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Abstract

Introduction—The elF2a kinase heme-regulated inhibitor (HRI) is one of four well-described
kinases that phosphorylate elF2a. in response to various cell stressors, resulting in reduced ternary
complex formation and attenuation of mMRNA translation. Although HRI is well known for its role
as a heme sensor in erythroid progenitors, pharmacologic activation of HRI has been demonstrated
to have anti-cancer activity across a wide range of tumor sub-types. Here, the potential of HRI
activators as novel cancer therapeutics is explored.

Areas covered—We provide an introduction to elF2 signaling pathways in general, and
specifically review data on the elF2a kinase HRI in erythroid and non-erythroid cells. We review
aspects of targeting elF2 signaling in cancer and highlight promising data using HRI activators
against tumor cells.

Expert opinion—Pharmacologic activation of HRI inhibits tumor growth as a single agent
without appreciable toxicity /n vivo. The ability of HRI activators to provide direct and sustained
elF2a phosphorylation without inducing oxidative stress or broad elF2a kinase activation may be
especially advantageous for tolerability. Combination therapy with established therapeutics may
further augment anti-cancer activity to overcome disease resistance.
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1. Introduction

Protein synthesis is a complex multistep process, which includes peptide chain initiation,
elongation, termination, and recycling [1,2]. Translation initiation is often rate limiting for
protein synthesis and requires the formation and recycling of the ternary complex formed by
elF2, GTP, and Met-tRNAI. The elF2.GTP.Met-tRNAI ternary complex is required for
recognition of the translation start codon and 80S assembly. elF2 is a trimeric guanine
nucleotide-binding protein complex that recycles between GTP-bound active and GDP-
bound inactive forms. The complex has higher affinity for GDP, which coupled with high
intracellular GDP to GTP ratio necessitates activity of a guanine nucleotide exchange factor
for successful recycling of elF2.GDP to elF2.GTP complex. This guanine nucleotide
exchange is catalyzed by a five subunit elF2B complex whose activity is essential for
formation of the ternary complex. Phosphorylation of elF2a simultaneously increases
affinity of elF2 for elF2B and blocks its guanine nucleotide exchange activity. This reduces
ternary complex abundance and attenuates translation initiation (Figure 1)[3].

Phosphorylation of elF2a. on serine 51 is mediated by four upstream elF2 kinases: PKR-like
ER kinase (PERK), protein kinase RNA-activated (PKR), general control non-derepressible
2 (GCN2), and heme-regulated inhibitor (HRI). Though these kinases converge on elF2a
phosphorylation, they may be activated by distinct cellular stresses and phosphorylate a
diverging set of additional substrates. For example, PERK is activated by endoplasmic
reticulum (ER) stress, while PKR is activated in response to viral infection, and GCN2 via
nutrient (amino acid) depletion. In contrast, HRI acts primarily as a heme sensor [4]. Heme
interacts directly with and inactivates HRI. In the setting of heme deficiency, HRI is
activated to attenuate globin translation in erythroid precursors [5]. Certain stressors (such as
oxidative stress or proteasome inhibition) may activate different elF2 kinases depending on
the cellular and experimental context [6-9]. In addition, when specific elF2 kinases are
deleted experimentally, an alternative elF2 kinase may be activated, though usually to a
lesser degree, demonstrating potential for redundant functions [10].

While phosphorylation of elF2a results in a general repression of mRNA translation, some
mRNAs are more sensitive to reduced ternary complex formation. mMRNASs containing long
or highly structured 5" untranslated region (UTR) sequences, which includes growth factors
and cell cycle proteins, may be particularly affected [11]. Reduced ternary complex
formation may also promote increased translation of a subset of mMRNAs. This group of
MRNAs incudes those regulated by multiple upstream open reading frames (UORFS) in the
5" UTR [12]. In the setting of reduced ternary complex availability, the scanning ribosome
may bypass inhibitory uORFs upstream of the bonafide start codon, resulting in a de-
repression of mMRNA translation (Figure 2). Among these mRNAS, the most well
characterized of which is activating transcription factor 4 (ATF4), many are involved in
mediating cellular stress responses as part of an integrative stress response [13]. An example
of this coordinated response is seen in the setting of HRI activation in erythroid cells, where
the attenuation of globin translation is thus paired with upregulation of ATF4, which helps
reduce oxidative stress and promote erythroid survival [7,14]. Although this integrated stress
response can aid in protecting cells from various stressors, phosphorylation of elF2a may
also lead to proapoptotic outcomes [15]. A notable example is seen with the transcription
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factor C/EBP homologous protein (CHOP), which is upregulated in response to elF2a
phosphorylation [16]. In early erythroid cells, the induction of CHOP in response to
oxidative stress may serve a protective role, possibly by aiding translation recovery via
feedback inhibition of elF2a phosphorylation [7,17]. However, the induction of CHOP can
also act to promote apoptosis [8,18]. The intensity and duration of stress likely plays a role
in facilitating a switch toward a proapoptotic response, though the precise mechanisms
remain to be elucidated [19].

Recent manuscripts have reviewed the structure and function of elF2 kinases and the role of
HRI in erythroid cells [4,5]. This review will highlight data on targeting HRI as an
anticancer strategy.

1.1. HRI background

HRI (EIF2AK1) is best known for its role in coupling heme availability to globin synthesis
in early erythroid cells [5]. Indeed, initial studies characterizing HRI tissue distribution in
rabbits noted a restricted expression pattern in reticulocytes and bone marrow but not in
other tissues [20,21]. Subsequently, an elF2a. kinase was isolated from rat brain and mouse
liver with 82—-83% sequence homology to rabbit reticulocyte HRI and similarly containing
conserved heme regulatory motifs [22,23]. Using a cDNA probe, mRNA expression for rat
and mouse HRI was identified across a wide range of tissues suggesting ubiquitous
expression. Nonetheless, Berlanga et al. noted that HRI expression was variable, with higher
levels in the liver and spleen, and lower levels in the kidney, brain, and lung [23]. While it
was convincingly demonstrated that non-erythroid HRI demonstrates heme-sensitivity [23],
it is also known that HRI can be activated by heme-independent mechanisms. For example,
HRI from mouse reticulocytes can be activated in response to arsenite, heat shock, or
osmotic stress [24]. While reactive oxygen species are important for arsenite-induced
activation of HRI, the chaperone molecules Hsp90 and Hsc70 are required for HRI
activation in response to multiple stressors, as blockade of either molecule disrupts HRI
activation in intact reticulocytes [24].

Modulation of HRI also results in physiologic changes in tissues beyond the erythroid
lineage. For example, in mouse hepatocytes, knockout of HRI results in increased ER stress
[25], while pharmacologic activation of HRI reduces ER-stress-induced hepatic steatosis and
glucose intolerance in mouse models [26]. HRI activation is associated with increased
hepatic expression of fibroblast growth factor 21 (FGF21), an important protein for
attenuating ER stress [27]. Deletion of HRI in mouse models also results in reduced
expression of hepcidin in the liver, impaired macrophage maturation, and reduced
erythrophagocytosis [28]. In neuronal cells, HRI has been found to mediate the translation of
GIuN2B [29], a subunit for the N-methyl-D-aspartate (NMDA) receptor important for
neuronal activity [30]. Inhibition of HRI in mice impairs memory retrieval [29], while HRI-
mediated translation of p-site APP cleaving enzyme-1 (BACE1) may have a physiologic role
in memory consolidation [31]. The precise role of HRI, distinct from other elF2 kinases, in
tissues beyond the erythroid lineage continues to be an area of active investigation.

In summary, HRI has demonstrated the capacity for heme-dependent and heme-independent
activation in erythroid and non-erythroid tissues (Table 1).
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1.2. EIF2a. Phosphorylation and HRI activation in cancer

The phosphorylation of elF2a has an important role in regulating cell growth and
maintaining normal cellular homeostasis. Thus, it has been hypothesized that dysregulated
elF2 signaling may promote malignant transformation. Experimentally, dominant negative
PKR mutants, or elF2a mutants that cannot be phosphorylated on serine 51, have been
found to induce malignant transformation in NIH 3T3 cells [35]. In many cancers, elF2a
expression is increased when compared to normal tissue [32,36,37] and likely reflects the
heightened translational demand in tumor cells. In some early-stage cancers, an increase in
elF2a kinase activity is observed and is associated with improved survival [38]. The
phosphorylation of elF2a in this setting may initially serve a protective role, in part by
acting as a tumor suppressor [39]. However, over time, this initial anti-oncogenic response
may be overridden by an adaptive ER stress response favorable to tumor growth. In the
tumor microenvironment, and indeed any condition associated with chronic stress, the
induction of a temporally and spatially regulated integrated ER stress response allows the
cell to adapt to chronic ER stress through the attenuation of protein translation, the
upregulation of ER-chaperone proteins and the production of antioxidative molecules,
among other factors [13]. This coordinated cellular response is associated not only with the
activation of elF2a kinase PERK, but also with the activation of additional ER proteins
including inositol-requiring enzyme 1a (IREla) and activating transcription factor 6
(ATF6). The activation of IRE1a leads to splicing of X-box-binding protein 1 (XBP1)
mMRNA, and in concert with ATF6, to the expansion of the ER as part of an adaptive
prosurvival stress response [40].

In contrast to the highly coordinated temporally and spatially regulated adaptive cellular
responses seen with chronic ER stress, the therapeutic activation of elF2a kinases, such as
HRI, by pharmacologic means does not trigger similar global cellular changes. This is not
surprising because unlike chronic ER stress, pharmacologic activation of elF2a
phosphorylation does not activate other unfolded protein response (UPR) pathways such as
IRE1/XBP1 or ATF6. Furthermore, unlike UPR-induced elF2a. phosphorylation which is
transient, the pharmacological activation of elF2a phosphorylation can be of higher
intensity and much longer duration. As a result, the primary outcome of direct and sustained
elF2a kinase activation is attenuation of translation initiation as a result of reduced ternary
complex formation, often leading to cell death [33]. Cancer cells, which adapt to persistent
stress through the temporal and spatial induction of UPR pathways [41] may be particularly
sensitive to perturbations in ternary complex homeostasis caused by sustained elF2a
phosphorylation. This hypothesis has been supported experimentally as inhibiting ternary
complex formation through induction of elF2a phosphorylation reduces proliferation across
a wide range of cancer cell lines /n vitro and restricts tumor growth /in vivo [42,43].

Despite this potential, few agents designed to specifically target elF2 signaling have made it
to the clinic, in contrast to those targeting other translational regulators such as mechanistic
target of rapamycin (mTOR) [44-47]. Nonetheless, several novel agents targeting PERK and
other aspects of the ER stress response are in development [48-52]. It is also appreciated
that many chemotherapy drugs used clinically do induce elF2a phosphorylation indirectly to
various capacities. A notable example is seen with proteasome inhibition with bortezomib
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[53,54]. Salubrinal, an inhibitor of elF2a. de-phosphorylation, has also been found to
promote apoptosis and overcome drug resistance in cancer cells [55-57]. Direct activators of
HRI provide an alternative approach by targeting a specific kinase upstream of elF2a
phosphorylation without globally affecting the downstream activity of all elF2a kinases
(Figure 3). Recent biochemical evidence has demonstrated that a group of specific N,N’-
diarylurea molecules directly activate HRI distinctly from other elF2a kinases without
causing oxidative stress [33]. In support of their specificity in targeting HRI, knockdown of
PERK, PKR, GCN2 (or all three in combination) has no affect in modulating N,N’-
diarylurea drug activity. Anti-proliferative activity of targeting HRI has been demonstrated
across several cancer cell lines /n vitro including lung, prostate, and melanoma cells.
Further, a candidate N,N’-diarylurea, BTdCPU, inhibits tumor growth in breast xenograft
models and demonstrates /n vivo phosphorylation of elF2a [33]. Prolonged treatment with
BTdCPU at therapeutic doses does not result in appreciable organ toxicity or impact on
blood parameters in these mouse models.

In a separate study, BTdCPU also demonstrated activity in multiple myeloma (MM) cells in
vitro. In this study, BTdCPU treatment lead to the rapid phosphorylation of elF2a,
expression of CHOP, and induction of apoptosis in both dexamethasone-sensitive and -
resistant cells [32]. Proteasome inhibitors, which have potent clinical activity in MM, also
induce elF2a phosphorylation and expression of CHOP in MM cells [53,58]. Resistance to
proteasome inhibition in MM is associated with attenuated cellular elF2a. phosphorylation
and can be overcome using methods that enhance elF2a. phosphorylation, including
treatment with salubrinal [57].

The anticancer effects of HRI activation likely go beyond the upregulation of ATF4 and
CHOP. In addition to ATF4, there are other mRNAs with upstream ORFs that are susceptible
to leaky ribosome scanning and translational de-repression in the setting of reduced ternary
complex formation (Figure 2) [59]. Treatment with agents that phosphorylate elF2a in
breast cancer cells result in translational upregulation of BRCA1 protein, an important tumor
suppressor molecule. This effect is lost when the UORFs of BRCAL1 are disrupted [60]. As
discussed above, phosphorylation of elF2a also significantly suppresses translation
initiation, and as a result, mMRNAs with highly structured 5° UTRs (including growth

factors, transcription factors, and other oncogenic mMRNAS) may be especially impacted [61].
A notable example is the cell cycle protein cyclin D1. Treatment with small molecules that
phosphorylate elF2a and inhibit tumor growth /n vivo have been shown to reduce cyclin D1
expression in various tissues [42]. Similar results have now been corroborated /n vitroand in
vivo by using another chemotype, 1-((1,4-trans)-4-arylox-ycyclohexyl)-3-arylureas (cHAUS)
that directly activate HRI. Lead cHAUs similarly activate HRI, induce elF2a
phosphorylation, and inhibit cancer cell proliferation /n vitro and melanoma xenograft
growth /n vivo [34,62].

Phosphorylation of elF2a is also associated with modulation of PI3K-Akt and mTOR
pathways, although this cross talk is thought to primarily serve a protective role [63]. For
example, PKR activation results in induction of PI3K signaling, which antagonizes PKR-
mediated apoptosis [64]. Thus, while the induction of elF2a phosphorylation via HRI is a
viable anticancer strategy, the inhibition of elF2a phosphorylation to augment effectiveness
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of PI3K-Akt blockade has also been proposed as a potential therapeutic combination [65].
Whether HRI activation results in similar cross talk is less clear, though in one study
inhibition of mMTOR augmented anticancer efficacy in combination with HRI activation /in
vitro [32]. The upregulation of ATF4 via elF2a phosphorylation may itself serve to attenuate
mTOR activity through the induction of mTOR repressors including Sestrin2 and REDD1
[66—-68]. In addition, phosphorylation of elF2a. may promote alternative translational
mechanisms, such as those utilizing elF2A [69] (Figure 3).

Further research is needed to better understand the interplay of HRI with other translational
pathways to develop rationale therapeutic combinations.

2. Expert opinion

Pharmacologic activation of the elF2a. kinase HRI is an emerging anticancer strategy.
Though activation of HRI may have broad clinical applicability, some cancers such as MM
and certain breast cancer subtypes may be particularly susceptible to reduced ternary
complex formation caused by sustained elF2a phosphorylation [32,33,42]. While HRI
activators demonstrate single-agent activity /n vivo, it will be especially helpful to elucidate
how HRI activators pair with other therapeutics used clinically. In MM, for example, the
induction of elF2a phosphorylation can significantly enhance myeloma cell death in
combination with proteasome inhibition. [57] Another rational combination may be to pair
HRI activators with mTOR inhibitors or other inhibitors of protein synthesis, to promote
synergistic effects.

While additional on-target effects beyond the cancer cell are likely, /n vivo toxicity profiles
have been favorable [33]. No target-dependent toxicities have emerged with direct HRI
activation [33,34], while there are reports of secondary benefits of HRI activation in models
of human disease including beta-thalassemia and fatty liver disease [26,70,71]. Other small-
molecule compounds that phosphorylate elF2a. /n vivo and reduce tumor growth are known
to be well tolerated, such as eicosapentaenoic acid, a main component of fish oils [42].
Proteasome inhibitors, which induce robust elF2a phosphorylation, are used extensively in
MM and other cancers with manageable toxicity profiles [72]. The specificity of HRI
activators to induce elF2a. phosphorylation without promoting oxidative stress or broadly
activating elF2a kinases may be helpful for improving the toxicity profile of these drugs
compared to stress-targeting agents in development [48,49]. Although inhibition of elF2a
phosphorylation is also associated with anticancer activity /7 vivo, this approach suffers
from severe target-dependent toxicity which may not be surmountable for clinical
development [73]. These target-dependent toxicities include pancreatic injury as well as
behavioral inflexibility, which is a hallmark of autism spectrum disorders [74,75]. Inhibition
of elF2a phosphorylation may also exacerbate motor neuron disease [76,77].

For HRI activators, and indeed any therapeutic strategy aimed at inducing elF2a
phosphorylation, it will be important to consider theoretical effects on promoting tumor
growth and metastasis. As prefaced above, stress-induced activation of elF2a
phosphorylation can direct adaptation to cellular stress and a prosurvival outcome [15].
Despite these concerns, /n vivo studies of specific HRI activators, including N,N’-diarylurea
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and cHAU compounds [33,34] demonstrate that pharmacologic induction of elF2a
phosphorylation can inhibit tumor growth at nontoxic doses. The ability of HRI activators to
provide intense and sustained elF2a phosphorylation to trigger an apoptotic response is
likely critical to an anticancer outcome. Indeed, the efficacy of HRI activators also appears
to be correlated with expression of HRI protein in cancer cells [33]. Thus, incorporation of
sensitive and accurate methods for quantifying HRI tissue expression will be important in
early-phase trials examining HRI activators in patients.

Future studies will provide additional insights into activating HRI in specific biologic and
genetic contexts to optimize clinical development and early-phase trials in this promising
area.
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Avrticle highlights
. elF2a phosphorylation by upstream elF2 kinases reduces ternary complex
formation
. elF2 kinases can be activated by cellular stressors or by pharmacologic
activation
. Pharmacologic activation of the elF2a kinase HRI inhibits tumor growth /n
vivo
. Phosphorylation of elF2a augments anti-cancer activity when used in

combination with established therapeutics

. Activation of HRI is not associated with appreciable organ toxicity at anti-
cancer doses

This box summarizes key points contained in the article.
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Figure 1.

Phosphorylation of elF2a. modulates protein synthesis. Phosphorylation of elF2a on serine
51 may result from physiologic or pharmacologic activation of elF2a kinases. There are
four well-described elF2a kinases: PERK, PKR, HRI, and GCN2 (see text for full names)
each activated by a diverse set of cellular stressors. Phosphorylation of elF2a results in
attenuated guanine nucleotide (GDP/GTP) exchange activity as a result of inhibitory effects
on the guanine nucleotide exchange factor (elF2B). As a result, less elF2-GTP-met-tRNAI
ternary complex (TC) is able to be formed. Since ternary complexes are required for
translation initiation, the end result is a general repression of protein synthesis. mMRNAs with
long or structured 5" untranslated regions (UTRs), including many oncogenic mRNAS (e.g.
growth factors, transcription factors) may be especially vulnerable to reduced TC abundance
(weak 5"UTRs), compared to housekeeping mRNAs with more efficient 5" UTR sequences
(strong 5"UTRs). 40S = 40S small ribosomal subunit.
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Figure 2.

elF2a phosphorylation results in translational de-repression of select mMRNAs. When elF2a
is in a non-phosphorylated state, as is seen during robust translational periods, there is
abundant ternary complex (TC) availability for protein synthesis. For specific MRNAs with
multiple upstream open reading frames (UORFs), ribosomal occupancy of inhibitory uORFs
upstream of the start codon (main ORF) can lead to low levels of protein expression. In the
setting of phosphorylated elF2a, reduced availability of ternary complexes can lead to
ribosomal bypass of inhibitory uORFs leading to translational de-repression and increased
protein expression of select MRNAS. Notable examples of mRNAs that are regulated in this
manner include activating transcription factor 4 (ATF4) and BRCAL. A simplified schematic
is demonstrated for illustrative purposes. 60S = large ribosomal subunit. 40S = small
ribosomal subunit. 80S = joined 80S ribosome.
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Figure 3.

Potential feedback loops and cross-talk following elF2a phosphorylation. Activation of
elF2a phosphorylation by upstream kinases results in up-regulation of ATF4 and CHOP.
Potential feedback loops that could attenuate elF2a phosphorylation have been described,
most notably through GADD34 and PP1c. In addition, activation of elF2a kinases can be
associated with up-regulation of PKB and mTOR signaling, as well as promotion of
alternative translation initiation mechanisms such as those that utilize elF2A. Dashed arrows
are used to imply potential avenues of resistance, since feedback loops and cross-talk
mechanisms may depend on the type of stress and cell system involved. Pharmacologic
agents targeting upstream or downstream aspects of elF2 signaling are annotated in italics.
PP1c = protein phosphatase 1; GADD34 = protein phosphatase 1 regulatory subunit 15A;
ATF4 = activating transcription factor 4; CHOP = DNA damage inducible transcript 3; elF2
= eukaryotic translation initiation factor; PKB = protein kinase B; mTOR = mechanistic
target of rapamycin; PERK/PKR/HRI/GCN2: See text for full names.
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Table 1
Modulation of HRI across tissue types.
Tissue HRI Deletion/Inhibition HRI Activation
Erythroid Increased ROS; Impaired erythroid differentiation and Reduced globin translation [7,14], Increased ratio of fetal to
survival [7,14] adult globin [71]
Macrophage  Impaired maturation and function [28] Enhanced inflammatory response [28]
Hepatic Increased ER stress [25] Decreased hepcidin [28] Increased FGF21/Decreased fatty liver changes [26]
Neuronal Impaired memory retrieval [29] Increased BACEI [31]
Cancer Not reported Inhibition of tumor growth; apoptosis [32-34]

The deletion/inhibition or activation of HRI results in tissue-specific effects. The consequence of HRI modulation in each cell type (where known)
is reviewed with the relative references. HRI: heme regulated inhibitor; ROS: reactive oxygen species; ER: endoplasmic reticulum; FGF: fibroblast
growth factor; BACE: beta-site amyloid precursor protein cleaving enzyme 1.
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