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Fig. 1. The Integrated Stress Response. There are four known stress-
responsive eIF2 kinases that can impact global translation: PERK, 
GCN2, PKR and HRI. Phosphorylation of eIF2 results in the 
disassembly of the eIF2 complex, and thus reduced availability of 
initiator methionine (Met-tRNAiMet). While this attenuates translation
of most transcripts, a small subset of stress-responsive transcripts 
such as ATF4 is paradoxically synthesized. ATF4 subsequently 
induces the transcription of various stress response genes.
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The Integrated Stress Response (ISR) refers to a signaling 
pathway initiated by stress-activated eIF2 kinases. Once 
activated, the pathway causes attenuation of global mRNA 
translation while also paradoxically inducing stress response 
gene expression. A detailed analysis of this pathway has 
helped us better understand how stressed cells coordinate 
gene expression at translational and transcriptional levels. The 
translational attenuation associated with this pathway has been 
largely attributed to the phosphorylation of the translational 
initiation factor eIF2. However, independent studies are now 
pointing to a second translational regulation step involving a 
downstream ISR target, 4E-BP, in the inhibition of eIF4E and 
specifically cap-dependent translation. The activation of 4E-BP 
is consistent with previous reports implicating the roles of 
4E-BP resistant, Internal Ribosome Entry Site (IRES) dependent 
translation in ISR active cells. In this review, we provide an 
overview of the translation inhibition mechanisms engaged by 
the ISR and how they impact the translation of stress response 
genes. [BMB Reports 2017; 50(11): 539-545]

INTRODUCTION

Cells are equipped with a variety of stress response 
mechanisms that allow them to maintain cellular function 
when faced with external or physiological stress. Among these 
mechanisms is the Integrated Stress Response (ISR), which is a 
signaling pathway initiated by stress-activated kinases that 
phosphorylate the  subunit of the translational initiation 
factor eIF2 (1, 2). The term “Integrated Stress Response” is 
derived from the fact that a diverse array of stresses result in 
the phosphorylation of eIF2, and they are integrated into a 
common downstream signaling pathway. There are multiple 
stress-activated eIF2 kinases in metazoans: PERK, which is 

activated by misfolded peptides in the endoplasmic reticulum 
(ER); GCN2, which is activated under conditions of amino acid 
deprivation; HRI, which is activated in response to oxidative 
stress and; PKR, which is activated in response to stress 
imposed by certain viral infection (Fig. 1). As we will detail 
below, the ISR pathway utilizes dual nodes of translational 
inhibition, alongside with transcriptional induction of stress 
response genes. Here, we will discuss the effect and timing of 
each node of translation inhibition, and attempt to provide 
insights into the paradoxical synthesis of stress response 
proteins under conditions of translational inhibition. 

THE FIRST NODE OF TRANSLATIONAL ATTENUATION 
IN THE ISR

The normal role of eIF2 is to deliver initiator methionyl tRNA 
(Met-tRNAiMet) to the 40S subunit of the ribosome so that the 
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Fig. 2. Delayed translational reinitiation under phospho-eIF2 con-
ditions. The schematic shows a comparison between the translation
of conventional mRNA and stress responsive mRNAs with multiple
uORFs in their 5’UTRs such as ATF4. The presence of multiple 
uORFs result in phospho-eIF2 sensitive translation of the ATF4 ORF 
by delayed translation reinitiation. See main text for more details.

resulting 43S complex can initiate translation (3) (Fig. 1). eIF2 
is thought to play an essential role in most mRNA translation, 
although there are now reports of a very small number of 
proteins that begin their synthesis with non-methionine 
residues (4-7), and therefore might not require eIF2 for 
translation. There are also emerging reports of factors that can 
deliver Met-tRNAiMet to ribosomes independently of eIF2 
(8-10), although such factors may have selective roles, thus 
limiting the affected mRNAs to a small number. On the other 
hand, the important role of eIF2 in general translation is 
reflected by the fact that stress-induced phospho-inhibition of 
eIF2 results in a significant attenuation of general mRNA 
translation (11-13). The detailed mechanism by which eIF2 
phosphorylation inhibits its normal function has been exten-
sively reviewed elsewhere (3). In brief, the phosphorylated 
form of eIF2 engages in a non-productive protein complex 
with its guanine nucleotide exchange factor eIF2B, thereby 
reducing the ability of cells to recycle eIF2 and deliver 
Met-tRNAiMet to ribosomes (Fig. 1). This translational attenuation 
mechanism is thought to help cells recover from stress by 
reducing the burden on the cellular protein folding system and 
conserving limited amino acid pools. 

This first node of translational inhibition associated with 
eIF2 phosphorylation is only temporary. The transcriptional 
and translational response to stress ultimately induces the 
expression of GADD34, a regulatory subunit of the phosphatase 
that dephosphorylates eIF2, resulting in the alleviation of 
translation attenuation imposed by phospho-eIF2 (14-17). 
Thus, under experimental conditions, mRNA translation rate 
recovers within hours of ISR activation, allowing stress 
response transcripts to be expressed.

eIF2 PHOSPHORYLATION INDUCIBLE TRANSCRIPTS

Cellular response to eIF2 phosphorylation does not merely 
end with translational attenuation. A small number of specific 
transcripts remain uninhibited, and their translation is even 
specifically stimulated under these conditions (11, 18-22). In 
this category are transcription factors ATF4, ATF5, CHOP, and 
their yeast equivalent GCN4. Also included in this group is 
GADD34, the above mentioned phosphatase subunit that 
stimulates eIF2 dephosphorylation as part of a negative 
feedback loop (16, 17, 22, 23). Other transcripts that selectively 
enhance their translation in response to eIF2 phosphorylation, 
but remain poorly characterized in terms of their roles in ISR 
include SLC35A4, C19orf48, EPRS and IBTKa (22, 24, 25). 

A common feature among these transcripts is the presence 
of small upstream Open Reading Frames (uORFs) in their 5’ 
UTRs (Fig. 2). There are currently two different proposed 
mechanisms associated with the paradoxical induction of 
uORF containing transcript translation. One of those now 
referred to as delayed reinitiation was initially characterized in 
yeast GCN4, and its mammalian analogs ATF4 and ATF5. 
These transcripts contain at least two uORFs in their 5’UTR, 

with the last uORF overlapping with the main ORF in a 
different reading frame. The detailed mechanism by which 
these uORFs enhance the main ORF translation has been 
reviewed extensively elsewhere (2, 26), and can be briefly 
summarized as follows: These transcripts load the 43S 
ribosome complex at the 5’ cap, and from here, the ribosome 
scans toward the 3’ in search for ORFs (Fig. 2). Once an AUG 
codon is identified, the ribosome consumes its Met-tRNAiMet to 
initiate peptide synthesis. After uORF1 translation is completed, 
the ribosome continues to scan the mRNA but without a 
Met-tRNAiMet. If re-charging of Met-tRNAiMet is efficient, the 
ribosome will initiate the translation at uORF2. Only when the 
re-charging of Met-tRNAiMet is delayed, as in cases where eIF2 
is inhibited by phosphorylation, some scanning ribosomes will 
bypass the last uORF without translation initiation. A belated 
acquisition of Met-tRNAiMet after the ribosome has passed the 
AUG of the last uORF, but before the main ORF AUG, would 
allow the main ORF to be translated. While this example 
details the mechanism of translation reinitiation on 5’UTRs 
containing only 2 uORFs, this mechanism has been demon-
strated for transcripts with up to 4 uORFs, such as in yeast 
GCN4 and mammalian ATF4 (18, 27).

Many of the more recently identified eIF2 phosphorylation 
resistant transcripts have uORFs that do not overlap with the 
main ORF, and therefore, the delayed reinitiation mechanism 
that was extensively characterized for GCN4 and ATF4 are not 
applicable to those transcripts. Instead, a different mechanism 
has been proposed for the translational induction of GADD34 
and CHOP (20, 23): For example, GADD34 has two uORFs 
that play regulatory roles. uORF1 of GADD34 has a poor 
nucleotide context surrounding the start codon, and ribosomes 
frequently bypass uORF1 without translation. The second 
uORF is, on the other hand, efficiently translated. This interferes 
with the main ORF translation as they consume the Met- 
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Fig. 3. 4E-BP mediated Cap-independent translation. (A) Translation
attenuation by phospho-eIF2 is relieved by a feedback loop 
involving an eIF2 phosphatase regulatory subunit, GADD34. 
However, further translation inhibition is imposed by 4E-BP, an 
ATF4 target. 4E-BP sequesters eIF4E, which is the m7G cap- 
recognition protein. Cap recognition by eIF4E is required for the 
efficient recruitment of the 43S subunit and thus in the presence 
of 4E-BP, cap-dependent translation is negatively affected. Under 
such conditions however, transcripts with IRESes in their 5’UTRs
are able to recruit 43S independent of cap-recognition and are 
thus translated in cap-independent manner. The 5’UTRs of several 
stress response transcripts, including BiP, EDEM2 and cat-1 have 
been shown to have IRES elements. (B) The schematic on top 
shows the arrangement of the elements of a bicistronic construct 
to test the potential IRES activity of a given 5’UTR (indicated as 
‘IRES??’). Expression of this construct in cells results in an mRNA 
that can recruit 43S in a cap-dependent way, leading to 
translation of reporter1. If the given 5’UTR has IRES activity, then 
it can independently recruit 43S for the translation of reporter2. 
Thus, if expression of both reporters were detected, it would 
indicate that the given 5’UTR likely has IRES activity.

tRNAiMet associated with eIF2, and also because the uORF2 
sequence makes translational termination less efficient in the 
scanning ribosome (23). The net result is the suppression of 
GADD34 expression in unstressed cells. Through an as yet 
poorly understood molecular mechanism, eIF2 phosphorylation 
causes the ribosomes to bypass uORF2 translation, allowing 
the main ORF to be recognized and translated. Whether eIF2 
phosphorylation directly affects the uORF2 start codon 
recognition, or whether the effect is indirect remains unclear.

EVIDENCE FOR A SECOND NODE OF 
TRANSLATIONAL INHIBITION IN ISR

Initial studies on the effect of eIF2 phosphorylation demon-
strated that reversing phosphorylation almost entirely restores 
overall mRNA translation as assessed by 35S-methionine 
incorporation into nascent peptides of stressed cells (12, 13). 
This has led to the interpretation that there is only a single 
node of translational inhibition associated with the ISR. 
However, a number of studies have emerged in recent years 
that are gradually changing this view. One of those is a study 
where the translation rate of a number of specific mRNAs, as 
opposed to overall mRNA translation, were examined. The 
study found that while some mRNAs recover in their 
translation with the GADD34-mediated restoration of eIF2 
function, other mRNAs continue to be inhibited in their 
translation (28). That study also reported that Mechanistic 
Target of Rapamycin (mTOR) is somehow inactivated by ER 
stress, which may account for this second node of translational 
inhibition.

mTOR itself regulates mRNA translation in part through the 
direct phospho-inactivation of the eIF4E-binding proteins, 
4E-BPs (29-31). In its dephosphorylated state, 4E-BP serves as 
an inhibitor of cap-dependent translation, as it efficiently binds 
and inhibits eIF4E, the translational initiation factor whose 
normal function is to bind to the 5’-cap and load the 43S 
ribosome complex to most cellular mRNAs. Thus, mTOR 
inactivation in response to ER stress results in active 4E-BP, 
which in turn strongly inhibits eIF4E-mediated translational 
initiation. This correlates with the specific inhibition of mRNA 
translation (28). 

In addition to this post-translational regulatory mechanism, 
4E-BP is also under transcriptional regulation. One of the 
factors that can induce 4E-BP transcription is ATF4, which lies 
downstream of eIF2 phosphorylation (Fig. 3A). The initial 
evidence of the ATF4-mediated 4E-BP regulation came from 
the studies of mouse beta-islet cells challenged with ER stress 
causing chemicals (32). That study specifically found that 
4E-BP1 to be an ATF4 target, and that deletion of 4E-BP1 
makes beta-islet cells more vulnerable to ER stress. A more 
recent study by our group found that Drosophila 4E-BP is a 
direct transcription target of ATF4 in response to amino acid 
deprivation or ER stress (33). Our study showed that the 
intronic region of Drosophila 4E-BP contains a regulatory 

element with multiple ATF4 binding sites, which are 
functionally important in vivo (33). Previous studies had found 
that 4E-BP contributes to lifespan extension in flies reared with 
limited yeast content in the food. Consistent with the idea that 
GCN2 mediates 4E-BP induction under those conditions, 
GCN2 mutants have reduced lifespans specifically in flies 
reared with reduced yeast content in the diet (33).

EXPRESSION OF STRESS RESPONSE GENES BY 
eIF4E-INDEPENDENT MECHANISMS

As most cellular transcripts require eIF4E for translation 
initiation, it follows that 4E-BP would presumably inhibit 
mRNA translation indiscriminately. However, several studies 
indicate the effect of 4E-BP on mRNA translation is more 
selective. Researchers established this by analyzing the profile 
of mRNA translation in cells devoid of 4E-BP family of proteins 
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through ribosome profiling. They found that 4E-BP has 
differential effects on the translation of individual mRNAs, i.e., 
there are transcripts that are more readily inhibited by 4E-BP as 
well as those that are resistant (34, 35). These studies raised an 
important question: How can certain transcripts bypass 
translational inhibition by 4E-BP?

Since 4E-BP is an inhibitor of eIF4E, mRNAs that are able to 
undergo translation without eIF4E could evade suppression by 
4E-BP. One such mechanism is through the presence of 
Internal Ribosome Entry Sites (IRES) in the 5’UTRs of such 
mRNAs (Fig. 3A). IRES elements were first found in enteroviral 
and cardioviral transcripts, which lack 5’ cap structures (36, 
37). In these 5’ cap lacking mRNAs, IRES elements can recruit 
ribosomes for translation. This alternate method of recruitment 
is strategically important for the virus since infection can 
specifically shut down cap-dependent translation by triggering 
the cleavage of eIF4G, which is a member of the cap-binding 
protein complex. Such shut down of cap-dependent translation 
allows for the viral transcripts to commandeer cellular 
ribosomes for viral mRNA translation (38). Although first 
characterized in viral RNAs, a number of cellular transcripts 
reportedly contain IRES elements. Included in this group are 
mRNAs of apoptosis regulators. Perhaps because these factors 
must be expressed even when cap-dependent translation is 
shut down, anti-apoptotic human XIAP as well as the 
pro-apoptotic Drosophila reaper mRNA contain IRES and can 
be expressed in cells devoid of eIF4E (39, 40). A number of 
other stress response transcripts that are co-expressed with 
4E-BP have been found to contain IRES elements. Those 
associated with ISR will be described in more detail in the next 
section. 

In addition to IRES-mediated translation, a number of other 
eIF4E-independent translational initiation mechanisms have 
been uncovered recently. Recent studies have found alternate 
5’cap binding proteins, such as eIF3D. While there is no 
sequence homology with eIF4E, the crystal structure of eIF3D 
shows a cap-binding domain that is structurally similar to 
eIF4E. This domain architecture allows eIF3D to mediate the 
translation of c-Jun in a 5’ cap dependent, but eIF4E-independent 
manner (41). A second example of eIF4E-independent trans-
lation is mediated by N6-methyladenosine (m6A) modification, 
a reversible base modification that occurs in mRNAs. Diverse 
functions of m6A modifications have been identified, but when 
they occur in the 5’ UTRs in mRNAs, those mRNAs are able to 
undergo eIF4E-independent translation (42, 43). Specifically, 
the modified base recruits an alternative translational initiation 
factor eIF3 to load ribosomes to mRNAs. Transcripts that are 
translated through this latter mechanism include those 
involved in UV irradiation response or heat shock proteins, 
which need to be expressed in stress conditions where 
cap-dependent translation is shut down. Lastly, cap-indepen-
dent translation can also be mediated by DAP5, a member of 
the translational initiation factor 4G (eIF4G) family. DAP5 itself 
is proteolytically activated by caspases in apoptotic cells 

where cap-dependent translation can be shut down (44). Upon 
activation, DAP5 promotes the rate of cap-independent transla-
tion of a number of stress responsive and apoptotic genes and 
cell cycle regulators such as c-Myc, Bcl-2, CDK1, Apaf-1, XIAP 
and c-IAP1 (45-50). 

As indicated in the examples above, many of the cellular 
transcripts associated with eIF4E-independent translation encode 
stress-response proteins. This is perhaps not so surprising given 
that many cellular stresses, ranging from heat shock to viral 
infection, lead to a shut down or attenuation of cap-dependent 
translation. Such conditions also require the expression of 
stress response proteins for the cells to recover, and to ensure 
their efficient expression, the encoding transcripts have 
evolved mechanisms to initiate alternative modes of transla-
tional initiation.

ISR TRANSCRIPTS THAT UNDERGO IRES-MEDIATED 
TRANSLATION

The dual nodes of translational inhibition associated with ISR, 
i.e., phospho-eIF2 due to stress-activated kinases and 4E-BP 
induced by ATF4, pose an important conceptual question: If 
ISR activates a transcriptional response program mediated by 
ATF4 and other factors, how are such stress response 
transcripts translated in the presence of translational inhibitors? 
Translational inhibition by eIF2 phosphorylation may not 
pose a long-term impediment to stress response gene expression, 
since it is dephosphorylated once the negative feedback loop 
induces GADD34 expression (Fig. 3A). On the other hand, 
there are no known negative feedback loops that can reverse 
4E-BP activation during ISR. Yet, the sustained expression of 
stress responsive genes suggests that stress response transcripts 
may still be translated efficiently in the presence of 4E-BP, 
likely by eIF4E-independent mechanisms.

Perhaps one of the best-characterized ER stress response 
gene is the ER chaperone BiP, which is the major HSP70-class 
chaperone in the ER that helps to fold nascent and unfolded 
peptides. It is also well known that BiP is transcriptionally 
induced by ER stress response pathways in diverse organisms, 
ranging from S. cerevisiae, Drosophila to mammals (51-53). As 
ER stress also induces 4E-BP through ATF4, one may question 
whether BiP translation occurs efficiently under these conditions. 
But even before 4E-BP was recognized as an ER stress 
responsive translational inhibitor, BiP had been recognized for 
having IRES in its 5’UTR. The initial clue came from the 
observation that BiP expression increased in poliovirus- 
infected cells, where cap-dependent translation is shut down 
(54). A subsequent study used the so-called bicistronic assay 
where the IRES activity of the 5’UTR of interest is assessed by 
placing it in between two reporter ORFs (‘cistrons’) (Fig. 3B). 
As the ribosomes dissociate from the mRNAs after encoun-
tering the stop codon of the first cistron, the second reporter 
does not get translated under normal conditions. However, the 
authors found that the 2nd reporter is translated if the BiP 
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5’UTR sequence precedes the 2nd reporter, indicative of IRES 
activity (55). A recent study by our group has examined the 
properties of Drosophila BiP translation to also indicate the 
presence of IRES. The study found that 4E-BP overexpression, 
while effective in suppressing the translation of most cellular 
transcripts, was less effective in inhibiting BiP expression. The 
5’UTRs of specific BiP isoforms also score positive in the 
bicistronic assay (33). These observations indicate that the 
IRES-activity of BiP 5’UTR is evolutionarily conserved. 

An independent series of studies in the early 2000s 
associated GCN2-mediated ISR activation with IRES-mediated 
mRNA translation, even though 4E-BP had not yet been 
recognized as a component of the ISR signaling at the time. 
One research group specifically investigated how GCN2 
mediates the amino acid starvation response to induce the 
transcription of amino acid transporters such as cat-1. These 
researchers found that the cat-1 5’UTR scores positive in the 
bicistronic assay indicative of IRES activity, and its translation 
is stimulated in response to eIF2 phosphorylation (56, 57). 
Perhaps those results were received with intrigue at that time, 
as the observations were inconsistent with the fact that both 
cap-dependent and independent translation require eIF2 to 
load Met-tRNAiMet to ribosomes. In light of recent studies 
showing 4E-BP to be activated downstream of eIF2
phosphorylation, it is now possible to make sense of those past 
results. We can now hypothesize that though 4E-BP inhibits 
cap-dependent translation, such inhibition may allow more 
ribosomes to engage in cap-independent translation of 
essential stress response transcripts such as BiP and cat-1.

A more recent study has examined the possible presence of 
IRES elements amongst other ER stress response transcripts 
(33). The bicistronic assay results indicate that some, but not 
all, factors involved in ER stress response score positive in this 
IRES assay. Aside from BiP, EDEM2, the ER-associated 
degradation factor that helps to degrade misfolded proteins 
from the ER, has a 5’UTR with IRES activity. However, 
transcription factors such as ATF4 and XBP1 did not score 
positive in the IRES assay (33). The latter result is consistent 
with the detailed characterization in yeast that ribosomes load 
to the 5’ cap of GCN4 only, and there is no sequence specific 
IRES activity in its 5’UTR (58). Thus, IRES element may aid in 
the expression of some stress response genes, but is not a 
universal requirement. Perhaps other transcripts utilize 
alternative cap-independent translation mechanisms introduced 
above, while other transcripts reduce their translation rate 
upon ISR activation. It also appears likely that reduction of 
translation rate of other transcripts may be mechanistically 
required for driving cap-independent translation of stress 
response transcripts, which may otherwise not be able to 
efficiently recruit ribosomal components.

THE TIMING OF TRANSLATIONAL INHIBITION IN ISR

Independent studies have examined the temporal spread of 

translation inhibition by 4E-BP during ISR activation and have 
reported some conflicting results. In one study, the authors 
have chosen a time point where they observe maximal effect 
of eIF2 phosphorylation, and report that at this early time 
point, IRES containing transcripts reduce their translation rate 
(22). This is certainly inconsistent with the observations from 
other studies where IRES containing transcripts were found to 
increase their expression during ISR activation (56, 57), or in 
response to viral infection (54, 55). Based on what we now 
know, the different outcomes are likely due to the selection of 
different time points after ISR for each study. An earlier time 
point after stress application would result in eIF2 phos-
phorylation, but not yet the induction of 4E-BP. On the other 
hand, a later time point would have 4E-BP fully exerting 
translation inhibition, while eIF2 phosphorylation has been 
reversed by GADD34 induction. The net effect would be shift 
towards cap-independent translation as a delayed response to 
ISR activation.

CONCLUDING REMARKS

To the best of our knowledge, there has not been a systematic 
analysis to identify all IRES-containing transcripts associated 
with ISR, and therefore, the full extent of IRES-mediated 
translation and their impact in stress resistance remains 
unexplored. In addition, the possible involvement of other 
eIF4E-independent mRNA translation, such as those initiated 
by eIF3D, DAP5 and m6A modification remain untested. Thus, 
the examples of these unconventional 5’UTRs in stress 
response gene translation is likely to grow.
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