have
increased eIF2a phosphorylation compared with controls
(36). Consistent with these observations, a balanced protein-
energy supplement regimen is one of the promising ap-
proaches to prevent IUGR (34). The long-term consequences
of fetal AA deprivation can be far-reaching. Dietary protein
deprivation not only has immediate effects on gene expres-
sion, but also has long-term effects through epigenetic mech-
anisms. Protein/AA restriction in utero causes genomewide
changes in fetal hepatic DNA methylation and changes in
gene regulation during adulthood of the offspring (7), possi-
bly leading to metabolic syndrome as predicted by the fetal
origins of adult disease (37). Interestingly, a low-protein
diet during pregnancy induces hepatic Igf2 and H19 gene ex-
pression in the newborn offspring, possibly by altering DNA
methylation (38). The activation of these genes in the off-
spring was reversed when the low-protein diet was supple-
mented with folate by an unknown mechanism.

A critical consequence of the protein malnutrition asso-
ciated with many disease states is global tissue wasting. For
example, protein-energy wasting is a common feature of
chronic kidney disease, in particular in those who undergo
maintenance dialysis (39). Most dialysis patients consume
w25% less protein than the recommended dietary protein
intake values, contributing to the tissue wasting and, in chil-
dren, to growth retardation. Another example of tissue wast-
ing is cancer-associated cachexia, which is characterized by
decreased food intake (anorexia) and loss of muscle mass,
as well as increased morbidity and mortality (40,41). An as-
pect of cancer that is not fully understood is the relationship
between tumor growth and dietary protein/AA availability.
Tumors may be subjected to AA limitation in several circum-
stances: 1) during protein malnutrition of cancer patients; 2)
in tumor regions for which sufficient vascularization has yet
to develop; or 3) when tumor vessels are compromised, which
occurs often. Consequently, hypoxic areas of tumors, which
are likely to be deprived of other nutrients, including AA,
exhibit increased ATF4 expression (42). In fact, Ye et al.
(43) showed that the GCN2-eIF2a-ATF4 pathway is activated
in tumor tissue, and knockdown of either GCN2 or ATF4
expression in human xenograft tumors caused reduced

proliferation. The researchers concluded that the GCN2-
eIF2a-ATF4 pathway confers prosurvival and proliferative
capabilities to tumor cells undergoing nutrient limitation
(43). Ye et al. (43) also revealed a correlation between re-
duced asparagine synthetase (ASNS) expression and blocked
tumor growth, an observation supported by the demonstra-
tion that exogenous expression of just ASNS alone in the
ATF4 knockdown cells restored proliferation of the tumor
xenografts. These in vivo tumor studies complement obser-
vations by our laboratory showing that increased ectopic ex-
pression of ASNS alone replicates the asparaginase (ASNase)
drug–resistant, highly proliferative phenotype that can de-
velop during therapy of children with acute lymphoblastic
leukemia (ALL) (44,45). Children with ALL are treated
with L-ASNase to deplete the leukemia cells of asparagine
(46), which have low expression of ASNS and consequently
undergo cell cycle arrest and eventually apoptosis (44,47).
ASNase sensitivity of some ovarian cancer cell lines suggests
that asparagine deprivation may represent an exciting new
approach to treating ovarian tumors (48).

In vivo observations in model organisms
A majority of the work focused on the actions of transcrip-
tion factors during the AAR has been performed in cell cul-
tures as a model system for a diet that is protein deficient or
is unbalanced with regard to essential AA. Some protein
sources are deficient in selected AA, including legumes,
which can be deficient in methionine, grains that are low
in lysine content, or corn, which does not supply sufficient
amounts of tryptophan or lysine. Several studies have dem-
onstrated that feeding mice a leucine-free diet can induce
the AAR (49,50). Indeed, within 1 h after initiating a leucine-
free diet, increased hepatic transcription of AA-responsive
genes can be detected, and within 2 h after replacing the
leucine in the diet, the transcriptional changes are reversed
(50). Analysis of genomic structure, epigenetic changes to
DNA and histones, and measurement of transcription activ-
ity in vivo can be complicated because most organs repre-
sent more than 1 cell type, which can compromise the
interpretation of mechanistic data given the possibility of
cell-specific responses. Indeed, we know from in vivo studies
after dietary leucine deprivation that cell-specific responses
play a critical role in modulating the AAR, as shown for
the liver and muscle (49). Also, whole animal studies do
not permit a direct test of the regulatory effect of AA alone
because circulating AA levels can influence the release and
action of hormones and growth factors. How the AAR path-
way is differentially regulated and affects interorgan AA me-
tabolism must await direct comparisons and molecular
analysis because a systematic and thorough survey of tissues
for AA-responsive signaling, transcription factor expression/
activation, and control of target genes has not been reported
after dietary protein/AA deprivation.

Activating ATF family
Although activation of the AAR increases transcription from
the ATF4 gene by w2-fold (51), the primary regulation of
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ATF4 protein content is through translational control of pre-
existing mRNA. The ATF4mRNA contains 2 upstream open
reading frames (uORF), uORF1 and uORF2, that are located
59 to the ATF4 coding sequence, and both are translated in
the nonstressed condition to the exclusion of ATF4 itself be-
cause uORF2 overlaps with the ATF4 coding sequence, but is
out of frame (52,53). During AA limitation, the uORF1 is
translated but as a consequence of phospho-eIF2a inhibi-
tion of eIF2B and a corresponding decrease in functional
eIF2 complex, ribosome scanning bypasses the uORF2 start
site and translation reinitiation occurs at the ATF4 coding
region. Thus, synthesis of ATF4 protein is selectively in-
creased in response to AA deficiency (or after PERK activa-
tion by ER stress). ATF4 triggers increased transcription by
binding to CCAAT enhancer-binding protein (C/EBP)-ATF
response elements (CARE), so named because they are com-
posed of a half-site for the C/EBP family and a half-site for
the ATF family of the basic leucine zipper (bZIP) transcrip-
tion factor superfamily (54,55). The products of these
CARE-containing genes modulate a wide spectrum of cellu-
lar events designed to adapt to dietary stress. Under contin-
ued stress of sufficient magnitude, ATF4-induced apoptosis
can also occur. Given that ATF4 is induced by both the AAR
and the UPR, these CARE sequences are usually, but not al-
ways, functional in response to both stress pathways. In the
context of protein or AA deprivation, the CARE sites are of-
ten referred to as AA response elements (AARE). Consistent
with ATF4’s role as a critical transcription factor within the
AAR, the ATF half-site is highly conserved, whereas the C/
EBP half-site is quite divergent (59-TGATGXAAX-39) (8).
It is possible that different ATF4 dimerization partners
bind to the C/EBP half-site to provide transcriptional spec-
ificity to the ATF4 signal that is generated by the 4 indepen-
dent eIF2a kinases, although the identity and properties of
these proposed heterodimers have not been studied exten-
sively. If ATF4 requires a dimerization partner, the abun-
dance of that protein is not limiting, even in the basal or
“fed” state. Support for this hypothesis comes from the
use of HEK293 cells stably expressing a tetracycline (Tet)-
inducible ATF4 construct (56). Tet-induced ATF4 expression
in these cells maintained in control culture medium, to pre-
vent activation of other aspects of the AAR, still resulted in
transcriptional induction of all 5 ATF4-responsive genes that
were tested. In association with the Tet-dependent enhance-
ment of ATF4 binding to the CARE site on an AAR target
gene, recruitment of the general transcription machinery,
including RNA polymerase II, was observed at a level compa-
rable to that induced by activation of the AAR. These results
indicate that increased ATF4 expression alone is sufficient to
trigger enhanced transcription of CARE-containing genes.
Ameri and Harris (57) published a comprehensive review
of ATF4.

Among the ATF4-activated genes are the transcription
factors C/EBPb (58), ATF3 (59,60), and CHOP (61), which
act as feedback repressors of the ATF4 signal. Using the
ASNS gene as a model, a self-limiting mechanism has
been characterized in which prolonged AA deprivation leads

to feedback suppression due to ATF4 activation of C/EBPb
and ATF3 expression (62). More recent studies have added
C/EBP homologous protein (CHOP) as a negative regulator
of ATF4 action during the AAR (63). Chromatin immuno-
precipitation (ChIP) analysis of the ASNS gene was used
to illustrate that ATF4 binding to the CARE site occurs as
early as 30 to 45 min after AA deprivation, and elevated
ATF4 binding continues for w4 h. After 4 to 6 h of AA lim-
itation, there is a gradual decrease in ATF4 binding to the
CARE site, an increase in C/EBPb, ATF3, and CHOP re-
cruitment, and a parallel decrease in ASNS transcription ac-
tivity (62,63). This self-limiting cycle of ATF4 action has
now been demonstrated for a number of CARE-containing
genes (60,64). The mechanistic details at the molecular level
of how these factors interact with the general transcription
machinery to control the rate of initiation or elongation
have not been established.

For some ATF4-regulated genes, increased transcription
also requires phosphorylated ATF2 (p-ATF2), which en-
codes an active histone acetyltransferase (65–67). As il-
lustrated in Figure 1, it has been demonstrated that AA
deprivation triggers a signaling cascade that terminates
with the c-Jun N-terminal kinase (JNK) 2–dependent phos-
phorylation of ATF2 at Thr-69 and Thr-71, which then leads
to recruitment of p-ATF2 to the CARE sequence of selected
AAR target genes (67). Bruhat et al. (68) first demonstrated
the importance of ATF2 in mediating the transcriptional in-
duction of the CHOP gene after leucine starvation and sub-
sequently showed that leucine deprivation led to an increase
in the abundance of the active p-ATF2, whereas there was no
detectable change in the total ATF2 protein levels (65). Ac-
tivation of the AAR in ATF2 knockout fibroblasts failed to
induce ATF3 and CHOP mRNA, further demonstrating
the essential role of ATF2 for those genes. Conversely, other
AA-responsive genes, such as ASNS (65) and TRB3 (50), are
largely unaffected by the lack of ATF2, suggesting that it does
not contribute to transcriptional control of all the AAR tar-
gets equally. However, small interfering RNA (siRNA)
knockdown of ATF2 in HepG2 hepatoma cells did result
in a partial suppression of ASNS induction (69), so it ap-
pears that both gene specificity and tissue specificity may in-
fluence ATF2 action. Activation of the AAR leads to
enhanced recruitment of p-ATF2 to the CARE of the
CHOP gene and stress-induced acetylation of histones
H2B and H4 (66), a result also shown for the ATF3 gene
(67).

As discussed in more detail in the following, autoactiva-
tion of the cJUN gene by the AAR is dependent on the for-
mation and binding of ATF2-cJUN dimers to the 2 AP-1
sequences in the proximal promoter of cJUN, although
1 of the sites appeared to show a preference for cJUN homo-
dimers (69). Co-immunoprecipitation revealed an increase
in p-ATF2/p-cJUN heterodimer formation in response to
AAR activation. Interestingly, similar to the observation
for cJUN, overexpression of ATF2 stabilized ATF4 protein,
and, conversely, a dominant negative form of ATF2 caused
a complete block of the AAR-induced increase in ATF4
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protein abundance (69). It has been reported that ATF4 can
be acetylated by p300, but not by p300/CBP-associated fac-
tor (70). However, p300/CBP-associated factor binds to
ATF4 and can act as a cofactor in the ATF4-dependent in-
duction of CHOP during the AAR (61). Conversely, Lassot
et al. (71) reported that the p300-dependent stabilization
of ATF4 protein was due to inhibition of ubiquitination
and independent of p300 acetyltransferase activity. Direct
tests for ATF4 acetylation by ATF2 have not been reported,
but it is possible that ATF2-mediated acetylation also stabi-
lizes the ATF4 protein.

As reviewed elsewhere, ATF5 has been implicated in reg-
ulation of cell growth and development, especially in the
nervous system (72). ATF5 is a member of the ATF family
of the bZIP transcription factors and is highly homologous
to ATF4 (73). Like ATF4, the mRNA for ATF5 also contains
upstream uORFs that control translation in an AA-depen-
dent manner (74,75). As expected, activation of the GNC2
kinase and eIF2 phosphorylation are both required for the
increase in ATF5 expression. Interestingly, ATF4 is necessary
both to maintain ATF5 mRNA levels and to support the
ATF5-dependent transcription from the ASNS promoter
(73). Al Sarraj et al. (73) documented that the bZIP tran-
scription factor CHOP acts to counterregulate the induction
of the ASNS promoter by ATF5 acting at the CARE site, sim-
ilar to the CHOP antagonisms of ATF4 (63). The stim-
ulatory action of ATF5 via a CARE sequence was also
reported for the CHOP gene itself (76). How ATF4 and
ATF5 both act at a CARE site when they are simultaneously
expressed in response to AA deprivation has not been inves-
tigated. ChIP sequencing to survey the genome for ATF4-
ATF5 binding sites and quantitative re-ChIP analysis for
their binding at specific genes are necessary to reveal mech-
anistic insight into their possible interaction. In contrast to
studies showing action of ATF5 at CARE sequences, Li et al.
(77) used an unbiased selection approach to identify an
ATF5 binding sequence, 59-YTCTYCCTT-39. The authors
showed that the EGR1 gene contains 2 of these ATF5 binding
sequences and that they were necessary for basal EGR1 pro-
moter activity. Whether these elements mediate induction of
ATF5 target genes in response to AA limitation or other
stimuli is unknown.

ATF5 polymorphisms have been linked to an altered re-
sponse to therapy for children with ALL. As a key compo-
nent of the multidrug treatment for childhood ALL,
patients are given ASNase, which depletes the body of aspar-
agine (and glutamine to a lesser extent). Due to a suppressed
ability of ALL cells to rapidly up-regulate ASNS protein con-
tent, relative to most other tissues in the body, the leukemia
cells are preferentially sensitive to ASNase (44,45). Rousseau
et al. (78) discovered that patients with a T1562C polymor-
phism within the ATF5 gene exhibit lower event-free sur-
vival times when treated with ASNase. The T1562C
polymorphism leads to higher ATF5 promoter activity,
and the authors speculate that ATF5-driven expression of
ASNS causes decreased sensitivity to ASNase therapy. Anal-
ysis of the relationships among ATF5 action, ASNS protein

levels, and ASNase sensitivity is an interesting avenue for
further research in the ALL field.

ATF3 expression is increased in response to a broad spec-
trum of stress signals and contributes to the control of many
cellular activities (reviewed in References 79 and 80). Ex-
pression of ATF3 is induced in response to activation of
the AAR and the UPR pathways, and these inductions re-
quire the eIF2a kinases GCN2 and PERK, respectively
(59,81), as well as ATF4 (20,60). In response to AAR activa-
tion, both increased transcription (60) and mRNA stabi-
lization (82) contribute to induction of ATF3 expression.
Yaman et al. (83) showed that during the AAR, HuR is
shifted from the nucleus to the cytoplasm after which it
binds to and stabilizes the CAT-1 cationic AA transporter
mRNA. Subsequently, Pan et al. (82) reported similar results
for the ATF3mRNA. The AA-dependent shift to cytoplasmic
accumulation of HuR paralleled the kinetics of ATF3mRNA
accumulation and suppression of HuR protein using siRNA
partially blocked the increase in ATF3 mRNA in histidine-
deprived cells. The human ATF3 promoter has a consensus
CARE site that was first reported to be responsible for auto-
regulation of the ATF3 gene (84). Transient overexpression
experiments and studies on knockout fibroblasts showed
that ATF4, acting via the CARE site, increased transcription
from the ATF3 gene and that C/EBPb and ATF3 functioned
as feedback repressors (60). However, there are reports that
the AA-dependent induction of ATF3mRNA is observed af-
ter short hairpin RNA knockdown of ATF4 (85). Interest-
ingly, the ATF3 gene exhibits extensive alternative splicing,
and AA availability regulates exon selection such that several
different ATF3 isoforms are synthesized (81). Two of these
isoforms exhibit opposite transcriptional activities when
overexpressed, full-length ATF3 strongly antagonizes ATF4
action, whereas ATF3ΔZIP3, an isoform with a truncated
leucine zipper domain, further enhances ATF4 activation
at CARE sites. Although the physiologic consequences of
these opposing activities have yet to be explored fully, differ-
ential expression of these isoforms may provide further
modulation of the ATF3 signal, add gene specificity to the
ATF4 signal, or serve to provide cell-specific stress responses
from the ATF3 gene.

C/EBP family
The C/EBPbmRNA contains 3 methionine residues that are
used as translational start sites, which leads to 3 separate iso-
forms, liver-enriched transcriptional activator protein*
(LAP*, 345 AA in humans), a protein of 23 fewer N-terminal
AA called LAP, and the liver-enriched transcriptional inhib-
itory protein (LIP, 147 AA in humans), which corresponds
to the C-terminal half of the LAP form (86). LIP lacks the
transactivation domain of LAP*/LAP, but contains the bZIP
dimerization region and, therefore, through dimerization
with other C/EBP members, can serve as a dominant nega-
tive repressor. The ratio of the C/EBPb isoforms can be con-
trolled by translation-associated regulatory mechanisms
mediated by the mammalian target of rapamycin (mTOR)
(87). Decreased translation rates, as would occur during
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AA deprivation, results in a preference for LAP synthesis.
Conversely, increased mTOR activity, which is enhanced by
AA sufficiency and suppressed by AA limitation (88,89), pro-
motes enhanced translation rates and synthesis of the LIP
isoform.

As mentioned previously, the expression of C/EBPb is in-
creased by ATF4 action and subsequently binds to the CARE
sequence and, along with ATF3, acts to feedback repress the
ATF4 signal (62). Studies in C/EBPb knockout MEF cells or
HepG2 hepatoma cells treated with an siRNA against C/
EBPb revealed that AAR-induced transcription from the en-
dogenous ASNS gene or luciferase driven by the ASNS pro-
moter was enhanced in the absence of C/EBPb expression
(58). All 3 isoforms appear to function as repressors of the
AAR-dependent induction, with LIP also required for basal
ASNS transcription. Li et al. (90) used UPR activation to
demonstrate that LIP levels follow a biphasic response
such that during the early phase, LIP levels decrease, but
then subsequently increase significantly. The large change
in the LIP/LAP ratios was linked to LIP-dependent inhibi-
tion of ATF4-driven gene expression for genes known to re-
spond to ATF4 via CARE sequences. Similar changes were
observed after AA deprivation, but the magnitude was con-
siderably less. Induction of CARE-containing genes such as
ASNS, SNAT2, and CAT-1 is enhanced in C/EBPb-deficient
fibroblasts, as reported by Thiaville et al. (58) for AA dep-
rivation. In contrast, Li et al. (90) identified the CARE-
containing gene CHOP and 2 of its downstream targets,
GADD34 and TRB3, as genes for which UPR-triggered in-
duction was suppressed in C/EBPb-deficient cells, and Car-
raro et al. (50) concluded that C/EBPb does not contribute
to AA-dependent TRB3 transcription. Interestingly, LIP pro-
tein stabilization during the latter phase of the UPR is de-
pendent on the formation of a LIP-CHOP dimer, and,
conversely, nuclear import of CHOP is enhanced by this di-
merization, a process that Chiribau et al. termed molecular
symbiosis (91).

Expression of CHOP, also known as growth arrest and
DNA damage protein 153 (GADD153), is activated by a
wide range of stress stimuli. Deleting the CHOP gene docu-
mented a link between CHOP expression and apoptosis in-
duced by cellular stress (92), an observation that has now
been reproduced for many cells and tissues. AA limitation
increases CHOP expression by both transcriptional (93,94)
and posttranscriptional mechanisms (95,96). Jousse et al.
(94) used deletion analysis to show that the CHOP CARE
sequence (59-TGATGCAAT-39), originally identified as an
arsenic-responsive element (54,55), also functions as an
AARE. The induction of the CHOP gene following AA lim-
itation requires both ATF2 phosphorylation and increased
ATF4 expression (65).

An intriguing question is why CHOP cooperates with
ATF4 to activate the TRB3 gene, whereas CHOP inhibits
the ATF4-dependent transcription of others, such as
ASNS (63). Ohoka et al. (97) demonstrated that the flank-
ing sequence of the TRB3 AARE element might contain
1 or more binding sites for additional factors that

contribute to the distinct function of the ATF4/CHOP het-
erodimer. The stress response unit of the TRB3 gene con-
tains 3 identical tandem repeats each consisting of 33 bp.
Each of the repeats contains a CCAAT-like element (59-
CTAAT-39), a CARE sequence (59-TGATGCAAA-39), a
CHOP binding site (59-TGCAAAC-39) that overlaps with
the CARE sequence, and a cytosine/guanine-rich palin-
drome (59-CCCGGTCCGGG-39) of unknown function.
Mutagenesis analysis showed that the CCAAT-like element,
the CHOP binding site, and the CARE site were each essen-
tial for TRB3 induction (50,97). The ASNS promoter con-
tains a sequence similar to the overlapping CARE and
CHOP sequences in the TRB3 gene, but it does not have a
TRB3 CCAAT-like element. ASNS promoter activity is
repressed by CHOP overexpression, and, conversely, siRNA-
mediated knockdown of CHOP further enhances the induc-
tion of ASNS by either AA deprivation or ER stress (63). These
contrasts suggest the possibility that the CCAAT-like element
may be involved in the discrimination between activation and
repression by the ATF4/CHOP heterodimer. The CHOP-
dependent repression of the ASNS gene required the entire
CHOP protein, arguing against the possibility of simple se-
questration of ATF4 by the CHOP leucine zipper domain,
and ChIP analysis showed an association of CHOP with the
ASNS and TRB3 promoters (63). Collectively, these results
document that CHOP is a member of the AAR transcription
factor network that can either activate or repress the stress-
induced regulation of specific CARE-containing genes, perhaps
based on specificity provided by flanking elements.

FOS/JUN family
There have been several isolated reports suggesting a link be-
tween the AA availability and expression of members of
FOS/JUN family. For example, methionine limitation of
Chinese hamster ovary cells increased cJUN, cFOS, and
Jun-B mRNA levels (98), and total AA deprivation of a pan-
creatic tumor cell line led to an increase in both total cJUN
and phosphorylated cJUN protein levels (99). Gietzen et al.
(100) discovered that regions of the mouse brain that exhibit
increased eIF2a and extracellular regulated kinase activation
in response to a threonine-free diet also contained elevated
levels of cJUN. After expression mRNA microarray analysis
of HepG2 cells, Shan et al. (101) observed that both cFOS
and cJUN were increased in their expression by the AAR.
Those results led Fu et al. (69) to complete the first system-
atic analysis of AA-responsive expression for the FOS/JUN
family of transcription factors. The authors discovered a
novel ATF4-independent AAR pathway that centers on tran-
scriptional induction of selected FOS/JUN members. In hu-
man hepatocellular carcinoma cells, expression of cJUN,
JUN-B, cFOS, and FOS-B was induced by the AAR, whereas
that for JUN-D, FRA-1, and FRA-2 was not. For several hu-
man liver, prostate, and ovarian cell lines, the AAR-induced
increase in cJUN expression was considerably greater in
transformed cells compared with nontransformed counter-
parts, an effect independent of cell growth rate. Of the 4
AA-responsive FOS/JUN members, cJUN made the largest
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contribution to the induction of several known AAR down-
stream target genes, including ASNS, CHOP, and ATF3.
Rather than direct cJUN transcriptional action on these
genes, the effect appeared to be indirect, a result of cJUN-de-
pendent stabilization of ATF4 protein by an unknown
mechanism (69).

The AAR-induced transcription from the cJUN gene was
autoregulatory and dependent on mitogen-activated protein
kinase–mediated phosphorylation of preexisting cJUN pro-
tein. A primary dimerization partner for cJUN is ATF2
(102), and it has been demonstrated that for a number
of stimuli, transcription from the cJUN gene is induced
by cJUN-cJUN homodimers or cJUN-ATF2 heterodimers
binding to the 2 AP1 sites within the cJUN proximal
promoter (103–105). Fu et al. (69) showed that the AAR
activates a cascade that involves activation of the mitogen-
activated protein kinase/extracellular-regulated kinase and
JNK arms of the mitogen-activated protein kinase signaling
pathways, followed by phosphorylation of preexisting ATF2
and cJUN protein, and then formation of cJUN-ATF2 acti-
vated heterodimers. In response to AA deprivation, the
cJUN-ATF2 dimers are recruited to the 2 AP-1 sites within
the cJUN proximal promoter, which leads to autoactivation
of the cJUN gene. These results are the first to document that
some AP-1 sequences can function as a transcriptional
AARE. The mechanism by which the mitogen-activated pro-
tein kinase/extracellular-regulated kinase and JNK pathways
are activated is unknown, but the ability to induce cJUN tran-
scription through the use of amino alcohols to block tRNA
charging suggests that GCN2 or another tRNA-monitoring
mechanism is likely to be the initial sensor.

As the name indicates, JUN dimerization protein 2
(JDP2) was initially identified as a cJUN binding partner
(106), but it can homodimerize or heterodimerize with sev-
eral members of the JUN family and with ATF2 (107). JDP2
inhibits ATF2-dependent transcription by recruiting an
HDAC3-containing complex to target genes (108). Chérasse
et al. (109) documented that JDP2 is bound to the CHOP
CARE site in the basal state. The amount of JDP2 associated
with the gene decreases after activation of the AAR, leading
the authors to suggest that JDP2 functions as a repressor of
regulated CHOP transcription. Support for this proposal
came from additional experiments showing that knockdown
of endogenous JDP2 by siRNA caused an increase in basal
and AAR-induced levels of CHOP mRNA, whereas JDP2
overexpression blocked the increase in CHOP promoter-
driven luciferase reporter activity. Consistent with the data
of Jin et al. (108), Chérasse et al. also showed that HDAC3
association with the CHOP CARE region decreased as
JDP2 decreased and ATF4 association increased (109). Al-
though the possible direct regulation of JDP2 expression
by the AAR has not been reported, expression mRNA mi-
croarray data revealed a 10-fold increase in JDP2 mRNA af-
ter AAR activation (101). JDP2 has been reported to inhibit
transcription from the ATF3 gene by an unknown mecha-
nism (110). Given that the full-length ATF3 protein is the
primary isoform produced during the AAR and that it

inhibits ATF4 function (81), suppression of ATF3 expression
by JDP2 may indirectly enhance ATF4 action. In contrast to
this and many other reports of transcriptional repression by
JDP2, its dimerization with CHOP activates transcription of
certain genes via AP-1 sites (111). If JDP2 functions in the
“fed” state to suppress transcription from AA-responsive
genes such as CHOP, activation of JDP2 expression by the
AAR presents a paradox, unless it is also part of a feedback
repression mechanism. It would be interesting to further in-
vestigate the primary role of JDP2 within the AAR network
of transcription factors.

Transcription factors outside of the bZIP superfamily
As mentioned previously, Igfbp-1 expression is up-regulated
in rats fed a protein-free diet and in cells cultured with me-
dium deprived of AA (32). An E-box like AA responsive el-
ement was identified at 277 to 2112 bp upstream of the
transcriptional start site within the Igfbp-1 gene, and electro-
phoretic mobility shift analysis using nuclear extracts of liver
tissue from rats fed a control or protein-free diet revealed in-
creased binding of both USF-1 and USF-2 (112). Consistent
with this observation, the abundance of nuclear USF-1 and
USF-2 proteins was significantly increased in livers of the
rats receiving the protein-free diet. Averous et al. (28) dem-
onstrated that AA deprivation of HepG2 hepatoma cells
induced IGFBP-1 through both transcriptional and post-
transcriptional mechanisms. The authors also showed that
the transcriptional induction was independent of GCN2
and ATF4. Given that USF-1 and USF-2 are expressed in a
wide variety of tissues and that E-box elements are common
to many genes, the possible role of USF-1 and USF-2 within
the AAR requires further investigation.

Nuclear factor kB (NF-kB) family members are tran-
scription factors that regulate a wide range of processes
such as immunity, stress responses, apoptosis, and differen-
tiation. Microarray analysis of several central nervous system
tumor cell lines after methionine deprivation identified NF-
kB as a gene up-regulated during this AA stress condition
(113). In some cell lines, the NF-kB protein was retained
in the cytoplasm, whereas in others, nuclear transfer was ob-
served. Likewise, by microarray analysis of HepG2 cells after
activation of the AAR, Shan et al. (101) observed that the
mRNA expression levels for many of the NF-kB family
members were increased. Jiang et al. (114) used wild-type
and knockout mouse embryonic fibroblasts to establish
that during AA deprivation, NF-kB is activated in a
GCN2-dependent manner, and during ER stress, NF-kB ac-
tivation is PERK dependent. In wild-type cells, NF-kB was
activated within 1 h after leucine deprivation and remained
increased as long as 6 h. In contrast, only a modest increase
in NF-kB binding activity was observed in GCN2-deficient
fibroblasts. Consistent with the role of the GCN2 and
PERK, in fibroblasts expressing eIF2a with a Ser-51-Ala
(A/A) mutation that cannot be phosphorylated by GCN2
or PERK, no activation of NF-kB was detected (114). The
authors showed that the phosphorylated eIF2a-dependent
activation of NF-kB was the result of a disassociation from
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its inhibitor IkB (inhibitory kappa beta). In many instances,
NF-kB is activated by signals that lead to the degradation of
IkB, but for the phosphorylated eIF2a–triggered response,
IkB total abundance was unchanged. The mechanism by
which the AAR/UPR pathways cause NF-kB/IkB disassocia-
tion in the absence of IkB turnover has not been established.
Interestingly, GCN2 also mediates the induction of NF-kB
activity by UV irradiation (115), but how UV activates the
GCN2 kinase is unknown.

As an important tissue for nutrient homeostasis, the liver
expresses many metabolic pathways controlled by liver-
specific transcription factors, such as the FOXA1, FOXA2, and
FOXA3 proteins (116). Imae et al. (117) showed that hepatic
FOXA3 expression is up-regulated in mice fed a protein-free
diet or a diet in which casein was replaced by an equal
amount of gluten (deficient in lysine and threonine). Su
et al. (118) extended that observation to show that of the
3 family members, FOXA2 and FOXA3 are induced by the
AAR, both in intact animals fed a low-protein diet (20%
vs. 8%) and in hepatoma cells in culture treated with histi-
dinol to increase uncharged His-tRNA. The expression of
FOXA1 was unaffected. The mechanism by which FOXA2/
3 expression was induced was primarily transcriptional in
nature, but not through the ATF4-dependent pathway.
The FOXA2/3 genes do not appear to have a functional
ATF4-responsive CARE sequence within their proximal
gene locus, and the AAR induction was not blocked by
knockdown of ATF4. Perhaps consistent with the ATF4-
independence, triggering the UPR pathway has little or no
effect on FOXA2/3 expression (118), reminiscent of the
SNAT2 gene described earlier. Thus, FOXA2/3 join a small
list of genes that are induced by the AAR, but not by the
UPR. The FOXA2/3 proteins do not appear to play a major
role in the control of currently recognized AAR target genes.
Further studies are necessary to establish the functions of the
FOXA transcription factors during the AAR.

Conclusions
Investigation of the signaling pathways and gene expression
programs triggered by the AAR has identified several tran-
scriptional mediators of this response. ER stress exhibits a
significant degree of overlap with regard to these mediators
as a consequence of ATF4 induction. What these investiga-
tions show is that the bZIP superfamily of transcription fac-
tors plays the central role during these cellular stress
responses (Fig. 2). Formation of homo- and heterodimers
among the ATF, C/EBP, and FOS/JUN families of proteins
forms an integrated transcription factor network that deter-
mines the initiation, magnitude, and length of the cellular
response to AA limitation. Despite the recent progress in
characterizing the transcriptional programs associated with
the AAR, many questions remain. For example, how does
ATF4 signaling, triggered by 4 different eIF2a kinases, be-
come selective for the appropriate subset of genes within a
given tissue or cell type? A related question is what role do
the ATF4 dimerization partners play in determining the
specificity of the response? Microarray analysis of GCN2-

deficient cells indicates that there are GCN2-independent,
AA-responsive genes (119), suggesting that there are addi-
tional AA sensors to be discovered. What is the identity of
these sensors and how do they function? One possibility
that has been put forth that deserves more investigation is
that plasma membrane AA transporters serve as sensors
(120). Another interesting possibility comes from the obser-
vations that 1 or more members of the class 3 G protein–
coupled receptors have AA-sensing capabilities (reviewed
in Reference 121). Further support for this hypothesis comes
from the data of Chaveroux et al. (67) who showed that
Ga12 was necessary for increased ATF2 phosphorylation af-
ter leucine deprivation. They concluded that this phospho-
rylation was triggered independently of GCN2 signaling
because it occurred in GCN2-deficient fibroblasts, but it
did not occur in wild-type cells incubated with leucinol.
However, Fu et al. (69) showed that a robust increase in
ATF2 phosphorylation is observed after activation of the
AAR by treatment of HepG2 cells with histidinol. It is pos-
sible that signaling, metabolism, or other cell-specific differ-
ences accounts for this apparent discrepancy.

Thus, although considerable progress in understanding
AA-dependent control of gene expression has been achieved,
innumerable important mechanistic questions remain.
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Figure 2 The basic leucine zipper (bZIP) transcription factor
network of the amino acid response (AAR). The core of the
transcription factor network that has been identified thus far to
mediate the AAR consists of primarily bZIP family members.
Several are transcriptionally activated by activating transcription
factor (ATF) 4 [ATF3, CCAAT enhancer-binding protein
homologous protein (CHOP), and CCAAT enhancer-binding
protein (C/EBP) b] and then subsequently act to feedback inhibit
the ATF4 signal as part of a self-limiting ATF4 program described
in the text. C/EBPb and cJUN are illustrated in the figure, but
other members of the C/EBP and FOS/JUN families are known to
be induced in expression by the AAR and/or contribute to
regulation of AAR target genes. The solid arrows represent direct
activation of the indicated gene, whereas the solid bars
represent transcriptional antagonism of ATF4 action on AAR
target genes. The dashed gray arrows indicate that ATF2 and
cJUN stabilize the ATF4 protein by an unknown mechanism.
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