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Abstract Cell signaling in response to an array of diverse
stress stimuli converges on the phosphorylation of the
a-subunit of eukaryotic initiation factor 2 (eIF2). Phospho-
rylation of elF2a on serine 51 results in a severe decline
in de novo protein synthesis and is an important strategy
in the cell’s armory against stressful insults including viral
infection, the accumulation of misfolded proteins, and star-
vation. The phosphorylation of elF2u is carried out by a
family of four kinases, PERK (PKR-like ER kinase), PKR
(protein kinase double-stranded RNA-dependent), GCN2
(general control non-derepressible-2), and HRI (heme-
regulated inhibitor). Each primarily responds to a distinct
type of stress or stresses. Thus, while significant sequence
similarity exists between the elF2a kinases in their kinase
domains, underlying their common role in phosphorylat-
ing elF2a, additional unique features determine the regu-
lation of these four proteins, that is, what signals activate
them. This review will describe the structure of each elF2a
kinase and discuss how this is linked to their activation and
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function. In parallel to the general translational attenuation
elicited by elF2a kinase activation the translation of stress-
induced mRNAs, most notably activating transcription fac-
tor 4 (ATF4) is enhanced and these set in motion cascades of
gene expression constituting the integrated stress response
(ISR), which seek to remediate stress and restore homeo-
stasis. Depending on the cellular context and concurrent
signaling pathways active, however, translational attenua-
tion can also facilitate apoptosis. Accordingly, the role of
the kinases in determining cell fate will also be discussed.
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Introduction

The elF2a kinases are a family of four well-characterized
serine-threonine kinases, PERK (PKR-like ER kinase),
PKR (protein kinase double-stranded RNA-dependent),
GCN2 (general control non-derepressible-2) and HRI
(heme-regulated inhibitor), which curtail general transla-
tion in response to a wide array of different cellular stresses
while facilitating programs of stress-induced gene expres-
sion. They perform important and often essential functions
in response to infection, proteotoxicity, and low levels of
essential nutrients such as amino acids and heme, and in
this way play important roles in viral pathogenicity, can-
cer, and during development. Although they are primarily
recognized for their phosphorylation of elF2a, additional
substrates of these kinases have now been identified, which
broadens the scope of their activity and likely contributes to
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the selectivity of signaling downstream of each of the four
proteins; moreover, it is probable that additional substrates
of these kinases remain to be discovered. Also, while each
elF2a kinase responds to distinct signals, which is deter-
mined by unique regulatory features, in certain cases these
stimuli overlap, leading to a degree of redundancy among
the kinases.

Phosphorylation of elF2a protects cells by reducing the
general rate of protein synthesis and also biases the cell’s
translation initiation machinery towards translation of the
mRNAs of genes with roles in stress responses [74, 76].
For these reasons, elF2a phosphorylation and the ensuing
signaling pathways have been termed an “integrated stress
response” (ISR) [76]. Despite its benefit to the cell under
many conditions, the question of whether phosphoryla-
tion of elF2a is intrinsically a pro- or anti-apoptotic signal
remains controversial [152, 170]. It is likely that the dura-
tion and levels of this phosphorylation event together with
the other signaling pathways which are activated in parallel
will determine whether or not eIF2a phosphorylation is ulti-
mately pro-death or pro-survival.

Much of our understanding of the downstream signaling
upon elF2a phosphorylation has come from studies per-
formed in Saccharomyces cerevisiae and we will discuss
these data here where appropriate. In addition, studies in
Drosophila melanogaster and Caenorhabditis elegans have
also identified and characterized homologues of PERK and
GCN2 (e.g., [155, 179]). However, in this review we will
focus our discussions on a thorough analysis of the four
mammalian elF2a kinases with regard to their structural
features, functions, regulation, and downstream signaling.

The elF2« kinases
PERK

PERK (also known as PEK, EIF2AK3) is primarily acti-
vated by the accumulation of misfolded proteins in the endo-
plasmic reticulum (ER), a phenomenon termed ER stress
[185]. Through its phosphorylation of elF2a, PERK blocks
the synthesis of new polypeptides, in this manner reduc-
ing the entry of nascent polypeptides into the ER lumen.
This allows the ER time to refold misfolded proteins and
dispose of those that are terminally misfolded, important
elements of the cell’s “unfolded protein response” (UPR),
which seeks to restore ER homeostasis. PERK has also been
implicated in pathologies such as cancer [78], diabetes [73],
and ischemia [105], and therefore its role in cell fate has
attracted much attention.

PERK is an ER transmembrane protein; its N-terminal
region lies inside the ER lumen and incorporates the regions
of the protein important for dimerization, regulation, and
association with the ER chaperone, immunoglobulin bind-
ing protein (BiP), also known as glucose-regulated protein
78 (GRP78) and HspAS, while the C-terminal region is
cytosolic and contains the kinase domain and autophospho-
rylation sites (Fig. 1) [75].

The precise trigger for PERK activation is still unclear;
however, dimerization appears to be crucial. In its inac-
tive state, PERK is bound by BiP and it has been proposed
that misfolded proteins within the ER lumen compete with
PERK for BiP binding. Accumulation of misfolded proteins
causes BiP to dissociate from PERK allowing dimerization,
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Fig. 1 Domain organization of the four mammalian eIlF2a kinases.
Polypeptides are represented as bars running from N- to C-terminal
domains from left to right. Length in amino acids is of the human
proteins. SP signal peptide, TM transmembrane domain, KD kinase
domain, DS RBD double-stranded RNA binding domain, PKD pseu-
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autophosphorylation at several residues in the C-terminal
domain, and activation of PERK to occur [15]. Intrigu-
ingly, a recent report on the effects of ischemia in the brain
has described what appears to be a mechanism of PERK
activation in the absence of misfolded proteins and with-
out changes in the expression of ER chaperones, suggest-
ing more complex and nuanced control of PERK signaling,
which may be mediated through changes in ATP or Ca**
levels within the ER, which are in turn sensed by BiP or
co-chaperones [169]. In fact, some have argued that PERK
functions primarily as a sensor of ER calcium levels [23,
66], and that diverse signals such as inhibition of the
SERCA calcium pump, glucose deprivation, and high levels
of fatty acids reduce the ER luminal calcium concentration,
which in turn negatively affects the ability of BiP to main-
tain PERK in its inactive state.

The crystal structure of PERK’s kinase domain has
recently been determined; this has facilitated the confirma-
tion of Thr980 phosphorylation as a key event in PERK
activation through stabilization of the activation loop and of
the helix aG in the C-terminal lobe, which contacts elF2a
[35]. Through comparison with what is known regarding
PKR activation (see below), and also with reference to the
suggested mechanism of activation of a related ER-resident
kinase, inositol requiring enzyme 1 (IRE1) [89, 101], a ten-
tative model for PERK activation has been put forward [35].
In this “line-up” model, it is suggested that in the absence of
misfolded proteins, PERK may be present as a population of
back-to-back dimers; upon the release of BiP and/or binding
of misfolded polypeptides to PERK’s C-terminal luminal
domain PERK dimers line up in a row, bringing the activa-
tion loop of one dimer in proximity to the catalytic site of an
adjacent dimer. Such an arrangement, it is suggested, would
facilitate inter-dimer autophosphorylation of the activation
loops followed by elF2a binding and phosphorylation.

Recent data suggest that PERK is a dual specificity
kinase that also possesses the ability to phosphorylate tyros-
ine residues [184]. This was discovered in the context of
PERK activation where it was found that autophosphoryla-
tion at Tyr615 is important for full autophosphorylation of
PERK and for PERK’s ability to efficiently phosphorylate
elF2a [184].

A further direct substrate of PERK is nuclear factor
(erythroid-derived 2)-like two (NRF2), a bZIP transcrip-
tion factor, which up-regulates the expression of a battery of
antioxidant and detoxifying enzymes that aim to restore cel-
lular redox homeostasis [138]. NRF2 is expressed constitu-
tively but its activity is inhibited by its regulator Kelch-like
ECH-associated protein 1 (KEAP1). Under normal condi-
tions, it is constitutively degraded in a KEAP1-dependent
manner (see [137] for a recent review on NRF2 regulation).
In the context of the UPR, NRF2 undergoes PERK-medi-
ated threonine phosphorylation at position 80 whereupon its

binding to KEAP1 is disrupted [121] and NRF2 migrates
to the nucleus where it induces the expression of its tar-
get genes. The importance of NRF2 activation during the
response to ER stress is underscored by the fact that cells
devoid of NRF2 are acutely sensitive to compounds that
induce ER stress [36].

A link has also been made between activation of both
PERK and PKR, and activation of glycogen synthase
kinase-3p (GSK-3p) [11]. Specifically, signals that activate
either PERK or PKR result in GSK-38 activation, which in
turn promotes nuclear export and subsequent degradation of
p53. The mechanism by which PERK and PKR signal to
GSK-3B remains unknown but intriguingly phosphorylation
of elF2a does not seem to play a role [11].

PERK is now recognized as playing an extensive role in
limiting oxidative stress and when growing cells in vitro it
is recommended that cells deficient in PERK be cultured in
the presence of reducing compounds [76]. Indeed, several
ATF4 targets mediate responses to oxidative stress [76], and
it thus appears that protection against oxidative stress is one
element of the “integrated stress response”. Also, as the for-
mation of disulphide bonds during protein maturation in the
ER results in the equimolar production of reactive oxygen
species (ROS) [172, 175], PERK directly ameliorates oxi-
dative stress through its phosphorylation of elF2a and the
resulting block in protein synthesis [9].

The relationship between PERK and cancer progres-
sion is a particularly interesting aspect of PERK signaling.
It is a well-established fact that solid tumors are prone to
regions of hypoxia and that hypoxic tumors are particularly
invasive and chemoresistant (see, among others, [173]).
Hypoxia is a potent inducer of PERK-dependent elF2a
phosphorylation and in line with PERK’s important pro-
survival function in cells exposed to hypoxia, PERK sign-
aling can increase tumor size, vascularization, and rates of
cell survival (reviewed in [102]). A recent study has further
confirmed that PERK-deficient tumors are smaller than
their wild-type counterparts and demonstrated that PERK-
deficient cancer cells are compromised in their ability to
progress through the cell cycle as a result of the accumula-
tion of ROS-invoked DNA damage [16]. In contrast to this,
ectopic expression of PERK in tumors has been shown to
suppress growth of cancer cells in vivo [163], while inhi-
bition of elF2a phosphorylation can promote malignant
transformation [51, 152], indicating that PERK also has
tumor-suppressor characteristics. Thus, the actual role of
PERK in cancer is likely complex, and contingent on cell
type and oncogenic collaborators. A recent attractive model
[16] based on in vivo studies in mice proposes a paradigm
for PERK in cancer progression by arguing that (a) by itself,
long-term loss of PERK from normal cells may increase
spontaneous tumor formation (possibly through the loss of
anti-oxidant tumor-suppressor effects, which protect against
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DNA damage and genomic instability); (b) loss of PERK
triggers a significant attenuation of tumor cell proliferation
in established tumors by inhibiting their ability to grow and
divide in environments characterized by limited amounts of
glucose and oxygen.

Although inherently cytoprotective in response to ER
stress, constitutive PERK activity seems in fact to be a pro-
death signal [115, 116] and it has been reported that consti-
tutive PERK activity had detrimental effects on both prolif-
eration and viability [116].

Consistent with an important role in regulating survival
and cell death, PERK appears to be subject to additional
regulation apart from simply being “turned on” by ER
stress. The Hsp40 family member p58FX, which is upregu-
lated in response to ER stress [65], has been described to
inhibit PERK through a direct interaction to ensure that
elF2a phosphorylation (and translational repression) as well
as the upregulation of the downstream components of the
UPR, BiP and CHOP, is transient following ER stress [192,
203]. However, this proposed role of p58X in inhibiting
PERK is controversial, as a recent study has shown that it is
localized exclusively in the ER lumen in complex with BiP
where it plays a role in enhancing ER protein folding capac-
ity [166]. Thus, it remains unclear how it can inhibit the
kinase domain of PERK, which is cytoplasmic. It has been
proposed that during prolonged ER stress, p58'PX, which
harbors an inefficient ER targeting sequence, is retained at
sufficient concentrations in the cytosol where it can inhibit
PERK [166]. Recently, the Ca®>*- and calmodulin-depend-
ent phosphatase calcineurin was identified as another direct
modifier of PERK signaling [18]. In contrast to p58F%’s
inhibitory function, it was described that calcineurin directly
interacts with PERK’s cytosolic domain to promote PERK
autophosphorylation, which in turn enhances elF2a phos-
phorylation and the resulting translational attenuation. How
a phosphatase, calcineurin, could promote the autophospho-
rylation and activation of PERK, a kinase, seems paradoxi-
cal and in fact, the mechanism behind this effect was not
determined. We speculate that calcineurin may play some
role in stabilizing the PERK protein. Interestingly, the inter-
action of calcineurin and PERK is promoted when cyto-
solic levels of calcium are high (and ER levels of calcium
drop). This observation chimes well with the hypothesis of
Cavener and coworkers that PERK functions primarily as a
sensor of Ca>" levels [23, 66].

Very recently, PERK was shown to be a direct target of
AKT [131]. Intriguingly, it was shown that AKT can regu-
late PERK signaling through inhibitory phosphorylation
[131]. A key aspect of this newly defined relationship is that
AKT dampens PERK signaling, specifically elF2a phos-
phorylation and ATF4 and CHOP expression, to promote
survival under conditions of ER stress. Inhibition of AKT
signaling was previously shown to sensitize cells to ER
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stress-induced apoptosis [84]; Mounir and colleagues show
that this is at least partly due to unbridled PERK activity
as overexpression of mutant PERK K618A cDNA in AKT
1/2 double-knockout cells afforded protection against ER
stress-induced apoptosis [131]. These experiments suggest
that, while essentially pro-survival in response to ER stress,
PERK activation must also be regulated, i.e., there exists
an optimal level of PERK signaling beyond which, due to
higher levels of CHOP etc., PERK signaling becomes toxic.
Indeed, as mentioned above, constitutively active PERK
has been shown to promote apoptotic cell death [116], and
PERK activation and signaling (in the absence of ATF6 and
IREI activation) has been suggested to represent the ter-
minal, pro-apoptotic phase of the UPR in response to pro-
longed ER stress [115].

The function of PERK at a physiological level is unclear.
What has been established unequivocally is that loss of
PERK is the cause of Wolcott—Rallison syndrome (WRS)
in humans, a disease characterized by neonatal onset of dia-
betes that persists for life as well as defects in the pancreas
and in the skeletal system [41]. PERK '~ mice recapitulate
these main symptoms and display profound dysfunction in
the absence of any stress stimuli, suffering from permanent
neonatal diabetes [73], as well as skeletal dysplasias and
postnatal growth retardation [211]. What are less clear are
the underlying reasons for how loss of PERK leads to these
abnormalities. Although it was postulated that the cause of
diabetes in PERK~'~ mice stems from high levels of ER
stress in pancreatic beta cells [54], this notion has now been
firmly challenged; using pancreas-specific PERK '~ mice it
was shown that beta cells do not in fact die at a faster rate
in the absence of PERK and do not exhibit dysregulation of
genes associated with ER stress and apoptosis [213]. Rather,
it was shown that the diminished beta cell mass in PERK '~
mice is as a result of reduced proliferation and that these
cells are defective in their trafficking of proinsulin [213].
This is due to a reduced capacity of the ER to dispose of
terminally misfolded proteins through ER-associated deg-
radation (ERAD); [66], although more studies are certainly
needed to definitively elucidate the molecular determinants
connecting loss of PERK with diabetes. An additional phys-
iological function of PERK appears to be to promote matu-
ration of the mammary gland as mice deleted for PERK are
compromised in their development of the mammary epithe-
lium and fail to adequately induce lipogenic enzymes which
results in the secretion of milk with an altered lipid profile
and an impairment in the growth of pups [17].

PKR
PKR (or EIF2AK?2) was initially discovered as a kinase that

phosphorylates e[F2a in response to viral infection, thereby
blocking the translation of viral mRNAs and promoting
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apoptosis in response to viral infection [56]. However, PKR
also plays a more general role in cellular physiology; it can
be activated in response to signals as diverse as oxidative
and ER stress [87, 132, 142, 167], as well as cytokine sign-
aling and growth factors [29, 61]. In addition, it has been
implicated in the pathology of obesity [132], as well as can-
cer [100, 147].

PKR is the best characterized elF2a kinase with regard to
its structural features and mechanism of activation. Unlike
PERK, the PKR protein is localized in the cytosol and the
nucleus, and at its regulatory N-terminal region contains a
double-stranded RNA binding domain (dsRBD) composed
of two ~70-amino-acid dsRNA binding motifs that are
separated by an unstructured linker region. The C-terminal
kinase domain constitutes the dimerization interface crucial
for PKR activation and carries out the catalytic functions
of the protein. Transcription of PKR is induced by inter-
ferons, which are secreted early in the cellular response
to viral infection [129]; before its activation by dsRNA or
other stimuli PKR is resident in the cytoplasm and nucleus
in a latent state. Earlier work stressed an important role for
the dsRBDs in inhibiting activation of the kinase domains,
in large part due to the observations that dsSRBM?2 contacts
the catalytic domain while deletion of the entire dsSRBD
results in constitutively active PKR [200, 133]. In such a
model, in the absence of dsRNA binding the interaction
of dsRBM?2 with the kinase domain gives a closed struc-
ture, which blocks the activation of PKR, while binding of
dsRNA evicts dsSRBM2 from the kinase domain, allowing
activation to occur. However, based on several lines of evi-
dence, including, small angle scattering [193], atomic force
microscopy (AFM) [111], and equilibrium chemical dena-
turation experiments [5], it appears that PKR monomers,
in fact, exist in an equilibrium between closed and open
states, an interpretation supported by the observation that
even in its latent state PKR’s kinase domain can be accessed
by nucleotides [111]. Moreover, there also exists a large
body of evidence that attributes a key role to dimerization
of PKR in its activation. PKR undergoes phosphorylation
when overexpressed [12], and promotion of PKR dimeriza-
tion induces PKR autophosphorylation and activation [191,
194]. Thus, a further model for PKR activation has been
proposed [31]. According to this model, prior to activation
PKR molecules are present in the cell in conformations
that flip back and forth between monomers and dimers. In
response to binding of dsRNA, dimerization is induced,
which is mediated by the C-terminal kinase domains. This
in turn leads to autophosphorylation, stabilizing the dimer
and resulting in a PKR-PKR complex capable of phospho-
rylating eIF2a [31]. In support of this model, a recent study
showed that dimerization of human immunodeficiency
virus type 1 transactivation-responsive region (TAR) RNA
monomers induces recruitment of multiple PKR molecules

allowing PKR dimerization and activation to proceed [79].
Many sites on PKR have been reported as sites of activat-
ing autophosphorylation [186]; however, there is strong evi-
dence to suggest that phosphorylation on Thr 446, which is
in the activation loop of the kinase domain of PKR (analo-
gous to residue Thr 980 in the activation loop of PERK), is
of particular significance. It is required for the full kinase
activity of PKR [164], and mutation of this residue impairs
phosphorylation of elF2a [45]. It has also been reported
that PKR is also phosphorylated at three tyrosine residues
in vitro and in vivo and that these phosphorylation events
play important roles in the binding of dsSRNA and also in
the dimerization, autophosphorylation, and activation of
the kinase as well as subsequent phosphorylation of elF2a
[183].

As mentioned above, PKR is activated by several distinct
stress signals [199], in a manner that appears to be independ-
ent of the presence of dsRNA. An important regulator of
PKR in response to cellular stresses is PACT (Protein Acti-
vator); [151], which becomes phosphorylated in response
to various insults [150], leading to its dissociation from the
inhibitory protein TRBP (human immunodeficiency virus
(HIV)-1 transactivation response (TAR) RNA-binding pro-
tein) [176]. It is unclear at present if this interaction is medi-
ated by another macromolecule, as both proteins also bind
RNA. PACT goes on to associate with and activate PKR by
dint of the dsRBDs, which it shares with PKR [154]. PACT
has been shown to be the link between stress signals such as
ER stress [107, 177], serum starvation, and arsenite expo-
sure [150].

An important feature that distinguishes PKR from the
other elF2a kinases is the number of its targets. As well as
elF2a, PKR phosphorylates p53 [33, 34], facilitates acti-
vation of the STAT transcription factors [40, 109, 161], in
addition to promoting MAPK activity [61]. PKR also medi-
ates NF-kB activation, seemingly through activation of the
IKK complex [30].

Activation of PKR leads to apoptosis [58], a process that
is dependent on phosphorylation of elF2a [180], and has
also been linked with NF-kB signaling [60]. Importantly,
PKR induces expression of the pro-apoptotic transcription
factor CHOP in response to stimuli such as hyperoxia [122],
and ER stress [113, 177]. In general, the role of PKR in
response to ER stress seems to be in direct opposition to that
of PERK (the primary elF2a kinase activated in response
to ER stress). While PERK ™'~ cells are sensitive to cell
death induced by ER stress (e.g., [74]), PKR™'~ cells have
been described to display a marked resistance to ER stress-
induced apoptosis [107, 142, 177]. How two kinases that
act on the same substrate can promote opposing outcomes
in response to the same stimulus is a puzzling observation
and the reasons behind these phenomena remain enigmatic.
It is possible that the additional substrates of the two kinases
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may determine these effects and that PKR’s apoptotic role
in response to ER stress may be determined in part by its
activation of p53 [33] and or other factors. As discussed
below, PERK signaling in fact limits p53 activity [11].

PKR signaling is not always pro-apoptotic in nature; in
response to certain stress stimuli and in certain cell types
PKR may also function to promote cellular survival, e.g.,
through its activation of NF-«kB signaling [37]. In several
cancer cell lines, its expression levels have been described
to be elevated [99, 147], while knockdown resulted in can-
cer cell death [147].

Moreover, PKR signaling is regulated by several cellu-
lar factors. These can both serve to inhibit or activate PKR
signaling and in this manner drive cells towards prolifera-
tion or death, respectively. For example, along with PACT,
the tumor suppressor Mda7 has been shown to be an addi-
tional direct activator of PKR activity [149]. Overexpres-
sion of Mda7 induces apoptosis in a range of cancer cell
lines in a PKR-dependent manner [148]. An additional
inhibitor of PKR is the chaperone Hsp90 [50], which, con-
sistent with its other anti-apoptotic functions, interacts with
PKR to block its phosphorylation and to suppress apopto-
sis. The mechanisms underlying these effects are not com-
pletely clear. It was demonstrated that Hsp90-binding sites
are present in the N-terminus regulatory domain and in the
kinase domain of PKR and it was proposed that Hsp90 bind-
ing may enhance the inhibitory effects of PKR’s N-termi-
nus on its activation. This may involve either enhancing the
interaction between the N-terminal inhibitory region and the
kinase domain or the covering of the kinase domain [50]. In
addition, the nucleolar phosphoprotein nucleophosmin has
been reported to physically interact with PKR and prevent
its activity [146].

An additional cellular regulator of PKR is the tumor sup-
pressor PTEN (phosphatase and tensin homolog deleted on
chromosome 10) [130], which limits cell growth by inhibit-
ing activity of the phosphoinositide 3-kinase (PI3 K) path-
way through its reversal of the reaction catalyzed by PI3 K
[59]. In fact, it was shown that PKR activation and elF2o
phosphorylation are additional key elements in the growth
suppressive functions of PTEN and establish PKR as an ele-
ment of a key signaling pathway, which is mutated in many
cancers [212]. The mechanism by which PTEN activates
PKR phosphorylation of elF2a remains to be fully eluci-
dated but requires the C-terminal PDZ-binding motif of
PTEN [130].

Attenuation of mRNA translation through elF2a phos-
phorylation functions to inhibit viral replication by block-
ing synthesis of viral proteins and by executing apoptosis;
therefore, it is no surprise that viruses have evolved mul-
tiple mechanisms to try to prevent PKR activation. These
include the synthesis of viral proteins that sequester dSRNA
molecules, RNA inhibitors that bind PKR but prevent its
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activation, and prevention of the dimerization (and thus acti-
vation) of PKR (reviewed in [106]).

PKR™'~ mice display no physical or behavioral pheno-
type under normal conditions and produce litters of normal
size [1, 205]. There have been conflicting reports regard-
ing the requirement of PKR for the mounting of adequate
anti-viral responses [1, 10, 181, 205], indicating possible
redundancy in the cell’s antiviral defense mechanisms and
differential requirements for PKR activity depending on the
infectious agent. Interestingly, despite its putative tumor
suppressor role, mice with no functional PKR were not
observed to develop tumors at an increased rate compared
to wild-type counterparts [1], and PKR™/~ fibroblasts did
not give rise to tumors when injected into mice [205]. Thus,
although a large number of signaling pathways have been
linked with PKR, the in vivo significance of these interac-
tions remains an open question.

GCN2

GCN2 (or EIF2AK4) is primarily a sensor of amino acid
availability and a regulator of changes in gene expression in
response to amino acid deprivation [43]. It is also activated
by glucose deprivation in both yeast [204], and mamma-
lian cells [206], although the exact mechanism remains to
be defined. GCN2 was recently shown to be also activated
in response to viral infection [14, 103] and UV irradiation
[63].

GCN2's structure is more complex than that of PERK
and PKR. As well as a typical eukaryotic kinase domain, it
also harbors a pseudo-kinase domain and a histidyl-tRNA
synthetase (HisRS)-related domain, which binds uncharged
tRNAs with higher affinity than it does charged tRNAs
(Fig. 1). Activation of GCN2 is thought to occur through the
binding of uncharged transfer RNAs (tRNAs) to the HisRS
domain of the protein. These accumulate in response to star-
vation for essential amino acids or when the synthesis of
a normally non-essential amino acid is inhibited [98]. As
with other eIF2a kinases, dimerization appears to be key for
activation [134], while autophosphorylation in the kinase
activation loop at Thr882 and Thr887 is also required for
optimal kinase activity [164]. Yeast Gen2p has also been
shown to be subject to inhibitory phosphorylation at residue
Ser577 [57]. While the identity of the kinase responsible
for this phosphorylation event is still unknown, it appears
that it is under the negative control of TOR signaling [28].
Interestingly, multiple sequence alignment of the S. cerevi-
siae kinase with the S. pombe, murine and human GCN2
proteins demonstrate that this serine site is specific to S. cer-
evisiae. Sequences at both the N- and C-termini of GCN2
have been shown to be important for efficient sensing of the
starvation signal. At the extreme N-terminus of the protein
lies a binding site for the GCN1/GCN20 protein complex
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(also known as the RWD domain, so named as it is pre-
sent in RING finger and WD repeat containing proteins and
DEXDc-like helicases). These proteins are stimulators of
GCN2 activation and together ensure that amino acid star-
vation is efficiently sensed by a mechanism that may involve
the coordination of tRNA binding to the HisRS domain [49,
82]. Lysine residues in the C-terminus, meanwhile, have
also been shown to be required for tRNA binding and kinase
activity [49], and residues at the tip of the C-terminal region
confer ribosome binding capabilities on GCN2, which are
important for translational control [215].

GCN2 is also known to be activated by UV-irradiation,
resulting in a translational arrest, although how UV irra-
diation results in the accumulation of uncharged tRNAs
remains a mystery. In fact, there is evidence that the mecha-
nism of action of GCN2 in the response to UV irradiation
may not be via its effect on elFa as a phosphorylatable
form of elF2a is not necessary for this to occur [63]. This
strongly suggests that additional GCN2 substrates remain to
be discovered. GCN2 also halts DNA replication after UV
light in a manner which may or may not be dependent on
elF2a phosphorylation [63].

GCN2 can also be activated by viral infection and pro-
teasome inhibition. The mechanism of GCN2 activation in
response to virus was shown to proceed via direct binding
of the genomic RNA of Sindbis Virus to the HisRs domain
[14]. In addition, GCN2 has also been implicated in inhibit-
ing the replication of vesicular stomatitis virus in a manner,
which interestingly is not dependent on phosphorylation of
elF2a [103]. The activation of GCN2 in response to protea-
some inhibition has now been noted by several groups [3,
92, 136]. The mechanism for this remains to be described;
however, it seems plausible that interfering with the cell’s
ability to recycle the building blocks of proteins through the
proteasome might result in the accumulation of uncharged
tRNAs.

At present, the only characterized substrate of GCN2
is elF2a. A significant subset of the genes upregulated
by ATF4, meanwhile, are involved in amino acid import
and metabolism and a hallmark of ATF4~'~ cells is their
impaired metabolism of amino acids [76] (discussed in
detail below). Recent studies have also demonstrated the
involvement of GCN2 signaling in cancer progression and
in cellular responses to classical therapeutic agents. Inter-
estingly, it has been shown that GCN2 can be activated by
hypoxia [120], at least in murine cells in vitro; more signifi-
cantly, GCN2 activation has shown to be a consequence of
not only amino acid deprivation but also glucose depriva-
tion, two stresses commonly encountered by solid tumors,
in human cancer cells. Importantly, both human and mouse
tumors were described to exhibit pronounced GCN2 acti-
vation while compromising GCN2 signaling severely ham-
pered tumor growth in vivo [206]. As glucose deprivation

and hypoxia can also activate PERK, it is likely that GCN2
and PERK cooperate in regulating stress signaling in tumors
in vivo.

With regard to proteins that regulate GCN2 activity, in
yeast it has been reported that the protein Snfl, which is the
ortholog of the catalytic subunit of adenosine monophos-
phate activated kinase (AMPK), stimulates GCN2 activa-
tion through a direct interaction [27]. It appears that this
stimulatory activity requires an intact Snfl activation loop
but actually proceeds through autophosphorylation of
GCN2 [27].

It was initially described that GCN2~'~ mice develop
normally in the absence of amino acid starvation [211].
However, a subsequent study reported that the survival rate
of litters of GCN2~'~ mice is diminished versus GCN2
wild-type counterparts [6]. GCN2 is emerging as a key
regulator of metabolism in response to amino acid starva-
tion. Recently, it has been demonstrated that GCN2 is also
involved in the utilization of lipid stores in response to
amino acid deprivation [64]. When fed a diet deficient in
leucine, GCN2™* mice exhibited drastic decreases in the
mass of both their liver and adipose tissue; these changes
were nearly completely absent in GCN2~'~ mice. These
mutant mice also experienced pronounced steatosis of the
liver, which was followed by accumulation of triglycerides
in the same organ. This was found to be due to a failure
to downregulate genes involved in fatty acid transport, oxi-
dation, and lipogenesis in response to leucine deprivation.
Interestingly, this was not dependent on ATF4 as ATF4~/~
mice did not develop fatty liver and were able to repress
expression of the fatty acid synthase mRNA [64].

GCN2 is expressed prominently in the brain and GCN2
has been implicated in behavioral adaptation to diets defi-
cient in amino acids (discussed briefly in [44]). In mice,
uncharged tRNA seems to act as a signal that directs the
animal to reject diets deficient in amino acids. Firstly, food
intake lacking essential amino acids was shown to result
in GCN2-dependent elF2a phosphorylation; secondly, and
more intriguingly, mutant mice with no functional GCN2
were shown to readily ingest amino acid-deficient feed in
contrast to their wild-type counterparts who reject diets
lacking essential amino acids [71, 126]. It remains to be
determined whether phosphorylation of elF2u is required
for this aversion behavior and if so how this could lead to
mice rejecting amino acid-deficient feed; i.e., what are the
molecular signals downstream of elF2a and possibly ATF4
that govern feeding behavior?

HRI
The HRI kinase (or EIF2AK1) has two key roles dur-

ing development; it serves to couple the synthesis of glo-
bin genes to the amount of heme present in the cell and it
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promotes the survival of erythroid precursors when iron
levels are low [24]. It has also been implicated in responses
to stresses as diverse as proteasome inhibition [207], and
arsenite exposure [123], through mechanisms which are
uncharacterized at present.

The HRI protein has five domains (Fig. 1). The N-ter-
minus and C-terminus are unique while the protein also
harbors two kinase regions flanking a central kinase insert
(KI) domain. Binding sites for heme are present in both the
N-terminus and KI regions. The N-terminus contains the
stable heme binding site, required for heme’s regulation of
HRI while the KI harbors the reversible heme-binding site
[157]. The heme molecule is coordinated at both sites by
flanking histidine residues (Fig. 1).

When levels of heme are low, HRI is activated by
autophosphorylation. The current model proposes that
once synthesized, HRI is bound by heme at its N-termi-
nus. This binding of heme to HRI triggers intermolecular
autophosphorylation, which stabilizes HRI against aggre-
gation and generates a HRI-HRI dimer competent for
sensing intracellular heme concentrations. When levels of
heme are high, the HRI dimer is bound by heme and fur-
ther phosphorylation leading to activation is inhibited; in
conditions of heme deficiency, HRI is activated by further
autophosphorylation and proceeds to phosphorylate elF2a
[13, 24, 157, 158].

It was initially thought that HRI expression is limited
to erythrocytes [32], but recent studies have demonstrated
that it is also present in the liver and in macrophages. Its
role in red blood cells is best characterized and consists
in ensuring that the production of a- and f-globin chains
is commensurate with the amount of heme available to
the cell. An imbalance between these three components
will be toxic to the cell [171]. Attenuating general protein
translation in red blood cells is a suitable mechanism for
achieving this as a- and B-globin chains are expressed at
very high levels in red blood cells. A recent direct com-
parative study between HRI™'™ and HRI™'~ erythroid pre-
cursors from mouse embryos revealed that HRI signaling
is important for erythroid differentiation, and identified
genes for Gatal and Fogl transcription factors regulated
by HRI, which may be necessary to maintain the differen-
tiated state in developing erythroid cells [117, 118]. How-
ever, the link between HRI signaling and these transcrip-
tion factors is not yet clear.

As mentioned above, it has been demonstrated that HRI
is also present and physiologically active in the liver where
it negatively regulates a key enzyme involved in the utili-
zation of L-tryptophan [114], and in murine macrophages
where it is important for macrophage maturation and for a
robust inflammatory response [119]. A recent report indi-
cates that HRI signaling may also be involved in ER homeo-
stasis in the liver [2].
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Very recently, activation of HRI was shown to hold prom-
ise as a therapeutic strategy in treating cancers. It was found
that treatment of cancer cells with N,N'-diarylureas, simple
aromatic urea molecules, led to phosphorylation of elF2a,
which was directly dependent on HRI. Treatment with these
molecules inhibited tumor growth without any toxic side
effects, indicating that selective induction of HRI-mediated
elF2a phosphorylation may represent a viable anticancer
strategy in hepatocellular cancers, for example, as HRI is
expressed in the liver [25].

HRI™~ mice display no gross abnormalities in the
absence of stress, except for a slight increase in red blood
cell volume and hemoglobin content. However, when these
animals were fed a low-iron diet, this led to a failure to
attenuate protein synthesis in red blood cells, the formation
of globin inclusion bodies, and an increased rate of apop-
tosis in erythroid precursors [70]. Additionally, HRI defi-
ciency has been demonstrated to exacerbate the phenotypes
of hemochromatosis [118], through its regulation of hepci-
din, a key player in iron homeostasis, and the red blood cell
disorders erythropoietic protoporphyria and pB-thalassemia
[69], underscoring the crucial role of control of translation
in red blood cell physiology.

Signaling downstream of the eIF2« kinases
elF2 and the regulation of translation

Regulation of mRNA translation has evolved as an efficient
way for cells to cope with fluctuations in the environment
and with various cellular insults. Compared with control
at the level of transcription, control of protein synthesis
holds the key advantage of allowing rapid changes in the
proteome, which is of particular importance when cells are
faced with stressful conditions [83].

Regulation of translation occurs mostly at the level
of initiation, generally the rate-limiting step in protein
synthesis, and initiation itself depends on the forma-
tion of the preinitiation complex, which in turn is deter-
mined largely by elF2 status. e[F2 participates in trans-
lation initiation by forming a 43S preinitiation complex
together with a 40S ribosomal subunit and the translation
initiation factors, elF1, elF1A, and elIF3. In this man-
ner, elF2, bound by GTP and Met-tRNA™, facilitates
recognition of the initiation codon by the scanning 43S
complex allowing translation to proceed. After this rec-
ognition has occurred, the GTP bound to elF2 is hydro-
lyzed and eIF2 (now complexed with GDP) is released
by the translation machinery. Importantly, the hydrolysis
of GTP now means that eIF2’s affinity for Met-tRNA™"
is reduced. In order to return to its activated state, ready
for subsequent rounds of translation, exchange of GDP
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Fig. 2 The activation of the elF2a kinases and consequences of
elF2a phosphorylation. A large number of signals result in activation
of the four elF2a kinases, which then proceed to phosphorylate the
a subunit of elF2 blocking the recycling of GDP to GTP on the y
subunit of elF2 by elF2B. This has the effect of reducing levels of
active elF2-GTP, which leads to a block in general translation while
concomitantly promoting enhanced translation of elements of the
integrated stress response (ISR) such as ATF4. ATF4 upregulates
numerous genes involved in amino acid homeostasis, redox metabo-
lism, and apoptosis. For more details, see text. Not all activating sig-
nals for the elF2a kinases are shown. Arrows denote activation or
induction, while blunt lines indicate inhibition

for GTP on elF2 is carried out by eIF2B. When elF2-
GDP is phosphorylated on its a-subunit at Ser51 by one
of the elF2a kinases, it switches from being a substrate
to an inhibitor of elF2B. Thus, levels of active GTP-
bound elF2 fall dramatically and general translation is
curtailed (Figs. 2, 3) [90]. An important implication of
elF2-GDP’s inhibitory effects on eIF2B is that the overall
ratio of elF2:eIF2B levels will determine the sensitivity
of the system to e[F2a phosphorylation, i.e., the inhibi-
tory effects of eIF2a phosphorylation on translation will
depend on the levels of elF2a relative to eIF2B.

Active elF2a kinases
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Fig. 3 A simplified schematic depicting elF2 status in unstressed
cells and in response to elF2 kinase activation. In the absence of
elF2a kinase activation levels of elF2-GTP are replenished by the
nucleotide exchange factor, e[F2B allowing frequent assembly of the
43S preinitiation complex and efficient recognition of translational
start codons (not shown). In response to diverse stress stimuli elF2a
kinases phosphorylate elF2; this prevents elF2B from exchanging
elF2’s GDP for GTP and results in a fall in the levels of eIF2-GTP-
Met-tRNA. This ensures that formation of the preinitiation complex
is hampered and that start codons are recognized with a lower fre-
quency. See text for more details. For the sake of clarity and simplic-
ity, not all the subunits of the 43S preinitiation complex are depicted.
The subunits are not drawn to scale

elF2a regulation and of the phosphorylation of elF2a
by the elF2a kinases

In a screen conducted in an effort to identify mutants that sup-
press the slow-growth phenotype of a constitutively active
GCN2 allele in yeast key amino acid residues in addition to
Ser 51 involved in regulating eIF2a activity were identified.
Specifically, four loss-of-function mutations (I58 M, L84F,
R88C, and V89I), which alter the structural gene for elF2a
in yeast, known as SUI2, were characterized [195]. These
mutants overcome the toxicity of constitutively activated
forms of GCN2 by diminishing the inhibitory effects of
phosphorylated elF2a on translation initiation, rather than
decreasing the proportion of elF2a that is phosphorylated
[195]. These residues are conserved in elF2a of human,
rat, and mouse. Most likely, the phosphorylated forms of
these mutant eIF2a proteins lack the ability to inhibit eIF2B
catalytic function and these mutations define a region in
elF2a that participates directly in a physical interaction with
elF2B [178]. In contrast, substitution of Asp by Ala at posi-
tion 83 eliminated phosphorylation by GCN2 and PKR both
in vivo and in vitro, establishing the critical contributions
of the Ala 83 residue to kinase-substrate recognition [46].
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Thus, two distinct regulators of elF2a function, elF2a
kinases and elF2B, have evolved to recognize the same sur-
face and overlapping determinants on elF2a.

Analysis of the interaction of PKR and a viral elF2a
analog, Vaccinia virus K3L, which acts as a competi-
tive inhibitor of elF2a and a pseudosubstrate for PKR has
enhanced our understanding of how the e[F2a kinases phos-
phorylate elF2a. The K3L protein has significant similar-
ity to elF2a at its N-terminal region [174], and mutation
analysis of specific residues in K3L conserved with elF2a
(residues 79-83 in elF2a) could abolish its inhibitory activ-
ity towards PKR [96].

The Myxoma virus protein M156R is also an efficient
substrate for phosphorylation by PKR and can compete with
elF2a [162]. The similarity between the NMR structure of
M156R and the beta-barrel structure in the N-terminus of
elF2a suggests that the viral homologs mimic elF2a struc-
ture in order to compete for binding to PKR [162]. Compari-
son of the structures of the M156R and human elF2« indi-
cated that residues important for binding to PKR are located
at conserved positions on the surface of the beta-barrel and
in the mobile loop.

The X-ray crystal structures of the catalytic domain of
PKR in complex with elF2a have further confirmed the
importance of PKR dimerization mediated by the kinase
domains in PKR activation and have also revealed how
the elF2a substrate docks to the PKR kinase [39, 45]. The
PKR:elF2a structure demonstrates the importance of two
distinct regions within the C lobe of the catalytic domain of
PKR and in particular the aG-helix of PKR in PKR:elF2a
binding [39, 45]. The structure of elF2a bound to PKR
shows that substrate docking is a highly dynamic process
where PKR docking to a site distal from Ser51 contributes to
the accessibility of the Ser51 phospho site. A key feature of
the PKR:elF2a interaction and subsequent phosphorylation
appears to be a disordering, which takes place in eIF2a upon
PKR binding, in which the helix insert of eIF2a unfolds to
allow PKR access to the Ser51 site. A subsequent study has
further elucidated the mechanism of the PKR-induced dis-
ordering in elF2a and has demonstrated that PKR binding
elicits a conformational change in the Ser51 loop rendering
it accessible to phosphorylation by PKR [47]. This may be
due to the disruption of a hydrophobic network of protein
interactions clustered around the Ser51 phosphorylation
site. These experiments provide an obvious explanation for
why a short peptide containing the Ser51 phosphorylation
site is a poor substrate for PKR, unlike full-length eIF2a
[128].

Selective translation as a result of eIF2a phosphorylation

Along with general inhibition of translation, a second key
output and result of elF2a phosphorylation is enhanced
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translation of bZIP transcription factors such as ATF4, [72]
and ATFS [214]. The mechanism underlying the increased
translation of these transcription factors after e[F2a phos-
phorylation involves short upstream open reading frames
(uORFs). These short uORFs are small (~30 codons) trans-
lated regions that lie upstream of about half of all mam-
malian genes. The mechanisms underlying the promotion
of stress-induced gene expression by elF2a phosphoryla-
tion were first elucidated for the S. cerevisiae homologue of
ATF4, GCN4 (reviewed in [81]). There are four open read-
ing frames in the 5’ untranslated region (UTR) of GCN4
mRNA that regulate its translation. When levels of amino
acids, and thus elF2-GTP, are high, the first uORF along
with one of the subsequent ones (proximal to the GCN4
start site) are translated, which impairs the ability of scan-
ning ribosomes to then reinitiate in time for the bona fide
GCN4 AUG start codon. However, when amino acids are
limiting many ribosomes translate the first uORF but then,
because of decreased assembly of eIF2-GTP Met-tRNA™*
and thus decreased preinitiation complex formation, fail
to reinitiate in time for one of the three downstream ones.
This has the effect of increasing the number of scanning
ribosomes that will begin translation from the GCN4 start
codon [80, 187]. In mice and humans, the configuration and
size of these uORFs in the 5 UTR differs; humans harbor
a total of three, one of which actually overlaps the ATF4
OREF, while in mice there are two, one of which runs into
the ATF4 ORF. However, the reinitiation model also holds
true and the uORFs are configured in such a way as to favor
translation of the bona fide ATF4 protein-coding ORF when
levels of elF2-GTP are low [72, 214]. Thus, when elF2a-
GTP levels are high, there is a greater possibility that all two
or three uORFs are translated, which prevents the 40S subu-
nit from rescanning or backtracking to the ATF4 OREF, thus
resulting in no ATF4 expression. However, under stressed
conditions, levels of eIF2-GTP will drop dramatically, and
a higher number of 40S ribosomes will acquire eIF2-GTP
Met-tRNA™ only after scanning past the last uORF and in
time to recognize the ATF4 start codon, resulting in higher
levels of ATF4 protein [90].

ATF4 and the ISR

ATF4 is the best characterized transcription factor preferen-
tially translated upon elF2a phosphorylation and is required
for optimal induction of ATF3 [93] and ATF5 [214], addi-
tional transcription factors that participate in the ISR. In
addition to translational control, ATF4 expression is subject
to regulation at the level of transcription [7, 48], while its
levels are further influenced by post-translational modifica-
tions such as phosphorylation [55]. Upon induction, ATF4
has been described to activate and repress a large number
of genes involved in amino acid transport and metabolism,
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redox homoeostasis, and signaling (for a comprehensive list
see [4, 76]) and it is this diversity of outputs coupled with
the variety of signals which can activate the elF2 kinases
which has led to the coining of the term “integrated stress
response” [76]. ATF4 is active as a homodimer [67], but can
also regulate the expression of several of its target genes as
a heterodimer with other bZIP transcription factors such as
NRF2 [77] and ATF3 [93, 196]. Reflecting this diversity of
function, cells lacking ATF4 require supplementation with
amino acids and are also hypersensitive to oxidative stress
[76, 206]. In addition, recent reports implicate both ATF4
and CHOP in inducing autophagy under hypoxic conditions
[165, 168]. Another target of ATF4 is GADD34, which pro-
motes the dephosphorylation of elF2q, allowing the resump-
tion of general translation and the expression of other ATF4
targets to take place (see below) [140]; importantly, both the
human and murine mRNAs for GADD34 have also been
shown to harbor uORFs, which facilitate translation under
conditions of e[F2a phosphorylation. The mechanisms lead-
ing to this are incompletely characterized but appear to be
distinct from the reinitiation model thought to regulate ATF4
translation [110]. ATF4 also upregulates the pro-apoptotic
transcription factor CHOP, also known as GADD153, [143,
216], and Tribbles 3 (TRB3) [141], a pseudokinase that
contributes to cell death under certain conditions in part by
inhibiting the AKT pathway [20]. Thus, while ATF4 is a key
regulator of genes involved in maintaining amino acid and
redox homeostasis, it has also been implicated in contribut-
ing to cell death as part of the ISR.

While the enhanced translation of ATF4 is the best char-
acterized element of the ISR induced upon elF2a phospho-
rylation, it is known that up to one half of human mRNA
transcripts harbor uORFs that might facilitate their transla-
tion upon depletion of active eIF2 [198]. Indeed, in addition
to ATF4 and ATF5, CHOP mRNA also contains a single
uORF, which allows efficient translation under conditions
of eIF2a phosphorylation [145].

There is much evidence to indicate that phosphorylation
of elF2a and the ISR are closely linked with progression
through the cell cycle. Several studies have now shown that
activation of PERK and GCN2 promotes G1 arrest and exit
from the cell cycle in response to ER stress and hypoxia,
with both proteins playing overlapping roles in regulating
cell cycle progression in response to these stress stimuli
[19, 68, 120]. The molecular mechanisms connecting elF2a
phosphorylation with regulation of the cell cycle involve
suppression of cyclin D1 expression [19, 68], while it has
recently been reported that activation of PERK results in
checkpoint kinase 1 (CHK1) phosphorylation and cell cycle
delay in G2 [125].

The formation of stress granules, sites of the accumula-
tion of untranslated mRNAs, is dependent on elF2a phos-
phorylation under certain conditions [97], and as stress

granules appear to play important anti-apoptotic functions
[188], it would seem logical to consider the formation of
these bodies as additional elements of the ISR.

The elF2a kinases and NF-«xB

The NF-kB family of transcription factors promote the
expression of over 200 genes in response to numerous cellu-
lar stress stimuli [144]. The elF2a kinases play a key role in
the activation of NF-kB in response to many stimuli, through
elF2a phosphorylation [42, 94], and as discussed above, in
the case of PKR activation of NF-kB may even be direct
[104]. The mechanism by which elF2a activates NF-kB
appears to be largely due to decreased synthesis of the inhib-
itory proteins of NF-kB, the IkBs [42]. The elF2a kinases
have been demonstrated to be the link between stress and
NF-kB activation in response to UV irradiation [92], amino
acid starvation (in both cases through GCN2), and ER stress
[94]. Considering the link between PERK signaling and
cancer progression discussed above and the acknowledged
role of NF-kB in promoting the growth of malignant cells
[135], PERK’s cytoprotective effects in tumorigenesis may
at least partly be mediated by NF-«kB activity.

The elF2a kinases and p53

As well as promoting cell survival through stimulating
the ISR and NF-kB activity, the elF2 kinases, specifically
PERK, PKR, and GCN2, have also been implicated in
controlling the levels and activity of p53. Both PERK and
GCN2 have been shown to protect cells against hypoxia by
limiting p53 levels and transcriptional activity, at least in
murine cells in vitro [120].

PKR’s relationship with p53 appears particularly com-
plex and interesting; while certain studies have documented
an activating influence of PKR on p53-dependent transcrip-
tion and death signaling [33, 208], a recent report showed
that activation of PKR and PERK results in nucleocytoplas-
mic transport and proteasomal degradation of p53 [11]. To
further add to the complexity, PKR was recently shown to be
a transcriptional target of p53 in response to certain [209],
but not all genotoxic stresses [159]. This raises the possi-
bility that under certain circumstances PKR regulates p53
activity in a negative feedback loop. Further studies are cer-
tainly needed to unravel the relationship between p53 and
PKR. Intriguingly, it has also been reported that p53 binds
to the promoter of the PERK gene in vivo [197], although a
functional consequence of this binding awaits elucidation.

As mentioned above, PERK signaling has been impli-
cated in the degradation of p53 in response to ER stress [11]
but this has been reported to be independent of elF2a phos-
phorylation. Further, acute ablation of PERK was reported
to result in increased expression of p53 [210]. Therefore, we
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envision that the control of p53 levels by PERK is likely to
be also exerted indirectly through PERK’s role in reducing
oxidative stress.

The elF2a kinases and CHOP

As previously described, CHOP is a key downstream tar-
get of ATF4 and is also efficiently translated when elF2q is
phosphorylated [95]. Much of our understanding of CHOP
signaling comes from studies on its role during ER stress
(reviewed in [143]) and as part of the amino acid response
pathway [21]. CHOP is rapidly upregulated by PERK/ATF4
during ER stress and, through its transcriptional activator
and repressor functions, it promotes apoptosis via three
main mechanisms. The first is regulation of genes involved
in apoptotic pathways, such as the Bcl-2 family members
BCL-2 and BIM, and the death receptor DRS [127, 156,
202]. The second mechanism involves upregulation of
GADD34, which promotes elF2a dephosphorylation by
interacting with protein phosphatase 1 (PP1) [22]. This relief
of translational repression is required for the transcriptional
program of the UPR [140], but also functions to allow poly-
peptides to enter the already-stressed ER, thus exacerbating
the ER stress [139]. Finally, CHOP has also been shown to
directly ERO1-a, which promotes hyperoxidation of the ER
environment and an enhanced burden of oxidized protein
complexes, and which also goes on to activate the inositol
1,4,5-triphosphate (IP3) receptor (IP3R), which mediates
calcium release from the ER and further promotes apoptotic
cell death [112]. Thus, CHOP regulation is a key factor in
cell fate with regard to death or survival. Interestingly, there
are now a number of reports in the literature that activa-
tion of GCN2 and PERK do not regulate CHOP expression
in the same way. A number of studies have indicated that
elF2a phosphorylation resulting from GCN2 activation is a
less potent inducer of both ATF4 and CHOP [38, 91, 182].
These results may be resolved by invoking a model where
elF2a phosphorylation comprises the overlapping region of
a Venn diagram of cellular stress responses, i.e., the response
of a cell to a given stress will be determined by the cross-
talk between the pathways that are activated downstream of
the insult. Certainly, it is known that in the case of PERK,
other elements of the UPR can influence CHOP expression
[124]; conversely, a recent study has argued that mTOR
signaling (which is expected to be inhibited in response to
amino acid deprivation) has a positive influence on CHOP
expression [26]. However, a recent study on murine liver
cells that utilized a system where mTOR signaling was not
affected revealed differences in the transcriptional programs
activated by PERK and GCN2 [38]. We envisage that the
different subcellular localizations of the four kinases as well
as the high probability that additional targets of the elF2a
kinases remain to be discovered likely play some role in
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these phenomena. An additional intriguing possibility [38]
is that the four kinases (or stimuli that activate them) may
differentially regulate the activity of eIF2B, and in this way
alter the sensitivity of the system to eIF2a phosphorylation.

Nitric oxide as a regulator of the eIF2« Kinases

Nitric oxide (NO) can activate all four of the elF2a kinases
and downstream signaling pathways. NO-mediated activa-
tion of the elF2a kinases occurs through distinct mecha-
nisms. In the case of HRI, NO facilitates the reduction of
the inhibitory heme-Fe(IIl) bound to HRI to heme-Fe(Il)
[53]. NO goes on to bind this heme-Fe(Il), leading to HRI
autophosphorylation and activation [86].

NO can induce ER stress [62], and PERK activation by
NO proceeds indirectly through NO-mediated ER stress.
PERK signaling has been described to be very sensitive
to fluctuations in the calcium content of the ER [52], and
one mechanism through which NO might activate PERK
might be through its disruption of ER calcium homeostasis,
which it does on a number of levels [85, 201]. NO has also
been described to compromise ER protein folding capac-
ity through S-nitrosylation of a key ER chaperone, protein
disulphide isomerase [189].

The activation of GCN2 by NO stems not from NO itself,
but is rather an indirect effect of the production of NO by
NOS. NOS requires L-Arg for the production of NO [88],
and so NOS activation leads to a depletion of cellular L-Arg,
which then results in activation of GCN2 [108].

NO has also been described to activate PKR [153]. NO
appears to displace PKR from ribosomes where it is inhib-
ited [160], possibly through S-nitrosylation, to facilitate
PKR dimerization and activation. Interestingly, in the case
of PKR, NO production has been described as an outcome
of elF2a kinase activation [190]. This PKR-mediated stimu-
lation of NO production is an NF-kB-dependent phenom-
enon [8, 190].

Conclusions

Recent research into the elF2a kinases has significantly
enhanced our knowledge of the breadth of different stimuli,
which can regulate this family of proteins and also of the
effects that phosphorylation of elF2a has on cellular physi-
ology. A key feature of elF2a kinase biology is the role of
both conserved and unique structural features in the deter-
mination of the function of the kinases. Much is now known
about how each kinase is regulated by distinct stress stimuli
and also regarding the structural features of eIF2a phospho-
rylation by the four kinases. However, there are important
gaps in our understanding, which future research should
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address. These are some of the key questions which remain
to be elucidated: Are there additional substrates of the elF2a
kinases, which remain to be identified? How is specificity of
signaling downstream of each kinase achieved, or how is the
signaling downstream of each kinase tailored to address the
stimulus that activates it? What other uORF- or IRES-con-
taining mRNAs are preferentially translated in response to
elF2a phosphorylation? How does elF2a kinase signaling
intersect with key pro- and anti-apoptotic signaling path-
ways? It remains to be determined how certain stress stim-
uli activate the different elF2a kinases. Salient examples in
this regard are the activation of GCN2 by UV light and of
PKR by ER stress. Are there additional regulators of elF2a
kinase function that have not yet been identified? Does the
sub-cellular localization of the different eIF2a kinases lead
to compartmentalization of eIF2a phosphorylation and does
this have implications for the ISR? For example, PERK is at
the ER membrane whereas the other three members of the
family are all located in the cytoplasm.

Future research will certainly tease out additional ele-
ments of elF2a kinase function and regulation, and will
address some of these outstanding questions.
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