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Abstract 

While numerous targeted therapies have been recently adopted to improve the treatment of hematologic malig-
nancies, acquired or intrinsic resistance poses a significant obstacle to their efficacy. Thus, there is increasing need 
to identify novel, targetable pathways to further improve therapy for these diseases. The integrated stress response 
is a signaling pathway activated in cancer cells in response to both dysregulated growth and metabolism, and also 
following exposure to many therapies that appears one such targetable pathway for improved treatment of these dis-
eases. In this review, we discuss the role of the integrated stress response in the biology of hematologic malignancies, 
its critical involvement in the mechanism of action of targeted therapies, and as a target for pharmacologic modula-
tion as a novel strategy for the treatment of hematologic malignancies.
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Introduction
Progress in genetic analyses have advanced our under-
standing of the molecular drivers underpinning hema-
tologic malignancies, thus prompting the development 
of an array of targeted therapies that are revolutionizing 
the clinical management of these diseases [1]. Targeted 
therapies exploit molecular vulnerabilities unique to can-
cer cells and typically alter cellular signaling pathways to 
inhibit tumorigenic growth and promote cell death. How-
ever, despite successful implementation of these agents in 
the treatment of hematologic malignancies, intrinsic and 
acquired resistance remains an ongoing challenge [1]. 
Therefore, an improved understanding of the molecular 
signaling pathways modulated by targeted therapies is 
critical to enhancing the efficacy of these agents.

The integrated stress response (ISR) is an adaptive sign-
aling pathway that contributes to the biology of a num-
ber of hematologic malignancies since they are inherently 

prone to numerous cellular stresses [2]. Furthermore, 
growing evidence has found the ISR to be involved in 
the activity of a number of targeted therapies used in the 
treatment of hematologic malignancies; thus, indicating 
the therapeutic potential of ISR modulation as a strategy 
for improving the efficacy of targeted therapies. Here, we 
provide an overview of the ISR and the role the various 
ISR pathway components play in hematologic malignan-
cies. We also discuss the evidence for the emerging role 
of the ISR in mediating the efficacy of targeted therapies 
and the significance of these findings for developing new 
therapeutic approaches for hematologic malignancies.

Overview of the integrated stress response
The ISR (Fig.  1) is a complex signaling pathway that 
regulates cellular responses to stress stimuli and enables 
either adaptation or the instigation of cell death mecha-
nisms [2]. Stress signals are transmitted through the ISR 
via four serine/threonine kinases PERK, PKR, GCN2 and 
HRI which in response to different forms of stress phos-
phorylate a shared target, eukaryotic initiation factor 2α 
(eIF2α); hence they are collectively known as the eIF2α 
kinases [4]. Phosphorylation of eIF2α on Ser51 inhibits 5’ 
cap-dependent mRNA translation, resulting in the global 
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suppression of protein synthesis to facilitate adaptation to 
a variety of stresses linked to protein synthesis, including 
proteotoxic stress, viral replication, heme depletion and 
amino acid withdrawal [2]. Paradoxically, eIF2α phos-
phorylation also results in the increased translation of 
select mRNA bearing upstream open reading frames that 
favor 5’ cap-independent translation [3]. This selective 
translation results in the synthesis of activating transcrip-
tion factor 4 (ATF4) which modulates gene expression 
to coordinate stress responses, including regulation of 
amino acid and protein homeostasis, autophagy, anti-oxi-
dant responses and mitochondrial apoptosis all of which 

ultimately influence cell fate [2, 4]. Activation of the ISR 
via eIF2α phosphorylation is also regulated by phos-
phatases which act either constitutively to maintain basal 
eIF2α dephosphorylation [5] or in response to ISR activa-
tion as negative feedback regulation [6].

These mechanisms regulating eIF2α phosphorylation 
underscore the importance of controlled ISR activity 
since in addition to regulating stress adaptation, pro-
longed or intense stimulation of the ISR can also result 
in ATF4-driven expression of pro-apoptotic effectors 
to induce cell death [2]. Thus, the components of the 
ISR facilitate the tight regulation of rapid and diverse 
responses to a range of stress stimuli to either reinstate 
cellular homeostasis and promote cell survival or, if this 
is not possible, trigger apoptotic cell death.

The eIF2α kinases
PERK
In contrast to the other eIF2α kinases which are mainly 
cytosolic, PERK (protein kinase R-like endoplasmic retic-
ulum kinase) is localized to the endoplasmic reticulum 
(ER) membrane, containing an N-terminal ER luminal 
domain linked to a C-terminal cytosolic kinase domain 
[7] (Fig.  2). PERK is also unique amongst the eIF2α 
kinases in being a member of the ER stress/unfolded 
response pathway [8]. Indeed, the canonical function of 
PERK is to detect the accumulation of misfolded proteins 
in the ER lumen (ER stress) and, thus, activated PERK 
phosphorylates eIF2α to suppress translation and protect 
cells from further build-up of misfolded proteins in the 
ER [7]. Sustained or intense PERK activation, however, 
has also been shown to suppress cell growth and stimu-
late apoptosis [8], highlighting that PERK elicits dichoto-
mous effects on cell fate in a context dependent manner. 
In the absence of ER stress, PERK is negatively regulated 
by association with GRP78 (78  kDa glucose-regulated 
protein; also known as BiP), an ER lumen resident mem-
ber of the heat shock protein family of molecular chap-
erones [7]. Upon ER stress, GRP78 dissociates from 
PERK and binds to misfolded proteins which in turn 
permits PERK monomers to dimerize via their luminal 
domains, resulting in autophosphorylation at Thr980 
and activation of the enzyme [7] (Fig. 3A). There is also 
evidence supporting non-canonical PERK activation 
whereby dimerization of PERK is driven by direct inter-
action between misfolded proteins and the PERK luminal 
domain [9] (Fig. 3A).

PERK, encoded by the EIF2AK3 gene, is expressed 
ubiquitously in normal tissues (albeit at higher levels in 
secretory tissues such a pancreatic islet cells) [10] and 
is also present and active in hematologic malignancies, 
including multiple myeloma (MM) [11] and chronic 

Fig. 1  Overview of the integrated stress response pathway. Distinct 
cellular stresses cause the phosphorylation and activation the eIF2α 
kinases PERK, PKR, GCN2 and HRI. The eIF2α kinases phosphorylate 
Ser51 of eIF2α which leads to suppression of global protein synthesis 
but selective enhancement of translation of some mRNAs, such as 
that encoding ATF4. ATF4 is a transcription factor that activates genes 
which regulate cellular responses to stress signals to determine 
cell fate. Additionally, in a negative feedback loop, ATF4 drives the 
expression of GADD34, a protein phosphatase 1 (PP1) regulatory 
subunit which forms a complex with the PP1 catalytic subunit (PP1c) 
to dephosphorylate and inactivate eIF2α. Another PP1 regulatory 
subunit, CReP, is constitutively expressed independent of ISR 
signaling and functions to maintain basal levels of de-phosphorylated 
eIF2α in the absence of stress. Created with BioRender.com
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myeloid leukemia (CML) [12]. MM is a malignancy char-
acterized by the overproduction of paraprotein by mono-
clonal plasma cells which results in increased ER stress 
[13]. Unsurprisingly, studies of MM cells showed that 
molecular knockdown of PERK causes cell death [11], 
thus highlighting the important pro-survival function of 
PERK in this disease. ER stress has also been observed 
in CML and has been shown to occur as a result of the 
activity of the Bcr-Abl oncogene characteristic of this dis-
ease [12]. As a consequence of this, CML cell lines and 
leukemic stem cells from patient samples exhibit elevated 
PERK and phospho-eIF2α protein levels compared to 
healthy controls and expression of both is positively cor-
related with more advanced disease stage [12]. Increased 
PERK signaling and phospho-eIF2α levels have also been 
observed in primary lymphoma cells and were attrib-
uted to c-Myc driven activation of protein synthesis and 
misfolded protein accumulation [14]. Recent analyses 
of pan-cancer PERK expression have also identified sig-
nificant downregulation of PERK mRNA in a number of 
lymphoma sub-types [15]; however, the functional signif-
icance of this finding has yet to be examined.

PKR
Protein kinase R (PKR) is a mainly cytosolic enzyme 
encoded by the EIF2AK2 gene. The 68 kDa protein con-
sists of two separate N-terminal double-stranded RNA 
(dsRNA) binding domains connected to a bi-lobed 
C-terminal kinase domain by a flexible linker region of 

approximately 80 amino acids [7] (Fig.  2). PKR is ubiq-
uitously expressed at basal levels but can also be induced 
by type I interferons [7]. Although PKR is best charac-
terized as a cytoplasmic protein, nuclear localization 
of PKR has also been reported, possibly due to post-
translational modifications [16]. Activation of PKR typi-
cally occurs in response to viral dsRNA [7] and involves 
binding of dsRNA to the dsRNA binding domains that 
induces homodimerization of PKR monomers and trans-
autophosphorylation of the enzyme on Thr446 (Fig. 3B) 
which triggers eIF2α-mediated suppression of translation 
to inhibit the synthesis of viral proteins [17]. However, 
PKR activity can also be stimulated by endogenous dsR-
NAs [18], nutrient excess, ER stress [19], oxidative stress 
[20], the lipid ceramide [21] and the protein PACT which 
in response to stress stimuli binds to PKR to promote 
autophosphorylation and activation of the kinase [20] 
(Fig. 3B).

In addition to phosphorylating eIF2α, PKR also func-
tions as an activator of NF-κB, and as a mediator for 
toll-like receptor signaling and inflammasome activa-
tion [22]. Thus, the diverse signaling functions of PKR 
prompted its examination in disease and has led to the 
discovery of its roles in hematologic malignancies. For 
instance, early studies showed that PKR expression is 
increased in both acute lymphoblastic leukemia (ALL) 
and acute myeloid leukemia (AML) patient samples, 
with significantly higher PKR mRNA found in relapsed 
AML samples compared to samples obtained at diagnosis 

Fig. 2  Domain structures of the eIF2α kinases. Structures are oriented from N termini to C termini following left to right. Total amino acid number 
is listed at the C terminal ends. Abbreviations: signal peptide (SP), luminal domain (LD), kinase domain (KD), double stranded RNA binding 
domains (dsRBD), pseudokinase domain (PKD), histidyl-tRNA synthetase (HisRS) domain, C-terminal ribosome binding/dimerization (CTD) domain, 
N-terminal heme binding (NTD) domain, kinase domain 1 (KD1), kinase insert (KI) domain, kinase domain 2 (KD2). Created with BioRender.com



Page 4 of 15Nwosu et al. Experimental Hematology & Oncology           (2022) 11:94 

[23]. These findings pointed to a functional role for PKR 
in these malignancies and were further supported by 
analyses of PKR protein levels in AML patient samples 
which revealed that high PKR expression correlated with 
reduced overall survival and shorter disease remissions 
[24]. Subsequent studies showed that in addition to ele-
vated expression, AML and ALL cell lines also exhibited 
enrichment of activated PKR, and selective inhibition of 
this enzyme reduced the growth and viability of these 
cells [25]. Additionally, bone marrow failure which is 
characteristic of hematopoietic disorders such as myelo-
dysplastic syndrome (MDS) and subsequent progression 
to AML has also been shown to involve the activity of 
PKR. Murine transgenic studies found that PKR expres-
sion resulted in dysplastic changes to hematopoietic tis-
sues, moderate cytopenia, and the production of myeloid 
and lymphoid blasts characteristic of bone marrow fail-
ure [26]. Interestingly, an analysis of bone marrow tissue 
from MDS patients at high-risk of progressing to AML 
showed increased activation and nuclear localization of 
PKR [27]. Subsequent studies in a murine model of MDS/

leukemia revealed that nuclear PKR enhanced MDS pro-
gression to leukemia by inhibiting DNA damage repair 
mechanisms and promoting the acquisition of somatic 
mutations [24].

Despite these reported tumor supporting properties of 
PKR, recent studies have shown that drug-induced PKR 
activation has anti-tumor effects, causing ATF4-stim-
ulated expression of the pro-apoptotic protein NOXA, 
resulting in AML cell death [21]. However, PKR has a 
well-established dual function as both a pro-survival and 
pro-apoptotic mediator, a role which varies depending 
on the amplitude and type of stimulus [17]. Thus, this 
divergence in PKR function is likely due to differences 
in the signaling, whereby a small amount of PKR activ-
ity induced by endogenous chronic stressors in cancer 
cells is pro-survival/pro-proliferative, whereas the induc-
tion of further PKR activity by exogenous acute stimuli 
leads to apoptosis. Therefore, PKR plays diverse roles in 
the pathogenesis, survival, and evolution of hematologic 
malignancies.

Fig. 3  Activation mechanisms of the eIF2α kinases. Diverse stimuli cause the eIF2α kinases to undergo activation via autophosphorylation 
(indicated by orange shading of kinase domains). A In the absence of ER stress GRP78 binds to the luminal domain (purple) of PERK preventing it 
from dimerizing and undergoing activation via trans-autophosphorylation (P). The presence of misfolded proteins titrates GRP78 from PERK which 
facilitates dimerization converting PERK into an active kinase (activation status shown in orange). Misfolded proteins can also interact directly with 
the luminal domain to stimulate PERK activation. B PKR is canonically activated by interaction between the double stranded RNA binding domains 
(dsRBD, shown in green) and dsRNA. PKR can also be activated by direct interaction with the PKR activating protein PACT (shown in pink). The lipid 
ceramide (purple) can also directly interact with PKR to stimulate its activity. C During nutrient availability, GCN2 is an inactive homodimer due to 
inhibitory interactions between the C-terminal domain (CTD), histidyl-tRNA synthetase (HisRS) domain and kinase domains. Amino acid depletion 
causes an increase in levels of uncharged tRNA which displace the CTD causing rearrangement of the regulatory regions to facilitate activation of 
the enzyme. D Heme (H) binds to the HRI homodimer to stabilize it in an inactive conformation. Depletion of heme allows HRI to adopt an active 
configuration. Created with BioRender.com
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GCN2
GCN2 (general control non-derepressible kinase 2), 
encoded by the EIF2AK4 gene,  is the largest of the four 
eIF2α kinases (190  kDa) and contains the most regula-
tory domains [28] (Fig.  2). Flanking the kinase domain, 
GCN2 possess a N-terminal RWD domain (so called 
for its occurrence in Ring-finger proteins, WD-repeat 
containing proteins and DEAD-like helicases), a pseu-
dokinase domain, as well as a histidyl-tRNA synthetase 
(HisRS) domain and a C-terminal ribosome binding/
dimerization (CTD) domain [28]. GCN2 is activated in 
response to amino acid deprivation [28]. Thus, during 
nutrient availability, auto-inhibitory interactions between 
the HisRS and CTD domains with the kinase domain 
maintain GCN2 in an inactive conformation [28]. Amino 
acid depletion leads to elevated levels of uncharged 
tRNA molecules in the cell which disrupt GCN2 auto-
inhibition by binding to the HisRS domain causing it 
to dissociate from the CTD domain. Upon loss of auto-
inhibition, the GCN2 dimer undergoes conformational 
restructuring resulting in exposure of the catalytic cleft 
and ensuing autophosphorylation at Thr882 and Thr887 
and activation of the enzyme [28] (Fig.  3C). Activated 
GCN2 phosphorylates eIF2α to suppress protein synthe-
sis, thus alleviating the impact of nutrient depletion and 
lowering demand for amino acids while also stimulating 
the upregulation of amino acid transport genes [28]. In 
addition to amino acid depletion, GCN2 has also been 
shown to be activated by glucose restriction (resulting in 
depletion of cytosolic amino acids), UV radiation, oxida-
tive stress [29] and in response to stress-induced ribo-
some collisions [30].

Hematologic malignancies display increased demand 
for nutrients and exhibit dysregulated metabolic sign-
aling in order to attain amino acids for their continued 
survival [31]. Thus, studies have shown that amino acid 
depletion activates GCN2 in ALL cell lines and inhibi-
tion of the enzyme sensitizes both ALL and AML cell 
lines to treatment with L-asparaginase [32], a first-line 
therapy for ALL and prospective therapy for AML [33]. 
Recent single-cell transcriptomic analyses have also 
described a role for GCN2 in the pathogenesis of MM 
with the finding that in a murine model of MM progres-
sion, the GCN2 signaling pathway was enriched in dis-
ease cells with the greatest enrichment seen during the 
early stage of the disease [34]. Furthermore, targeting 
GCN2 in MM cell lines caused apoptosis and reduced 
cell viability, thus indicating a role for GCN2 signaling 
in MM, possibly as an adaptive mechanism to cope with 
amino acid depletion caused by elevated immunoglobu-
lin production in these cells [34]. Taken together these 
findings point towards an important role for GCN2 in 

the biology of hematologic malignancies that warrants 
further investigation.

HRI
The heme regulated inhibitor (HRI) protein is primar-
ily known for its role in regulating the synthesis of glo-
bin proteins in accordance with the availability of heme 
[35] whereby it phosphorylates eIF2α to suppress protein 
synthesis and prevent the proteotoxicity associated with 
the aggregation of globin proteins [36]. HRI contains two 
distinct heme-binding sites, an N-terminal heme binding 
domain (NTD) and a unique heme binding kinase inser-
tion (KI) domain that bifurcates the C-terminal kinase 
domain (KD1 and KD2) [7] (Fig. 2). While heme appears 
constitutively bound to the NTD, heme-mediated regu-
lation of HRI is brought about through a concentration-
dependent association of heme with the KI domain [7]. 
During normal homeostatic conditions, heme binds to 
the KI domain causing HRI to adopt an inactive dimeric 
conformation [7]. Binding of heme to the KI domain is 
reversible and during heme deficiency, loss of heme bind-
ing permits an active conformation of the HRI dimer 
which then undergoes autophosphorylation at Thr485, 
resulting in activation of the enzyme [7] (Fig. 3D). Acti-
vation of HRI can also occur in response to arsenite and 
heat-shock through as yet undefined mechanisms [37], 
and by mitochondrial stress whereby the mitochondrial 
protein DELE1 is cleaved and released into the cytoplasm 
and interacts directly with HRI to stimulate its activity 
[38].

Expression of HRI was previously thought to be 
restricted to erythroid cells [36], however, recent find-
ings suggest that HRI may be expressed more broadly, 
including in some hematologic malignancies such as 
MM and Ph+ B-cell ALL (B-ALL), where HRI activity has 
been implicated in the regulation of apoptosis [39, 40]. 
Indeed, in MM, pharmacological activation of HRI led to 
increased phospho-eIF2α and caused cell death in both 
cell lines and patient samples [39]. Similarly, pharmaco-
logical activation of HRI in B-ALL cell lines resulted in a 
suppression of the pro-survival protein MCL1 (a critical 
effector of the mitochondrial apoptotic pathway) to sen-
sitize B-ALL cells to the activity of BH3-mimetics (potent 
inducers of apoptosis) [40]. Notably, this effect was abro-
gated by genetic ablation of the HRI gene EIF2AK1 [40], 
thus underscoring the important role of HRI in the regu-
lation of apoptosis in B-ALL. Ultimately, the function of 
HRI in hematologic malignancies remains poorly under-
stood but growing evidence suggests HRI may be a criti-
cal mediator in determining cancer cell fate.
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Regulation of eIF2α
The eIF2 protein complex is a key modulator of protein 
synthesis that is regulated by eIF2α kinases [41]. The eIF2 
protein is a tri-partite complex consisting of α, β and γ 
subunits and is involved in facilitating the initiation of 
translation whereby it forms a ternary complex (TC) with 
GTP and methionyl-initiator tRNA (Met-tRNAi) [42]. 
The TC binds to the 40S ribosomal subunit to form the 
pre-initiation complex (PIC) which then associates with 
the 5’ cap of mRNA [41]. Upon binding the 5’ cap, the 
PIC scans the 5’ UTR region of the mRNA until pairing 
between Met-tRNAi occurs at which point GTP on the 
ternary complex is hydrolyzed to GDP with subsequent 
binding of the 60S subunit, release of eIF2-GDP and initi-
ation of translation [41]. In order to replenish active eIF2, 
the guanine nucleotide exchange factor eIF2B binds to 
the eIF2 complex and catalyzes the exchange of GDP for 

GTP, thus facilitating continued initiation of translation 
(Fig. 4) [42].

In the presence of cellular stress eIF2α kinases phos-
phorylate the α subunit of eIF2 on Ser51 which causes 
the eIF2 complex to bind to and inhibit the function of 
eIF2B, thus preventing the regeneration of eIF2-GTP, 
lowering the concentration of TC and ultimately inhib-
iting the initiation of 5′ cap-dependent translation [43]. 
However, under these conditions, and in specific con-
texts, the 5’cap-independent translation of select mRNA 
with upstream open reading frames is favored resulting 
in the selective synthesis of key proteins such as ATF4, 
ATF5 and CHOP, all of which are involved in regulating 
cellular responses to stress [4]. Through this mechanism, 
stress signals detected by the eIF2α kinases initiate a dual 
response whereby (1) translation is globally suppressed 
to alleviate stress arising from protein synthesis/nutrient 

Fig. 4  ATF4 protein structure and translational regulation by eIF2α phosphorylation. A The ATF4 protein consists of several of regulatory and 
functional domains. The regulatory domains include the N-terminal domain (NTD), oxygen dependent degradation domain (ODDD) and 
β-transducin repeat-containing protein (βTrCP) interacting domain all of which regulate the stability of ATF4 in response to interactions with 
histone acetyltransferase p300, prolyl-4-hydroxylase 3 (PHD3) and βTrCP respectively. The functional domains include a basic domain (BD) involved 
in DNA binding and a leucine zipper (LZ) domain that facilitates dimerization. B Under normal conditions eIF2B catalyzes the transfer of eIF2-bound 
GDP (inactive) for GTP to produce the eIF2-GTP (active) that forms a ternary complex with Met-tRNAi. In the presence of sufficient ternary complex 
5’ cap dependent translation proceeds resulting in inefficient translation of ATF4 mRNA due to the presence of inhibitory upstream open reading 
frames (uORF) in the 5’ untranslated region. Presence of cellular stress causes eIF2α kinases to phosphorylate eIF2 causing it to act as an inhibitor of 
eIF2B thus preventing further regeneration of eIF2-GTP. This leads to the depletion of the ternary complex which favors ribosome re-initiation at the 
ATF4 coding sequence (CDS) and enhanced synthesis of ATF4 protein. Created with BioRender.com
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depletion and (2) stress responsive genes are upregulated 
to coordinate an adaptive response.

Upon resolution of cellular stress, integrated stress 
response signaling is attenuated by the dephospho-
rylation of eIF2α. eIF2α is dephosphorylated by protein 
phosphatase 1 complexes containing either the CreP 
[5] or GADD34 [6] regulatory subunits (Fig.  1). These 
phosphatase complexes regulate eIF2α in different con-
texts, with CreP operating constitutively in the absence 
of stress to maintain low basal levels of eIF2α activity [5], 
whereas GADD34 expression is upregulated in response 
to stress and functions as a negative feedback inhibitor of 
ISR signaling [6].

Thus, eIF2α exists at the nexus of control of the ISR 
and is subject to tight regulation by the eIF2α kinases and 
phosphatases. Furthermore, since phosphorylation of 
eIF2α is the critical step in the transduction of stress sig-
nals detected by the eIF2α kinases, it is therefore central 
to ISR signaling observed in hematologic malignancies. 
Beyond this role in mediating the ISR, additional func-
tions of eIF2α in the pathogenesis of hematologic malig-
nancies have been described. For instance, CML cell 
lines ectopically expressing an eIF2α Ser51 → Ala mutant 
(blocking phosphorylation at this site and eIF2α activa-
tion) had reduced expression and secretion of matrix 
metalloproteinases (MMPs), enzymes which are involved 
in the degradation of extracellular matrix components 
[44]. This finding was accompanied by the observation 
that loss of eIF2α activity reduced the invasiveness of 
CML cells. This, together with observations that condi-
tioned media from these cells led to similar reductions 
in the invasiveness of bone marrow stromal fibroblasts, 
implicates eIF2α in regulating the bone marrow remod-
eling and invasive potential of CML cells [44]. These data 
are in agreement with the finding that primary CML 
cells also exhibit increased phospho-eIF2α compared 
to healthy donors, with phospho-eIF2α substantially 
increasing in cells from patients at the advanced blast 
crisis stage of the disease [12]. Thus, eIF2α appears to be 
involved in the disease progression of CML.

ATF4: the master regulator of the ISR
ATF4 (activating transcription factor 4; also known as 
CREB-2) is part of the basic leucine zipper (bZIP) fam-
ily of transcription factors and is the key effector medi-
ating the adaptive responses stimulated by the ISR [45]. 
Reflecting its broad role in the coordination of gene 
expression in response to stress stimuli, ATF4 is subject 
to regulation at the transcriptional, translational and 
post-translational levels [2]. Under normal conditions, 
ATF4 mRNA is basally expressed at low levels however, 
stress stimuli induce an increase in ATF4 transcrip-
tion [46, 47]. The epigenetic modulator protein arginine 

methyltransferase 5 (PRMT5) is also involved in the 
regulation of ATF4 mRNA splicing and stability [48]. 
However, ATF4 expression is primarily regulated at the 
translational level, via stress signaling integrated through 
eIF2α which stimulates upregulated translation of ATF4 
mRNA. The mechanism for this regulation (Fig.  4) is 
based on the unique properties of the ATF4 mRNA which 
contains two upstream open reading frames (uORF) in 
the 5’ UTR region prior to the coding sequence [49, 50]. 
Under normal conditions, ATF4 mRNA is inefficiently 
translated since ribosomes initiate translation at uORF1 
and rapidly re-initiate at uORF2 which extends into the 
ATF4 coding sequence [49, 50]. Phosphorylation of eIF2α 
leads to reduced levels of eIF2-GTP-Met-tRNAi which 
causes delayed ribosomal re-initiation and favors selec-
tive re-initiation at the ATF4 coding sequence. Given that 
ATF4 mRNA is constitutively expressed at basal levels, 
this translational mechanism allows for the rapid coor-
dination of adaptive responses and bypasses the eIF2α-
meditated suppression of translation.

Structurally, the ATF4 protein contains a number 
of functional and regulatory domains, summarized in 
Fig.  4, including a N-terminal domain for binding the 
histone acetyltransferase p300 [51], an oxygen depend-
ent degradation domain (ODDD) for binding with pro-
lyl-4-hydroxylase domain 3 (PHD3) [52], a domain for 
interacting with the SCF E3 ubiquitin ligase component 
β-transducin repeat-containing protein (βTrCP) and a 
C-terminal leucine zipper region that facilitates dimeri-
zation [53]. Binding of p300 to ATF4 enhances its sta-
bility and transcriptional activity [51]. Likewise, binding 
of PHD3 also enhances ATF4 stability [4]. In contrast, 
binding of βTrCP results in the ubiquitination and degra-
dation of ATF4 [54]. ATF4 is also subject to phosphoryla-
tion, acetylation, and methylation as well as interactions 
with non-bZIP family proteins, all of which either alter 
ATF4 activity or target gene selectivity [2, 4]. The bZIP 
transcription factors typically homodimerize or heterodi-
merize (via the bZIP domain) and ATF4 has been shown 
to primarily heterodimerize as it forms unstable homodi-
mers in  vitro [55]. Binding partners of ATF4 include 
CCAAT box/enhancer binding protein β (C/EBPβ), C/
EBPγ, and C/EBP homologous protein (CHOP), and 
these heterodimers differentially influence the outcome 
of ATF4 target gene regulation whereby ATF4-CHOP 
heterodimers are associated with pro-apoptotic signal-
ing, whereas ATF4-C/EBPβ and ATF4-C/EBPγ heterodi-
mers regulate adaptation to stress [4]. Functionally, ATF4 
behaves as both a transcriptional repressor and tran-
scriptional activator [2]. Key ISR target genes of ATF4 
include CHOP, GADD34 and CReP (negative regulators 
of eIF2α) [56]; however, ATF4 also has a wide distribu-
tion of target genes that regulate diverse stress responses 
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including apoptosis, amino acid metabolism, anti-viral 
responses and protein folding [4].

Cancer cells are subject to substantial cellular stress due 
to their dysregulated growth and metabolism and thus 
frequently rely on ATF4-mediated regulation of stress 
responses [57]. In diffuse large b-cell lymphoma (DLBCL), 
ATF4 knockdown was shown to substantially reduce cell 
proliferation, and it was postulated that ATF4 may func-
tion to ameliorate amino acid depletion in these cells 
caused by the flow of cytosolic amino acids into the TCA 
cycle [58]. AML cells have been found to be reliant on 
ATF4 to regulate survival upon exposure to reactive oxy-
gen species (ROS) as it was shown that in AML cells bear-
ing the inv (3) (RPN1-EVI1) chromosomal rearrangement, 
pharmacological inhibition of PRMT5, which as described 
above regulates ATF4 mRNA splicing and stability, led to 
production of an unstable, intron-retained ATF4 mRNA 
that was restricted to the nucleus and resulted in reduced 
ATF4 protein levels and increased ROS [48]. Interest-
ingly, it was also shown that RPN1-EVI1 AML cells exhibit 
enhanced sensitivity to PRMT5 inhibition and likewise 
overexpression of EVI1 induced the degradation of the 
ATF4 protein and enhanced ROS, suggesting that PRMT5-
mediated regulation of ATF4 is critical to counteract the 
deleterious oncogenic signaling of EVI1 [48].

A role for ATF4 has also been shown in the pathogen-
esis of Fms-like tyrosine kinase 3-internal tandem dupli-
cation (FLT3-ITD) AML as it was shown that the mutant 
FLT3-ITD protein stimulates ATF4-dependent autophagy 

to support the proliferation of AML cells [59]. Further 
studies have also shown that in daunorubicin resistant 
AML cell lines, ATF4 binding is enriched at a stress-
responsive enhancer for the ABCB1 gene which encodes 
the p-glycoprotein drug efflux pump implicated in multi-
drug resistance; thus, indicating a potential role for ATF4 
in mediating drug-resistance in AML [60]. Additionally, 
primary AML leukemic stem cells exhibit increased ATF4 
activity and target gene expression (61). In AML, ATF4 
transcription has also been shown to be regulated by the 
RUNX1 transcription factor [62], which is frequently 
mutated in AML [1]. Interestingly, germline mutations 
resulting in defective RUNX1 activity led to reduced 
ATF4 expression and increased resistance to ER stress 
[62]. These findings suggest that RUNX1 mutations may 
confer a survival advantage by blunting pro-apoptotic 
signaling by ATF4 which contrasts with the canonical 
adaptive roles described for ATF4, but is yet indicative of 
its varied functions. Thus, ATF4 plays a central role in the 
pathogenesis of a number of hematologic malignancies.

ISR in the therapy of hematologic malignancies
From the studies described above, it is clear that the ISR 
contributes to the pathogenesis of a number of hema-
tologic malignancies. However, investigation into the 
mechanisms of action of targeted therapies in hema-
tologic malignancies has revealed that the ISR also has 
a substantial involvement in the anti-neoplastic activ-
ity of numerous agents (Table  1); emphasizing the 

Table 1  Targeted therapies that elicit ISR signaling in hematologic malignancies

AML Acute myeloid leukemia, MM Multiple myeloma, MCL Mantle cell lymphoma

Therapeutic agent Drug class Mode of action Effect on ISR Disease outcome References

5′-azacitidine Hypomethylating agent Inhibition of DNA methyl-
transferase activity

↑ eIF2α phosphorylation Noxa mediated apoptosis 
in AML

[68]

ONC201 Imipridone Dopamine receptor D2 
antagonist

↑ ATF4 translation Apoptosis in AML and MCL 
cell lines
↓ MCL-1 protein expression 
in MCL cell lines

[74]

Pyrvinium pamoate Anthelmintic Inhibition of mitochondrial 
respiratory complex I

↑ eIF2α phosphorylation
↑ ATF4 translation

Apoptosis in FLT3-ITD AML 
cell lines

[80]

Atovaquone Anthelmintic Inhibition of mitochondrial 
respiratory complex III

↑ eIF2α phosphorylation
↑ ATF4 translation
↑ ATF4 target gene tran-
scription

Apoptosis in AML cell lines 
and primary samples
↓ Disease burden in murine 
AML and MM models

[79, 83]

Bortezomib Proteasome inhibitor Reversible inhibitor of the 
26S proteasome

↑ eIF2α phosphorylation
↑ ATF4 translation
↑ CHOP
translation

↓ MM cell line viability
↑ Pro-survival response to 
bortezomib

[84, 87]

Carflizomib Proteasome inhibitor Irreversible inhibitor of the 
20S proteasome

↑ ATF4 translation ↓ MM cell line viability [86]

Marizomib Proteasome inhibitor Irreversible inhibitor of the 
20S proteasome

↑ eIF2α phosphorylation 
and CHOP translation when 
combined with bortezomib

↓ MM cell line viability [85]
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dichotomous signaling of the ISR. Here we summarize 
evidence for the role of the ISR in a number of targeted 
therapies currently in the clinic, or in late-stage develop-
ment for treatment of hematologic malignancies.

Hypomethylating agents
Epigenetic dysregulation is a common feature of a num-
ber of hematologic malignancies including AML, CML, 
chronic lymphocytic leukemia (CLL) and MDS. Accord-
ingly, this has led to the discovery and clinical use of 
epigenetic modulating drugs in the management of 
these diseases [63]. One such drug is the hypomethyl-
ating agent 5’-azacitidine (5-Aza), which in AML has 
been shown to improve survival outcomes for elderly 
patients ineligible for intensive chemotherapy [64]. 5-Aza 
only elicits modest effects in AML when employed as a 
monotherapy (18% complete response rate; CRR [65]). 
However, combination of 5-Aza with the BH3 mimetic 
venetoclax, a selective antagonist of the anti-apoptotic 
Bcl-2 protein which also has modest effects in AML as a 
monotherapy (19% overall response rate [66]), results in 
impressive CRR of 76% [67]. Recently it was shown that 
5-Aza induces apoptosis in AML via the upregulation of 
the pro-apoptotic protein NOXA in a TP53-independent 
manner (Fig.  5) [68]. Notably, 5-Aza was found to acti-
vate ISR signaling, as shown by an increased phosphoryl-
ation of eIF2α and induction of ATF4 (a known regulator 
of NOXA expression). Inhibition of eIF2α downregu-
lated NOXA expression and led to a decrease in 5-Aza-
induced AML cell death [68]. Thus, these studies provide 
insight into the mechanism underlying the enhanced 
effect of dual 5-Aza/venetoclax therapy and suggests 
that novel ISR-inducing agents used in combination with 
existing BH3-mimetics could be an effective strategy for 
the treatment of malignancies that are dependent on 
MCL1.

Imipridones
Imipridones are a class of compound identified in a 
screen for small molecules capable of the inducing 
TNF-related apoptosis inducing ligand (TRAIL) in a 
TP53-independent manner in cancer cells [69]. The lead 
compound of this class, ONC201, has been shown to 
elicit anti-tumor effects in pre-clinical models across a 
range of solid tumors and hematologic malignancies, and 
is the subject of interest for multiple ongoing clinical tri-
als [70]. The anti-neoplastic effects of ONC201 are attrib-
uted to induction of the extrinsic pathway of apoptosis 
via the induction of TRAIL and its receptor death recep-
tor 5 (DR5) [71].

Mechanistically, ONC201 has primarily been charac-
terized as a selective antagonist of dopamine receptor 
D2 (DRD2), a G-protein coupled receptor [72]. ONC201 
was shown to induce the ISR via activation of PKR and 
HRI resulting in ATF4 and CHOP-dependent increases 
to DR5 levels [73]. In contrast, in both AML and mantle 
cell lymphoma (MCL) cell lines, ONC201 was shown to 
stimulate phosphorylation of GCN2 and eIF2α; however, 
eIF2α was found to be dispensable for ATF4 induction, 
suggesting that ONC201 stimulates a non-canonical ISR 
in hematologic malignancies [74]. Additionally, in con-
trast to solid tumors, ONC201 in hematologic malignan-
cies did not stimulate TRAIL production but still induced 
apoptosis in a manner dependent on ATF4 upregulation 
[74].

Pre-clinical assessments of ONC201 in AML and MCL 
have led to further studies in panels of leukemia, lym-
phoma and MM cell lines, which have confirmed that the 
drug stimulates ISR activity as evidenced by the induc-
tion of ATF4 [75]. Interestingly, ONC201 has also been 
shown to downregulate the anti-apoptotic protein MCL1 
in lymphoma cell lines and exhibited synergy with vene-
toclax against AML cell lines (Fig.  5) [74]. Given that 

Fig. 5  ISR activation may overcome resistance to the BH3-mimetic venetoclax. Mitochondrial apoptosis is regulated by the Bcl-2 family proteins 
which include the pro-survival proteins Bcl-2 and Mcl-1 and the pro-apoptotic proteins Bim, Bid, Noxa, Bak and Bax. Venetoclax inhibits the 
pro-survival protein Bcl-2 which allows Bim and Bid to activate Bak and Bax resulting in mitochondrial outer membrane permeabilization, release of 
cytochrome c (orange spheres) and induction of apoptosis. Resistance to venetoclax can arise through increased levels of the pro-survival protein 
Mcl-1 (not targeted by Venetoclax) which inhibits Bim and Bid to prevent apoptosis. Targeted inhibition of sphingosine kinase 1 (SPHK1), as well as 
the hypomethylating agent 5’azacitidine, and the dopamine receptor D2 (DRD2) agonist ONC201 all cause activation of the ISR to drive induction 
of NOXA (an Mcl-1 antagonist). This results in the inhibition of Mcl-1 to synergize with venetoclax and induce apoptosis in Venetoclax resistant cells. 
Created with BioRender.com
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ATF4 regulates the expression of NOXA, a known pro-
tein antagonist of MCL1, these findings further support 
the potential of modulating the ISR to therapeutically 
induce mitochondrial apoptosis in hematologic malig-
nancies. This is of particular relevance given that resist-
ance to BH3 mimetics is an emerging challenge to the 
efficacy of these drugs therapy of hematologic malignan-
cies [76], thus sparking the need for novel agents that can 
circumvent these resistance mechanisms (Fig. 5).

Despite the promising pre-clinical efficacy of ONC201, 
a recent clinical trial combining the DRD2 antago-
nist thioridazine with intermediate dose cytarabine 
against relapsed/refractory AML demonstrated mod-
est anti-leukemic activity with only one participant 
achieving a partial remission [77]. These findings cast 
doubt as to whether similar DRD2 targeting agents 
such as ONC201 will be therapeutically effective against 
hematologic malignancies; however, it must be noted 
that the pre-clinically determined optimal concentra-
tions of thioridazine were not reached in this study 
due to dose-limiting toxicities associated with the drug 
[77]. Data obtained from the ongoing clinical trials of 
ONC201 in AML (NCT03932643, NCT02392572), MM 
(NCT02863991, NCT03492138) and non-Hodgkin’s 
lymphoma (NCT02420795) will potentially clarify the 
effectiveness of ONC201 as therapeutic approach against 
hematologic malignancies.

Anthelmintics
Anthelmintics are a class of drugs commonly used in the 
treatment of parasitic infections but have garnered atten-
tion for potential drug-repurposing for cancer therapy 
[78]. In particular, a number of studies have examined 
the use of these agents against hematologic malignan-
cies including AML [79, 80], ALL [81] and MM [82]. A 
recent study of the FDA approved anthelmintic drug pyr-
vinium pamoate in AML showed that it induced apop-
totic cell death in FLT3-ITD harboring AML cell lines at 
low nanomolar concentrations via activation of the ISR, 
as shown by phosphorylation of eIF2α and upregulated 
expression of ATF4 [80]. Additionally, pyrvinium pamo-
ate stimulated the increased transcription of a number 
of pro-apoptotic ATF4 target genes, including NOXA, 
PUMA and CHOP [80] further supporting the potential 
for modulation of the ISR as a therapeutic strategy for 
hematologic malignancies.

Atovaquone is another clinically available anthelmin-
tic that stimulated the reduced in  vitro viability of pri-
mary AML samples and lowered leukemic burden in 
murine models of MM and AML [79, 83]. Mechanistic 
studies of the anti-AML activity of atovaquone revealed 
that it induced the ISR, with increased phosphorylation 
of eIF2α and ATF4 protein levels while also increasing 

mRNA levels of numerous pro-apoptotic ATF4 target 
genes, including CHOP [79]. Furthermore, deletion of 
all four eIF2α kinases blocked atovaquone-stimulated 
phosphorylation of eIF2α, which was rescued by re-
expression of PERK, and to some extent HRI, suggest-
ing the involvement of these two eIF2α kinases in the 
activity of atovaquone [79]. Clarity on the mechanism 
of atovaquone in AML as well as its promising effects 
in pre-clinical studies has led to a Phase I trial cur-
rently examining its combination with standard induc-
tion chemotherapy regimens in younger AML patients 
(NCT03568994). Thus, the ISR inducing properties of 
drugs such as atovaquone and pyrvinium pamoate may 
be of significant value in a clinical setting, highlighting 
the potential for the advancement of other ISR modulat-
ing agents into clinical trials.

Proteasome inhibitors
Cancer cells frequently exhibit elevated protein synthe-
sis which makes them uniquely sensitive to proteasome 
inhibitors (PIs) that dysregulate protein homeostasis 
to cause proteotoxicity and cell death. In the context of 
hematologic malignancies, numerous studies have shown 
the PERK signaling pathway, at the junction of both the 
ISR and UPR, to play an important role in the effects of 
PIs. For instance, bortezomib is a PI approved for the 
treatment of MM and MCL and in MM cell lines bort-
ezomib has been shown to induce increased levels of 
phospho-eIF2α, ATF4 and the expression of the pro-
apoptotic ATF4 target gene CHOP [84]. Other PIs carfil-
zomib and marizomib elicited similar effects on eIF2α, 
ATF4 and CHOP in MM cells [85, 86].

These findings might suggest that ISR signaling is 
involved in PI-induced MM cell death. However, in MM 
cells PIs induce ISR/ATF4-driven expression of the pro-
survival protein MCL1, and knockdown of ATF4 sen-
sitizes MM cells to bortezomib, indicating a potential 
adaptive response triggered by bortezomib [87]. This, 
along with the effects of the ISR on suppressing global 
protein synthesis to reduce the unfolded protein load in 
MM cells, suggests the possibility of ISR signaling medi-
ating resistance to PIs. Indeed, studies have suggested the 
potential of PERK inhibitors in MM therapy [88]. Never-
the-less, together, these findings point towards a criti-
cal role for the ISR in modulating the effects of PIs and 
may provide complementary therapeutic strategies in the 
treatment of PI sensitive hematologic malignancies.

Future directions: ISR activators as potential therapeutics 
in hematologic malignancies
Modulating ISR signaling represents a unique opportu-
nity to exploit for the development of new anti-cancer 
therapies. Currently ISR induction can only be achieved 
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by activating the upstream kinases or inhibiting the 
downstream phosphatases of eIF2α, as direct activators 
of ATF4 or eIF2α are not yet available.

Activation of GCN2 can be achieved by exploiting its 
natural regulation though amino acid deprivation. For 
example, GCN2 activation can be achieved with halofug-
inone, an alkaloid that binds to prolyl-tRNA synthetase 
to mimic the unavailability of proline [2], which has dem-
onstrated anti-neoplastic properties against MM [89] and 
acute promyelocytic leukemia (APML) [90]. Similarly, 
pegylated arginine deiminase (ADI-PEG20), a modified 
enzyme which can be administered to degrade arginine 
and thus activate GCN2, has shown favorable results 
in clinical trials in AML patients in combination with 
low-dose cytarabine [91], although is ineffective against 
relapsed/refractory patients [92]. However, as noted ear-
lier, inhibition of GCN2 sensitizes both ALL and AML 
cell lines to treatment with L-asparaginase [32], thus, 
indicating the complexity of the anti-leukemic roles of 
GCN2.

Notably, a number of direct small molecule activators 
of the eIF2α kinases have been recently developed which 
warrant further investigation as potential therapeutics in 
hematologic malignancies. Indeed, the small molecule 
PERK activator CCT020312 has been shown to over-
come venetoclax resistance in AML [93]. As discussed 
above, HRI and PKR activation using ONC201 has been 
tested clinically in a range of hematologic malignancies. 
The small molecule HRI activator BTdCPU has also been 
shown to induce cell death in B-ALL [40] and numerous 
solid cancer cell lines [94]. Similarly, the small molecule 
PKR activator BEPP exhibits anti-cancer properties in 
both pancreatic [95] and lung cancer models [96] and 
may offer an exciting opportunity for further pre-clinical 
evaluation in hematologic malignancies.

We have recently shown that the sphingolipid cera-
mide activates PKR to induce cell death in AML and 
synergizes with the Bcl-2 inhibitor venetoclax in  vitro 
and in patient derived xenografts models of AML [21]. 
In this study, ceramide levels were enhanced via inhibi-
tion of sphingosine kinase 1 (SPHK1) [21], with cera-
mide subsequently directly binding to and activating 
PKR to drive eIF2α phosphorylation and induction of 
ATF4. This resulted in the upregulation of the BH3-
only protein NOXA and subsequent binding and down-
regulation of the pro-survival factor MCL1 to induce 
apoptotic cell death (Fig.  5). As MCL1 is known to 
mediate resistance to Bcl-2 inhibition in AML, combi-
national approaches of venetoclax with SPHK1 inhibi-
tors induced synergistic AML cell death.

Another approach to enhancing eIF2α phospho-
rylation and ISR signaling is to employ small mol-
ecule inhibitors of the eIF2α protein phosphatase 

complex (Fig. 1). Salubrinal, guanabenz and its deriva-
tive Sephin1 have been shown to inhibit dephospho-
rylation of eIF2α by blocking GADD34 binding to the 
catalytic subunit of PP1 [97, 98]. Notably these agents 
have been shown to enhance ISR signaling and cell 
death when used alone or in combinational approaches 
in CML [99]. Nelfinavir (a HIV protease inhibitor) is 
the most well characterized PP1 complex inhibitor 
that induces downregulation of CReP by an undefined 
mechanism leading to reduced PP1c/CReP binding and 
enhanced eIF2α phosphorylation [100]. Nelfinavir has 
been extensively studied preclinically and in clinical tri-
als in numerous hematologic malignancies with varied 
results and efficacies [101]. The potential clinical appli-
cation of Nelfinavir is highlighted by a phase II clinical 
trial in refractory proteosome-resistant MM achiev-
ing an overall response rate (ORR) of > 65%, the high-
est ORR observed in resistant phase II/III trials to date 
[102]. Nelfinavir represents a striking example of new 
avenues to define paradigms of harnessing the activa-
tion of the ISR and warrants investigation for the treat-
ment of hematologic malignancies.

The study of direct ISR modulating agents remains a 
relatively new field of research. However, the ISR has 
extensive roles in the biology of hematologic malignan-
cies and in the mechanism of numerous targeted drugs. 
Thus, the continued development of selective ISR mod-
ulating agents merits further exploration and may yield 
novel agents to add to the arsenal of targeted therapies 
for hematologic malignancies.

Conclusions
The ISR has emerged as an important signaling path-
way implicated in the biology of numerous hematologic 
malignancies and its role in the pathogenesis of cancers 
is an area of growing interest. Recent years have seen 
the rapid development and implementation of targeted 
therapies for the treatment of hematologic malignan-
cies and subsequent mechanistic studies of these agents 
have revealed a pattern of ISR modulation across 
multiple malignancies. The ISR elicits diverse out-
comes on cell fate (Fig.  6), thus, explaining the capac-
ity of targeted therapies and the ISR activating agents 
(discussed above) to exert their effects either through 
overstimulation of the ISR or blockade of the adaptive 
function of this pathway. The involvement of the ISR 
in targeted therapies suggests that future work should 
investigate the modulation of the ISR as a means of 
enhancing the efficacy of molecularly targeted agents. 
This concept of maximizing the ISR may also be useful 
in the design of novel combinations of targeted thera-
pies. Given the role that the ISR may have in promoting 
drug resistance, these findings also support the ISR as 
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a novel, targetable pathway that may be used to over-
come resistance to clinically used therapies. For many 
hematologic malignancies, monotherapy with targeted 
agents is insufficient to elicit favorable outcomes, and 
thus efforts are increasing to identify rational drug 
combinations for clinical use. Therefore, targeting the 
ISR presents a novel and exciting paradigm for the 
treatment of hematologic malignancies.
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Fig. 6  Differing stress stimuli influence the outcomes of ISR signaling. During homeostasis, normal cells (shown in pink) experience minimal stress 
and exhibit low ISR signaling. Normal cells can undergo neoplastic transformation to form cancer cells (light purple) which as a consequence of 
their excessive proliferation and altered metabolism are subject to stimuli such as proteotoxic stress, nutrient restriction and oxidative stress. These 
chronic stress stimuli trigger a low to moderate level of ISR signaling which can result in a pro-survival feedback response to facilitate cancer cell 
adaptation to stress. Extrinsic agents that activate the ISR cause a high degree of acute ISR signaling causing the cancer cell to undergo apoptosis. 
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