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Most iron in humans is bound in heme used as a prosthetic
group for hemoglobin. Heme-regulated inhibitor (HRI) is
responsible for coordinating heme availability and protein
synthesis. Originally characterized in rabbit reticulocyte ly-
sates, HRI was shown in 1976 to phosphorylate the d.-subunit of
eukaryotic initiation factor 2, revealing a new molecular
mechanism for regulating protein synthesis. Since then, HRI
research has mostly been focused on the biochemistry of heme
inhibition through direct binding and heme sensing in
balancing heme and globin synthesis to prevent proteotoxicity
in erythroid cells. Beyond inhibiting translation of highly
translated mRNAs, eukaryotic initiation factor 20, phosphory-
lation also selectively increases translation of certain poorly
translated mRNAs, notably activating transcription factor 4
mRNA, for reprogramming of gene expression to mitigate
stress, known as the integrated stress response (ISR). In recent
years, there have been novel mechanistic insights of HRI-ISR
in oxidative stress, mitochondrial function, and erythroid dif-
ferentiation during heme deficiency. Furthermore, HRI-ISR is
activated upon mitochondrial stress in several cell types,
establishing the bifunctional nature of HRI protein. The role of
HRI and ISR in cancer development and vulnerability is also
emerging. Excitingly, the UBR4 ubiquitin ligase complex has
been demonstrated to silence the HRI-ISR by degradation of
activated HRI proteins, suggesting additional regulatory pro-
cesses. Together, these recent advancements indicate that the
HRI-ISR mechanistic axis is a target for new therapies for
hematological and mitochondrial diseases as well as oncology.
This review covers the historical overview of HRI biology, the
biochemical mechanisms of regulating HRI, and the biological
impacts of the HRI-ISR pathway in human diseases.

In the 1950-1960s, heme-regulated eukaryotic initiation
factor 20 (eIF2a) kinase was discovered and characterized as
an inhibitor of translation in reticulocyte (Retic) lysates known
as heme-controlled repressor (1-5). In 1976, over 20 years
before the discovery of its kinase activity, Ranu and London (6)
purified the protein and designated it as HRI, heme-regulated
inhibitor. HRI was the first member of the elF2a kinase family
to be investigated and thus given the gene symbol of Eif2akl.

* For correspondence: Jane-Jane Chen, j-jchen@mit.edu.

SASBMB

There are now four well-characterized members of this kinase
family, each sensing unique stress signals in the tissues where
they are prevalently expressed (Fig. 1A). HRI is highly
expressed in erythroid cells and responds to heme availability
and mitochondrial stress. The other elF2a kinase family
members are PKR (Eif2ak2), which is induced by interferon in
response to viral infections, general control nonderepressible 2
(GCN2) (Eif2ak4), which is highly expressed in the liver and
senses nutrient starvations and ribosome collision, whereas
protein kinase R-like endoplasmic reticulum kinase (PERK)
(Eif2ak3) is highly expressed in the pancreas and other
secretory tissues and is activated in response to endoplasmic
reticulum stress (Fig. 14) (7).

All four elF2a. kinases phosphorylate a common substrate,
the o-subunit of elF2 at the conserved Ser51 residue. The
molecular mechanism of inhibition of translational initiation
by the phosphorylation of elF2a has been studied extensively
(7, 8). In brief, the GTP in the e[F2-GTP complex is hydro-
lyzed to GDP during translation. The recycling of elF2 for
another round of translational initiation therefore requires the
exchange of its bound GDP for GTP, which is catalyzed by the
rate-limiting initiation factor eIF2B. The GDP-GTP exchange
activity of eIF2B is inhibited by phosphorylated eIF2o
(eIF2aP). The eIF2 is a translation initiation factor that re-
quires association with GTP to deliver initiator tRNA to ri-
bosomes during protein synthesis, and thus phosphorylation of
elF2 prevents initiation of another round of translation (9).
Lowering of global protein synthesis during stress would
conserve resources and reprogram gene expression.

In addition to inhibiting translation of highly translated
mRNAs, elF2aP also selectively increases those poorly trans-
lated mRNAs in nonstressed conditions through upstream
ORFs (uORFs) located in the 5'-leaders of their mRNAs, most
notably the activating transcription factor 4 (ATF4) mRNA.
Increased ATF4 protein production is important for inducing
the transcriptional expression of genes involved in mitigation
and adaptation to stress (Fig. 1A). Because this coordinated
translational regulation can occur in response to multiple
elF2a kinases during a range of stress, this pathway has been
termed the integrated stress response (ISR) (7, 8, 10, 11).
However, when the stress is insurmountable, prolonged acti-
vation of ISR can also lead to programmed cell death.
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Figure 1. The integrated stress response of the elF2a kinase family and the function of HRI in erythroid differentiation stages. A, integrated stress
response. In mammalian cells, four elF2a. kinases are activated in response to major stress, heme deficiency, viral infection, nutrient starvations, ribosome
collisions, endoplasmic reticulum, and mitochondrial stress. Activated elF2a. kinases phosphorylate elF2a and inhibit protein synthesis to conserve energy.
Decreased protein synthesis also reduces problematic folding of newly synthesized proteins and helps to restore proteostasis. Activation of PERK and HRI
are essential to mitigate proteotoxicity of unfolded proteins in endoplasmic reticulum and cytosol, respectively. Phosphorylation of elF2a also selectively
enhances the translation of Atf4 mRNA. ATF4 protein then initiates an adaptive gene expression to mitigate stress. B, specification of erythropoiesis. Adult
erythropoiesis occurs at the bone marrow and starts with hematopoietic stem cells (HSCs). Burst-forming unit-erythroid (BFU-E) cells are the first committed
erythroid progenitors that respond to erythropoietin (Epo), the erythroid growth factor. The erythroid differentiation follows the linear trajectory to mature
red blood cells. Iron, heme, and HRI play essential roles at the terminal differentiation staring at the basophilic erythroblast stage when hemoglobin
production is initiated. BasoE, basophilic erythroblast; CFU-E, colony-forming unit-erythroid; elF20., the alpha subunit of eukaryotic initiation factor 2; HRI,
heme-regulated inhibitor; OrthoE, orthochromatic erythroblast; PERK, protein kinase R-like endoplasmic reticulum kinase; PolyE, polychromatic erythroblast;

ProE, proerythroblast; RBC, red blood cell; Retic, reticulocyte.

Iron deficiency (ID) anemia is a prevalent disease worldwide
and a major contributor to the global burden of anemia (12).
Most of the iron in the human body is bound in heme, where
its inclusion in hemoglobin accounts for as much as 70% of the
total iron content (13). In addition to serving as a prosthetic
group for hemoglobin, heme also acts as a signaling molecule
for gene expression by modulating HRI-mediated translation
(14, 15). HRI is a unique heme-sensing hemoprotein with two
heme-binding domains, and its kinase activity is inhibited by
heme (16-18). During erythroid differentiation, HRI co-
ordinates the translation of globin mRNAs with the availability
of heme to ensure the efficient production of large amounts of
hemoglobin in erythroid precursors (19, 20). In HRI deficiency,
excess globins synthesized during heme deficiency precipitate
and cause proteotoxicity (Fig. 14) (20, 21).

Since these initial findings, significant advancements of the
HRI-ISR pathway have been made in both erythroid and
nonerythroid systems. Studies of mutant mice defective for
HRI-ISR and genome-wide unbiased approaches for profiling
in vivo translation and the transcriptome have revealed novel
functions of HRI in alleviation of oxidative stress, and in
homeostasis of  mitochondrial function, erythroid
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differentiation, as well as erythropoietin (Epo) signaling in
primary murine erythroblasts (EBs), the nucleated hemoglo-
bin producing erythroid precursors (11, 22). Most impor-
tantly, HRI regulates both cytoplasmic and mitochondrial
protein synthesis (11, 22).

HRI has also been identified as the elF2a kinase respon-
sible for the induction of ISR during mitochondrial stress of
electron transport chain (ETC) dysfunction through a novel
mechanism of activation by the mitochondrial intermem-
brane space protein DELE1 (23, 24). The roles of HRI-ISR
in brain neuronal cells and neuropathy in the context of
mitochondrial diseases as well as neurodegeneration are
currently under active investigation. In addition, the HRI-
ISR signaling pathway is elevated in patient tumors
compared with normal tissues. Roles of HRI-ISR in cancer
development and vulnerability have been demonstrated,
uncovering new mechanisms of regulating HRI signaling by
cytochrome ¢ and BIRC6-mediated proteasome degradation
of HRI (25, 26).

Another recent discovery involves silencing of HRI-ISR
signaling. Little is known about mechanisms inactivating
elF2a. kinases either by their dephosphorylation or
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degradation. Excitingly, an E3 ubiquitin ligase UBR4 com-
plex has been identified to target uniquely activated phos-
phorylated HRI, but not the other three elF2a kinases, for
proteasome degradation (26, 27). Of interest, mutations in
human UBR4 cause ataxia and early onset dementia by
disrupting degradation of activated HRI and therefore, the
inability to silence the HRI-ISR during mitochondria stress
or heme deficiency (27). Together, these recent findings
suggest that the regulation and functional significance of
HRI extends beyond that of heme and oxidative stress
regulation in hematology, and HRI signaling may be prom-
ising therapeutic targets for neurodegenerative and mito-
chondrial diseases as well as oncology.

Considering these recent advancements in expanding the
roles and biological significance of HRI-ISR signaling, it is
timely to review the historical background of HRI biology in
protein synthesis and the biochemical characterization of
heme regulation, along with recent findings of HRI-ISR in
stress erythropoiesis. New discoveries of HRI-ISR in mito-
chondrial stress and the molecular mechanism of silencing of
HRI-ISR signaling by E3-ligase—targeted HRI degradation will
then be presented. The review will conclude with the biological
significance of HRI-ISR in mitochondrial and neuronal dis-
eases as well as in cancers. In addition, this review emphasizes
the molecular mechanisms of activation and silencing of HRI-
ISR under various stress and pathological conditions, high-
lighting the bifunctional nature of HRI protein for heme
sensing and mitochondrial stress response. The roles of HRI in
the regulation of fetal hemoglobin production (28) and innate
immune response (29) have been reviewed recently and are not
included in this review.

Historical review of HRI biology

The timeline of major HRI discoveries over the last 70 years
is summarized in Table 1. The journey leading to the discovery
of HRI began in the mid-1950s with the observation that
inorganic iron stimulates protein synthesis in immature
erythroid cells (1-3). Subsequent work in the mid-1960s
demonstrated that heme, not iron, is the true effector for the
stimulation of protein synthesis (4). In 1969, HRI protein was
formally demonstrated in Retic lysates (5). The development of
cell-free Retic lysates for in vitro translation was critical for
advancing our understanding of heme regulation of HRI since
mitochondria, which are required for heme biosynthesis, are
removed during the preparation of Retic lysates. Protein syn-
thesis in Retic lysates is, therefore, dependent on the addition
of heme. In the absence of added heme, protein synthesis in
Retic lysates continues for the first 5 to 10 min followed by an
abrupt decline and shutoff of protein synthesis with disag-
gregation of polysomes (4, 30-32). The addition of heme
permits protein synthesis to continue for a prolonged duration,
restoring polysomes and protein synthesis even after initial
shutoff of protein synthesis and hence, demonstrating that the
addition of heme can reverse the inhibition of protein syn-
thesis in heme deficiency (4, 32-34).

The inhibition of protein synthesis in heme deficiency is
associated with a marked decrease in the formation of pre-
initiation complex consisting of 40S ribosomal subunit and
associated el[F2—GTP adjoined to initiator tRNA (35). In the
late 1970s, extensive biochemical characterization and purifi-
cation demonstrated that HRI is a heme-regulated elF2a
kinase (32, 36-40) and that heme binds directly to HRI
and inhibits both the autokinase and elF2a. kinase activities

Table 1
Timeline of major HRI discoveries
Year Discovery References

1956-1958 Iron stimulates globin synthesis in rabbit reticulocytes and BM cells in vitro (1-3)

1965-1968 Heme, not iron, is the effector for the stimulation of globin synthesis at the level of (4)
translation initiation

1969 Discovery of HRI, the inhibitor of protein synthesis in heme deficiency (5, 6, 30-32)

1976 HRI is a heme-regulated eIF2a kinase (32, 36-40)

1978 Heme inhibits autokinase and elF2a kinase activities of purified HRI (34, 39)

1981 Heme binding directly to purified HRI (41)

1989-1992 Heme promotes intersubunit disulfide formation between HRI homodimer (16, 34, 63)

1991 Cloning of the HRI complementary DNA (42)

1994 HRI is highly expressed in the erythroid lineage (43)

1998 HRI purifies as a hemoprotein, two heme-binding sites (16)

2000-2001 Two heme-binding domains, N terminus and kinase insertion. Two heme molecules (17, 18)
per HRI monomer

2001 HRI knockout mice, heme, arsenite, and cytoplasmic stress in erythroid cells (20, 55)

2005 HRI responsible for arsenite-induced stress granule formation and cell survival in (90)
murine embryonic fibroblast cells

2005 HRI genetic modifier of erythropoietic protoporphyria and f-thalassemia (21)

2007 HRI expression and function in macrophages (47)

2011 HRI roles in cancers (129)

2012 HRI-ISR in primary erythroid precursors (75)

2018 HRI coordinated translation by eIF2o.P and mTORC1 during iron-restricted (22)
erythropoiesis

2018 HRI-ISR represses fetal hemoglobin globin production (28)

2019 Genome-wide translational regulation iz vivo by HRI during heme deficiency: protein (11)
homeostasis and mitochondrial function

2019 HRI-ISR role for innate immune response (48)

2020 HRI functions in neurons (124)

2020 HRI-ISR is activated by mitochondrial stress in a heme-independent manner (23, 24)

2022 Activation of HRI-ISR by cytochrome c in persistent cancer cells (25)

2023-2024 Degradation of activated HRI via the UBR4 E3 ligase complex (26, 27)
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(34, 39, 41) (Table 1). Cloning of the complementary DNA
encoding HRI from rabbit Retic was accomplished in 1991,
revealing homology to PKR and yeast GCN2 in the conserved
kinase domains, unique N-terminal domain, and the kinase
insert (KI) between the two kinase catalytic domains (42). The
availability of HRI complementary DNA not only provides an
invaluable tool to further study the biochemistry and molec-
ular biology of HRI but also led to the cloning of murine HRI
genomic DNA for the subsequent generation of HRI knockout
mice in 2001 (20) (Table 1), a powerful tool for investigating
the biological functions of HRI in vivo.

Studies using Hri~’~ mice establish that HRI is responsible
for the inhibition of protein synthesis during heme deficiency
(20). Hri”~ Retics have decreased levels of elF20P and
increased rates of protein synthesis in comparison to Hri*'*
Retics. Importantly, protein synthesis in Hri”/~ Retics is no
longer dependent on heme. Furthermore, HRI is activated in
the Retics of mice deficient in ferrochelatase, the last enzyme
that incorporates Fe into protoporphyrin IX to form heme,
providing in vivo evidence that heme, not iron, regulates HRI
(21). Together, generation and characterization of the Hri™~
mice and Hri”’~ Retics confirmed the role of this eIF2a. kinase
in the heme regulation of mRNA translation and provided
insights into the key processes by which heme availability is
coordinated with the synthesis of globin to form hemoglobin
(Fig. 1A).

Expression of HRI in tissues and cell types

Measurements of levels of mRNA, protein, and kinase ac-
tivity of HRI in murine tissues have demonstrated that HRI is
differentially expressed among tissues, with highest levels in
blood and the bone marrow (BM) erythroid precursor cells
(43). Specification of erythropoiesis in the BM as illustrated in
Figure 1B starts with burst-forming unit erythroid and then
progresses to colony-forming unit erythroid, proerythroblasts
(ProEs), basophilic erythroblasts (BasoEs), polychromatic
erythroblasts, orthochromatic erythroblasts, and enucleated
Retics, which move out from the BM to blood stream and
further mature to red blood cells (RBCs) upon removal of ri-
bosomes and mitochondria. Levels of HRI increase during
erythropoiesis with higher expression in EBs (44) in which iron
and heme play critical roles (Fig. 1B). Starting at the BasoE
stage, HRI is the predominant elF2a kinase and is expressed at
two orders of magnitude higher than the other three elF2a
kinases (11, 45). Thus, the timing and magnitude of HRI
expression are central for its role in the production of hemo-
globin and RBCs.

Single-cell RNA-Seq (scRNA-Seq) technology has since
provided further details of Hri mRNA expression not only
among tissues but also in specific cell types within these tis-
sues. While Hri mRNA expression was originally thought to be
erythroid tissue specific, it is now appreciated to be more
broadly expressed. CZ CellxGene Discover, a data platform
that provides curated and interoperable scRNA-Seq data, was
recently reported (46) and is available at cellxgene.cziscience.
com. scCRNA-Seq analyses of both human and murine tissues
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from this data platform demonstrate that Hri mRNA expres-
sion is highest in yolk sac and BM where the primitive and
definitive erythropoiesis reside, respectively (Fig. 2A4). Within
hematopoietic lineages, Hri mRNA is expressed in 40% of
erythroid cells as compared with 17% of myeloid cells and 14%
of plasma cells (Fig. 2B). Expression of Hri mRNA in myeloid
cells is consistent with earlier work showing the roles of HRI in
BM-derived macrophages for iron homeostasis, macrophage
maturation (47) and innate immune signaling (48). Interest-
ingly, HRI is also highly expressed in embryos during devel-
opment (Fig. 24), an observation that may be linked to smaller
liter sizes of Hri”’~ mice as compared with WT mice.

scRNA-Seq of lineage-depleted murine BM cells (removal of
the mature blood cells) also reveal that HRI expression in-
creases during differentiation starting from ProE with higher
expression in EBs (Fig. 2C) (Zhang S. and Chen J.-J., unpub-
lished results, 2019). Levels of Aff4 mRNA are increased in
ProE and BasoE but decline significantly later during differ-
entiation when transcription wanes (Fig. 2D). On the other
hand, Hri mRNA expression continues through the Retic stage
to regulate protein synthesis. In BasoE, Hri and Atf4 mRNAs
are highly expressed and are among the most efficiently
translated mRNAs, indicating that A4 mRNA is poised for
preferential translation by HRI-directed eIF2aP to promote
terminal erythroid differentiation (11).

HRI expression in the brain is far lower than that in
erythroid cells, with only 2% of the brain cells expressing HRI
(Fig. 2A), and is universally low (2-3%) in all cell types,
including neural cells, neurons, macroglia cells, oligodendro-
cytes, and astrocytes (Fig. 2E). These observations underscore
the complexity of brain cells and suggest that the expression
and function of HRI is only necessary in specific types of
neurons.

When examining Hri mRNA expression closely in the
specific cell types of various tissues outside the erythroid
lineage, it is noted that Hri mRNA is expressed mainly in
epithelial cells as well as the hemopoietic myeloid cells and
leukocytes in whole tissues (46) (Chen J.-]., personal observa-
tion, 2024). An example of prevalent Hri mRNA expression in
epithelial cells of murine large intestine (49) is shown in
Figure 2F. The significance of HRI expression in epithelial cells
will be discussed later in the context of mitochondrial stress as
well as cancer development and vulnerability.

Molecular mechanism of heme regulation of HRI

Since its discovery, heme is viewed as being central to the
regulation of HRI activity. The current understanding of heme
regulation of HRI is summarized and illustrated in Figure 3.
Briefly, HRI senses intracellular heme concentrations through
direct binding of heme to its two heme-binding domains.
Heme promotes intersubunit disulfide bond formation in HRI
homodimers and inhibits kinase activity. Release of heme
during heme deficiency facilitates autophosphorylation of HRI
and induction of its elF2a kinase activity (Fig. 3). These three
major biochemical events in heme regulation of HRI are
described in more detail later.
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Figure 2. Expression of Hri mRNA in tissues and during erythropoiesis. A, B, and E, scRNA-Seq analysis of Hri mRNA expression in human tissues, bone
marrow hematopoietic cells, and brain cells, respectively. The percentages of cells expressing Hri mRNA in each cell type as indicated are plotted on the Y-
axis. Datasets are derived from CZ CellxGene Discover (cellxgene.cziscience.com), a data platform that provides curated and interoperable scRNA-Seq data
(46). C and D, relative expression levels of Hri and Atf4 mRNAs in lineage-depleted cells of mouse bone marrow at steady-state erythropoiesis (22) by scRNA-
Seg. Uniform manifold approximation and projections (UMAP_1 and UMP_2) were used for dimensionality reduction and visualization for scRNA-Seq data
(Zhang S. and Chen J-J., unpublished). F, scRNA-Seq analysis of Hri mRNA expression in cell types of murine large intestines. HSPC, hematopoietic stem and

progenitor cell; scRNA-Seq, single-cell RNA sequencing.

Unique hemoprotein with two distinct heme-binding domains

Like other elF2o. kinases, HRI protein has a prominent
insert sequence between its two kinase domains, and the HRI
protein can be divided into five regions: the N terminus, the
kinase I, KI, kinase II, and the C terminus (Fig. 34). Both the N
terminus and KI can bind heme, whereas kinase I, kinase II,
and C terminus do not bind heme (Fig. 3A4). Furthermore, the
N terminus, but not the KI, purifies as a pink-colored hemo-
protein when these portions of HRI are expressed as recom-
binant proteins in the presence of 5 M heme. These findings
indicate that the heme is stably incorporated into the N ter-
minus with a high affinity (17).

Recombinant full-length HRI expressed in Sf9 insect cells
also purifies as a hemoprotein, supporting the idea that there
are two types of heme-binding sites in the purified HRI. One
type of heme-binding site is nearly saturated with stably bound
endogenous heme at the N terminus, which copurifies with
HRI. The second binding site in the KI binds heme reversibly
(16) (Fig. 3, A and B). Further supporting this model, the N-
terminally truncated Met2 (A1-103) and Met3 (A1-130) HRI
do not purify as hemoprotein, demonstrating the loss of the
stable heme binding in Met2 and Met3 HRI that are devoid of
the N-terminal region. The stoichiometry of two heme mole-
cules per HRI monomer was established by direct measure-
ment of heme chromophore through alkaline pyridine
treatment of homogeneous heme-saturated HRI (18) (Fig. 3B).

SASBMB

Although no significant change in the molecular size can be
discerned by gel filtration upon heme binding to the purified
HRI (34, 50, 51), HRI homodimer with two heme molecules
bound to both N terminus (Fig. 3B, latent HRI) and the
homodimer with additional two heme molecules bound to KI
(Fig. 3B, inactive elF2a. kinase) can be resolved by non-
denaturing native gel electrophoresis (16). Together, these
results demonstrate that HRI is a unique hemoprotein with
dual heme-binding domains, and that the KI domain contains
the heme-binding site responsible for the reversible heme
regulation of HRI (16, 17) (Fig. 3).

Activation of HRI by autophosphorylation

Both native and purified HRI from Retic lysates are homo-
dimers (34, 50, 51). The C-terminal domain is necessary for
HRI dimerization (52, 53). HRI is activated by intermolecular
autophosphorylation of the homodimer (16, 18, 54, 55). Puri-
fied HRI undergoes multiple autophosphorylation events in
heme deficiency (16, 18, 41, 56). There are eight major tryptic
phosphopeptides in fully autophosphorylated HRI (53).
Autophosphorylation of murine HRI at Thr485 in the activa-
tion loop is the final stage of autophosphorylation, and
Thr485-P is essential for attaining elF20¢l kinase activity (53)
(Fig. 3B). Autophosphorylation and dimerization are
conserved features for the ordered mechanism of activation of
each of the elF2a kinase family members.
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http://cellxgene.cziscience.com

JBC REVIEWS: HRI activation in heme deficiency and mitochondrial stress

A N-terminus Kinase | Kinase insert Kinase Il C-terminus
r T T Ll T 1
1I 1?1 2?8 4?3 54‘12 61|9
Hal ] | beme) | ] ) ome ] | | ] )
H75 H120 409-410 ® 550-551
T485
I Conserved histidine
Il Cys-Pro dipeptide
B
Inactive elF2a kinase
Heme O
PPase
: T485 T485
Heme regulation
Latent HRI of HRI ® ®
T485 T485
® ®
ATP Heme

Active elF2a. kinase

Figure 3. Protein domains of HRI and the activation of HRI in heme deficiency. A, HRI protein is composed of five regions: the unique N terminus of
stable heme binding, two kinase catalytic regions (kinase | and kinase lI), the kinase insert (Kl) of reversible heme sensing, and the unique C terminus. The
amino acid sequence of murine HRI is used here. Heme molecules are marked in pink color for the N terminus and in darker pink for the KI. The conserved
histidine residues that coordinate the heme-iron molecule in the N terminus are marked by pink lines. Cys-Pro dipeptides, the putative heme-regulated
motifs, are marked by blue lines. B, heme regulation of HRI. Latent heme-reversible HRI is a stable homodimer held together by noncovalent in-
teractions. This form of HRI has one heme molecule stably bound per subunit to its N-terminal domain, indicated by pink hexagon. In heme abundance, one
more heme molecule binds to the KI domain (indicated by darker pink hexagon) of each subunit of HRI, promotes intersubunit disulfide formation in the HRI
homodimer, and inhibits kinase activity. In heme deficiency, autophosphorylation of HRI at Thr485 activates its elF2a. kinase activity. This activation of HRI is
reversible by the addition of heme, which reduces elF20P and restores protein synthesis. However, the molecular mechanism for heme reversal is still
unclear. It is possible that activated T485-P HRI may be dephosphorylated to inactivate its elF2a. kinase activity. elF2a, the alpha-subunit of eukaryotic
initiation factor 2; elF2aP, phosphorylated elF2a; HRI, heme-regulated inhibitor.

Inhibition of HRI kinase activities by heme

Both autokinase and elF2a. kinase activities of purified HRI
are inhibited by submicromolar concentrations of heme with
an apparent K; (concentration at 50% inhibition) of 0.2 uM
(16, 17). ATP binding to HRI is inhibited by prior treatment
of HRI with heme in a concentration-dependent manner (57).
These results support the idea that heme release is an early
trigger for HRI activation. While N-terminally truncated HRI
are active elF2a kinases and autokinases, they are 10 times
less sensitive to heme inhibition compared with the full-
length HRI. These results suggest that there is cooperation
between the two heme-binding domains in HRI to achieve
efficient heme regulation of activity (17). In this regard, heme
has been shown to stabilize the binding of the N terminus
with N-terminally truncated HRI (58) as well as to stabilize
the interaction of the N terminus with the KI (59).

In the N-terminal domain, conserved residues His75 and
His120 were identified to be the proximal and distal heme
ligand, respectively (60) (Fig. 3A). Mutation of His75 and
His120 individually to Ala in full-length HRI resulted in
decreased sensitivity to heme inhibition, similar to
N-terminally truncated HRI (Bauer B., Ye A., and Chen J.-].,
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unpublished). HRI also contains two putative heme regula-
tory motifs (HRMs) (61), Cys-Pro (409-410) and Cys-Pro
(550-551) in murine HRI (62), which are not present in
the other three members of elF2a kinases (Fig. 3A). How-
ever, the significance of HRM motifs in heme regulation of
HRI is still not clear. HRM can bind heme and contains
preferentially a basic amino acid followed by the conserved
Cys-Pro dipeptides and a hydrophobic residue downstream
(62). Substitutions of these two Cys residues individually to
Ser had no significant effect on the heme responsiveness of
HRI (17). Further, these two Cys residues are not conserved
in chicken, xenopus, or fish HRI, indicating that both may be
dispensable for the heme regulation of HRI. Igarashi et al.
(59) suggested that His120 and Cys409 were important for
binding heme ligands in the full-length HRI. It has also been
suggested recently that heme regulation resides in the kinase
regions (52). However, both studies used HRI expressed in
Escherichia coli, and further validation is needed. In sum-
mary, while heme ligands, His75 and His120, in the N ter-
minus are established, heme ligands for the reversible heme
regulation in the KI are not yet clearly defined, and further
investigation is needed.
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Intersubunit disulfide bond formation upon heme binding

Heme promotes intersubunit disulfide bond formation in
HRI homodimers (16, 34, 63) (Fig. 3B). There is a positive
correlation between intersubunit disulfide formation of HRI
and the inhibition of HRI kinase activities in vitro by various
porphyrin compounds that are structurally similar to heme.
Furthermore, there is a positive correlation between the abil-
ities of various porphyrin compounds to promote intersubunit
disulfide formation of HRI and the maintenance of protein
synthesis, the reversal of the inhibition of protein synthesis,
and the phosphorylation of elF2a in rabbit Retic lysates (34).
Together, these findings underscore the importance of free
sulfhydryls and intersubunit disulfide bond formation in the
regulation of HRI by heme (Fig. 3B).

In summary, these key biochemical events support the
current model of heme regulation of HRI that is presented in
Figure 3B. Latent HRI is a homodimeric hemoprotein with
heme bound to the N terminus. In heme abundance, an
additional molecule of heme binds to the KI domain of each
monomer, promoting intersubunit disulfide bond formation to
keep HRI inactive. In heme deficiency, HRI is activated by
autophosphorylation, and the phosphorylation at threonine
485 in the activation loop is necessary for attaining the elF2o
kinase activity. This activation of HRI is reversible upon
addition of heme. The exact mechanism for this reversal is not
clear at present. It is likely that activated HRI can be
dephosphorylated by a yet to be characterized phosphatase,
leading to diminished activity. It has been demonstrated that
the HRI can be dephosphorylated by alkaline phosphatase in
cell lysates (55), and future studies should define critical pro-
tein phosphatases involved in modulating the phosphorylation
and function of HRI.

HRI-ISR in the erythroid system

The molecular mechanisms by which heme regulates
erythropoiesis are still not fully understood. A model for
inducing heme deficiency in mice has been developed using
dietary ID to study the functions of HRI and heme deficiency
in whole-animal physiology. Since iron is recycled very effi-
ciently, mice need to be weaned early at day 21 and fed an
iron-deficient diet to achieve ID. Using this protocol, WT mice
develop classical microcytic hypochromic ID anemia without
noticeable pathology in other tissues (20) (Fig. 4A). By
contrast, Hri”~ mice present with an unusual macrocytic
hyperchromic anemia, with reduced number of RBCs and
proteotoxicity because of excess heme-free globin inclusions
(20, 21) (Fig. 4B). These in vivo studies support the model that
HRI coordinates translation of globin mRNAs with the avail-
ability of heme in erythroid precursors to prevent proteotox-
icity and for adaptation to ID (20, 21).

Beyond the regulation of globin mRNA translation, HRI also
promotes erythroid differentiation and reduces ineffective
erythropoiesis (IE) during ID (20) and in B-thalassemia (21), an
inherited human disease with defect in B-globin productions
resulting in accumulations of unpaired o-globin and anemia.
Furthermore, HRI is necessary to inhibit the heme biosynthesis
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to reduce toxic protoporphyrin IX level and phenotypic
severity in erythropoietic protoporphyria (21). To investigate
the mechanisms by which elF20P regulates erythroid differ-
entiation and IE in vivo, an erythroid-specific elF2a. Ala51
knockin mouse model (eAA mice), which harbors the substi-
tution of the phosphorylation site Ser51 with Ala, has been
generated (22). The eAA mice and those deleted for the ISR
target Atf4 were also studied in ID and compared with WT and
Hri~ mice (22). The phenotypes of these mice in ID are
summarized in Figure 4 and are more fully described in detail
later. An understanding of the global impact of HRI-mediated
translational regulation on erythropoiesis has also emerged
from ribosome profiling (Ribo-Seq) studies of EBs from WT
and Hri”~ mice in ID (11). Ribo-Seq is a powerful tool to
interrogate translation genome wide in an unbiased manner
(64), providing new insights of HRI-ISR in terminal erythro-
poiesis (Fig. 4), which are also described in this section.

Severe anemia, IE, and oxidative stress in mice defective in
HRI-ISR

During ID, Hri”~, eAA, and Atf4~~ mice were more anemic
with reduced RBC numbers and lower blood hemoglobin
levels than WT mice (Fig. 4A). In addition, Hri™”~, eAA, and
Atf4™~ mice developed splenomegaly, inhibition of erythroid
differentiation starting at the BasoE stage with elevated serum
Epo levels, and increased reactive oxygen species (ROS) levels
in erythroid cells from BM, spleen, and blood during ID (22)
(Fig. 4, B and C). These findings demonstrate that both e[F20.P
and ATF4 in the HRI-ISR pathway are required to mitigate IE
by promoting erythroid differentiation and reducing ROS level
during ID.

Similar to Hri™"~ mice, eAA mice also developed the unusual
macrocytic hyperchromic anemia in ID (20, 22) (Fig. 4B). By
contrast, Atf4~'~ mice, which possess functional HRI, displayed
microcytic hypochromic anemia similar to WT mice (22)
(Fig. 4C). Furthermore, insoluble globin inclusions were visible
in the blood samples from Hri™~ and eAA mice but not from
Atf4~"~ mice (Fig. 4, B and C). Thus, eIF2¢P and translational
control, but not ATF4, is essential to reduce proteotoxicity
from cytoplasmic unfolded heme-free globin and is also
required for the development of characteristic microcytic hy-
pochromic anemia during ID. The similar erythroid pheno-
types of eAA and Hri”~ mice demonstrate that the major
physiological function of HRI in the erythroid lineage, if not
all, is mediated by eIF2a.P (Fig. 4B). It is to be emphasized that
elF2aP facilitates A#f4 mRNA translation in vivo (22), but its
expression does not appear to be critical for maintenance of
proteostasis during ID. However, this enhanced ATF4
expression is necessary for terminal erythroid differentiation
and oxidative homeostasis to be further discussed later.

/-

Preferential translation of Atf4 mRNA in vivo by HRI

Beginning at BasoE, erythropoiesis is finely regulated by
iron, heme, and HRI (15, 65, 66) (Fig. 1B). Ribo-Seq studies of
BasoE from fetal livers of WT and Hri”~ embryos (11)
demonstrate that A4 mRNA is the most differentially
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Figure 4. Genome-wide in vivo gene expression governed by heme and HRI-ISR during iron-restricted erythropoiesis. The regulation of gene
expression and signaling pathways by heme and HRI are schematically illustrated. Summaries of the phenotypes of WT mice (A), Hri™’~ or eAA mice (B), and
Atf4~~ mice (C) during iron deficiency (ID) are presented. In WT mice shown in A, heme deficiency induced by dietary ID activates HRI, resulting in increased
elF2aP and inhibition of general protein synthesis in both the cytoplasm and mitochondria via decreased translation of ribosomal protein mRNAs from both
cellular compartments. This reduced translation mitigates accumulation of unfolded proteins in both the cytoplasm and mitochondria to prevent pro-
teotoxicity. Furthermore, selectively enhanced translation of Atf4 mRNA by elF20P induces gene expression necessary for reprograming mitochondrial
metabolism, reducing oxidative stress, and promoting erythroid differentiation. GRB10 highly induced by ATF4 represses mTORC1 signaling and acts as a
negative feedback response to Epo signaling, which is elevated as the consequence of ID anemia. In the case of Hri’~ and eAA mice shown in B, the
deficiency of HRI or elF2aP, respectively (as indicated by the red X mark) results in the loss of ISR while maintains the mTORC1 signaling. This leads to
increased protein synthesis and the accumulation of globin protein inclusions. On the other hand, deficiency of ATF4 in the case of Atf4~~ mice shown in C
only affects protein synthesis by the mTORC1 pathway and not the elF2aP pathway. The preservation of the HRI-elF2aP pathway is sufficient to reduce
protein synthesis to avert globin protein inclusions in erythroid cells. However, the loss of ATF4 alone is sufficed in inhibiting erythroid differentiation,
promoting cell proliferation, and elevating ROS levels, similar to HRI or elF2aP deficiency (B and C). Thus, elF2aP, ATF4, and Epo-mTORC1 pathways are
coordinated by HRI for the adaptation to effective erythropoiesis during heme deficiency. ATF4, activating transcription factor 4; elF20P, phosphorylated
eukaryotic initiation factor 2; Epo, erythropoietin; GRB10, growth factor receptor-bound protein 10; HRI, heme-regulated inhibitor; ISR, integrated stress

response; MTORC1, mechanistic target of rapamycin complex 1.

translated mRNA in BasoE between WT and Hri™’~ during ID
(11). Atf4 mRNA has two well-characterized uORFs in its 5'-
leader sequence, including uORF1, which encodes three amino
acids and is translated regardless of stress and increased
elF2aP levels, and an inhibitory uORF2 that is suggested to be
bypassed during stress (7, 67, 68). Atf4 uORF1 had excep-
tionally high ribosome occupancy in vivo. However, uORF2
and the canonical ORF of A#fZ mRNA were poorly translated
in HRI deficiency, demonstrating HRI-enhanced translation of
Atf4 mRNA via uORFs in vivo in primary BasoE (11).

ATF4 is central for induced transcription of ISR-target
genes. In RNA-Seq studies, significantly more genes are
differentially expressed in the comparison of WT cells in ID
versus WT cells in iron sufficiency (232 genes) than the
comparison of Hri’~ cells in ID versus Hri”~ cells in iron
sufficiency (37 genes), demonstrating the near-absolute
requirement for HRI in upregulating the transcriptional
response to ID (11). ATF4 target genes (69) are highly induced
during ID in EBs and dependent on HRI. These upregulated
ATF4 target genes are of ISR signature pathway (10) to
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reprogram cellular metabolism for adaptation to oxidative
stress and to promote erythroid differentiation (11) (Fig. 4).

Crosstalk of HRI-ISR with Epo-mTORC1 signaling

Mechanistic target of rapamycin complex 1 (mTORCI)
signaling is another key pathway in regulating translation
initiation upon growth factor stimulation and nutrient supply
(70, 71). The mTORC1 can further enhance translation of
mRNAs containing 5'-terminal oligopyrimidine motifs
involved in cytosolic and mitochondrial protein synthesis. The
activity of mTORCI1 in blood cells was reduced under ID. Mice
with constitutively activated mTORCI1 in the hematopoietic
lineage exhibit macrocytic hyperchromic anemia with
splenomegaly and IE (72), similar to the phenotypes of Hri™~
and eAA mice during ID (22). Interestingly, HRI-ISR mutant
mice displayed elevated mTORCI1 activity during ID, specif-
ically in the erythroid lineage (22) (Fig. 4, B andC). Inhibition
of mTORCI activity by the drugs, rapamycin and INK128, not
only increased RBC numbers and hemoglobin levels but also
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reduced IE in Hri~~ mice in ID. However, inhibiting mTORC1
activity did not significantly reduce globin inclusions or ROS
in blood Retics or RBCs of Hri”~ mice, demonstrating an
essential and unique role of HRI-ISR in inhibiting globin
mRNA translation and oxidative stress in the late stages of
erythroid differentiation (22) (Fig. 4).

Growth factor receptor—bound protein 10 (GRB10), the
most highly induced ATF4 target gene in BasoE (11) (Fig. 4), is
part of a feedback mechanism to inhibit mTORCI1 signaling in
response to insulin and stem cell factor (73, 74). Reduction of
GRB10 expression by shRNAs in fetal liver erythroid pro-
genitors increased cell numbers of differentiating EBs and
inhibited terminal erythroid differentiation (11), recapitulating
the hallmarks of IE in Hri™~ mice during ID (20, 22, 75). Thus,
ATF4-induced GRB10 expression serves as a feedback mech-
anism for Epo signaling by HRI-ISR to inhibit cell prolifera-
tion and enable differentiation during ID (Fig. 4).

In summary, HRI coordinates two key pathways for trans-
lational regulation, ISR and mTORCI signaling, to achieve
effective iron-restricted erythropoiesis (Fig. 4). HRI-eIF2aP is
necessary for adaptation to microcytic hypochromic anemia
and to inhibit globin mRNA translation, thereby reducing
proteotoxicity. Induction of ATF4 and GRB10 by HRI-elF2a.P
is required to repress Epo-stimulated mTORCI signaling for
homeostatic control of erythropoiesis by heme. The repression
of mTORC1 pathway by HRI in heme deficiency is reminiscent
to the scenario of the repression of mTORC1 by GCN2 upon
amino acid deprivation (7, 76, 77). However, the mechanisms
of repression mTORC]1 signaling are likely different, employ-
ing distinct ATF4 target genes, Grb10 in the case of HRI (11)
and sestrin2/REDD1 for GCN2 (77, 78). In addition, mTORC1
and its downstream target eI[F4E-BP have been shown to co-
ordinate translation of globin mRNAs with the availability of
nonessential amino acids (79). mTORC1-mediated translation
also regulates mitochondrial biogenesis at earlier stages of
erythropoiesis from hematopoietic stem and progenitor cell to
ProE. Together, these studies underscore the unique require-
ment of mTORCI1 signaling in erythropoiesis and the interplay
between HRI-ISR and mTORC1 to maintain protein ho-
meostasis and terminal erythroid differentiation (Fig. 4).

Maintenance of ribosome homeostasis and mitochondrial
function

Beyond ISR mRNAs, translation of mRNAs encoding ribo-
somes and mitochondrial proteins is the other most signifi-
cantly upregulated cellular components in HRI-deficient and
iron-deficient states. Notably, in Ribo-Seq studies, 56 ribo-
somal protein (RP) mRNAs were more highly translated in
iron and HRI deficiencies. Among them, translation of the 18
RP mRNAs lacking 5'-terminal oligopyrimidine motifs was
upregulated by the depletion of HRI but not by mTORCI (11).
The mTORCl-independent translation of RP mRNAs
requiring GCN2-mediated elF20P has also been observed in
several cancer cell lines (80).

Translation of 163 mRNAs of nuclear-encoded mitochon-
drial proteins was also upregulated in iron and HRI
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deficiencies, including transcripts for mitochondrial RPs,
components for oxidative phosphorylation (encoding for
complexes I through V), and matrix proteins (11). Importantly,
this increased translational efficiency of mitochondrial pro-
teins was accompanied by enhanced mitochondrial protein
synthesis. The mTORC1 pathway contributed to about 50% of
mitochondrial protein synthesis in both WT and Hri™~ pri-
mary EBs. Mitochondrial protein synthesis was still elevated in
Hri”’~ EBs upon inhibition of mTORC1 activity (11). There-
fore, HRI-elF2a.P contributes directly to regulation of mito-
chondrial protein synthesis during ID, in addition to its role in
repressing mTORCI1 activity (Fig. 4).

While WT erythroid cells were able to maintain a normal
oxygen consumption rate in ID, Hri”’~ erythroid cells dis-
played decreased basal and maximal respiration under both
iron-sufficient and iron-deficient conditions (11). The
impaired mitochondrial respiration in Hri”~ erythroid cells
was not because of the reduced mitochondrial mass or DNA
content in these cells. Instead, HRI is necessary to maintain
mitochondrial respiration by inhibiting mitochondrial protein
synthesis even in heme sufficiency. This finding agrees with the
model whereby activation of HRI serves to mitigate mito-
chondrial stress in nonerythroid human carcinoma cell lines
(23, 24, 81), which will be described further.

Notably, dietary iron repletion in iron-deficient WT, Hri™™,
eAA, and Atf4~~ mice rapidly restores blood RBC numbers
and hemoglobin levels in Hri~, eAA, and Atf4~~ mice to
levels similar to WT mice (22). Most importantly, HRI
hyperphosphorylation in the spleen of eAA and Atf4~~ mice is
greatly reduced upon iron repletion. Furthermore, mTORC1
activity is significantly reduced upon iron repletion in
erythroid cells of Hri™~, eAA, and Atf4”~ mice concomitant
with reduced splenomegaly and serum Epo levels as well as
increased erythroid differentiation. Together, these findings
demonstrate that HRI-ISR is silenced upon iron repletion and
the restoration of heme concentrations (22). In summary,
genome-wide Ribo-Seq studies provide support for the idea
that HRI regulates three signaling pathways, elF20P, ATF4,
and mTORC]1, via translation in both cytosolic and mito-
chondrial cellular compartments. Coordination of these
signaling pathways by HRI serves to prevent proteotoxicity and
oxidative stress, maintain mitochondrial function, as well as
enable effective erythropoiesis during ID (Fig. 4).

Dephosphorylation of elF2aP in the recovery of anemia

The steady state of elF2oP in vivo is regulated by the
equilibrium between activities of elF2a. kinases and elF2aP
phosphatase (PPasel). The constitutively expressed repressor
of elF2a phosphorylation (CReP) (82) and stress-induced
GADD34 (83-86) are the two regulatory proteins that
recruit elF20P to PPasel for dephosphorylation. Dephos-
phorylation of elF20.P is employed under all stress conditions
to silence ISR mediated by all four members of elF2a. kinases.

Under normal conditions, GADD34~~ mice develop mild
microcytic anemia (87). In contrast to the complete restoration
of anemia upon iron repletion in Hri™’~, eAA, and Atf4’/ ~ mice
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(22), Gadd34~'~ mice do not recover completely from ID ane-
mia upon iron repletion because of the sustained high elF2aP
level and inhibition of globin synthesis (87). Crep™~ mice have
significant more severe phenotypes, including growth retarda-
tion, impaired erythropoiesis, and postnatal death. Furthermore,
the anemia of Crep™~ embryos cannot be rescued by deletion of
Hri or Perk alone (88). In addition to HRI, other eIF2a kinases
may also contribute to erythropoiesis prior to the BasoE stage to
regulate cell proliferation (44). Thus, both inadequate elF2oP
signaling (as in HRI, eIF2a.P, and ATF4 deficiencies) (20, 22, 89)
and excessive elF20P signaling (as in GADD34 and CReP de-
ficiencies) are associated with anemia. These findings under-
score the delicate balance of maintaining proper elF2aP levels,
which is referred recently as adaptive zone (7), during eryth-
ropoiesis by transient and dynamic activation of eIF2a, kinases
and dephosphorylation of e[F2aP by PPasel.

Activation of HRI in mitochondrial stress: the OMA1-
DELE1-HRI pathway

Besides heme deficiency, increased elF2aP triggered by
oxidative stress induced by arsenite exposure is mediated
mainly by HRI both in erythroid cells (55) and nonerythroid
murine embryonic fibroblasts (90). In contrast to heme defi-
ciency, activation of HRI by arsenite requires intact Retics, not
mitochondrial-depleted lysates used for in vitro translation,
and occurs under heme-sufficient conditions (55). Hri”’~ EBs
suffer from increased ROS and apoptosis upon acute oxidative
stress induced by arsenite. Induction of antioxidant genes
upon acute oxidative stress in EBs depends on both HRI and
ATF4 (75). For over 20 years, the mechanism of the activation
of HRI by arsenite was not understood. One puzzling obser-
vation was that Hri™’~ mice succumbed to death rapidly upon
arsenite treatment but not by the process involving anemia
(90). The recent demonstration that HRI is activated by
mitochondrial stress, especially ETC dysfunction, finally
resolved this mystery (23, 24).

It has been known for some time that mitochondrial stress
and in particular ETC dysfunction activates the ISR with
distinct gene expression signatures (91-93). What was not
clear was which elF2a kinase is responsible and how the kinase
is activated. To answer this question, studies by Guo et al. and
Fessler et al. (23, 24) used a screen featuring ISR translation
reporters derived from A#f4 mRNA and its target gene Ddit3
(Chop) combined with genome-wide CRISPR/Cas9 knockouts
in human cell lines that were subjected to inhibition of ETC by
oligomycin and carbonyl cyanide-chlorophenylhydrazine. HRI
was discovered to be the sole elF2a kinase activated upon ETC
dysfunction, and its activation was shown to involve DELE], a
mitochondrial intermembrane space protein with little known
function, and a mitochondrial inner membrane protease,
OMAL1 (94, 95) (Fig. 5A). Upon treatment with ETC inhibitors,
DELE1 was discovered to be cleaved by OMA1l (23) to
generate the smaller C-terminal fragment designated as DE-
LE1s, which migrates out from mitochondria to the cytoplasm.
DELEIs then binds to HRI, resulting in the activation of HRI
by autophosphorylation (Fig. 54).
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Activation of HRI by DELE1 has been demonstrated bio-
chemically in vitro in the presence of heme (23), indicating
that this process is distinct from the well-characterized heme
regulation of HRI (Fig. 5A4). Further biochemical and cryo-EM
structural studies showed that oligomerization of DELE1s was
important for the activation of HRI (96). Interestingly, DELE1s
interacts with HRI through the N-terminal heme-binding
domain in the full-length protein and did not bind the N-
terminally truncated HRI (deletion of 1-160 amino acids). In
addition, N-terminal 160 amino acids were sufficient to bind
and coimmunoprecipitated with DELE1s (96).

The OMA1-DELE1-HRI pathway, which connects mito-
chondrial stress to cytosolic ISR upon ETC disruption, is
summarized and schematically illustrated in Figure 5A. The
exact molecular details of the activation of HRI by DELEls
remain to be investigated. Since OMA1-DELE1-HRI pathway
operates in heme sufficiency, heme molecules and intersubunit
disulfide are kept in the model (Fig. 5A4). Thr485-P is essential
for the activation of the elF2a kinase activity of HRI and is
therefore illustrated in Figure 5A. One plausible mechanism of
DELEIs in the activation of HRI is that binding of DELE1s to
HRI N terminus may prevent the interaction of the N terminus
with KI domain of HRI such that HRI is no longer inhibited by
heme. The N terminus serves as an autoinhibitory domain to
keep HRI from autophosphorylation at Thr485 in the activa-
tion loop. Future structural analyses of HRI are needed to
discern the mechanisms of DELE1 activation of HRI and the
validity of release of the autoinhibitory model.

Silencing of HRI-ISR signaling by UBR4 E3 ubiquitin
ligase complex

HRI-ISR signaling is also subjected to be regulated by
processes that control the levels of the HRI protein. Recently,
two groups, Cervia et al. (26) and Haakonsen et al. (27), un-
covered the degradation of HRI via UBR4 ubiquitination
complex. One of these studies will be discussed in greater
details later in the context of epithelial cancers and focused on
the role of BIRC6 of the UBR4 ubiquitination complex for
cancer cell fitness (26). The other seminal investigation of
UBR4 is motivated by the findings that UBR4 mutations cause
ataxia and early onset dementia (97-99).

UBR4, known for its role in the N-end rule pathway (100),
facilitates degradation of aggregation-prone nascent poly-
peptides (101). UBR4 is particularly important when mito-
chondrial function was compromised from defects either in
the biogenesis and function of the ETC or mitochondrial
protein import. HRI and the cleaved DELE1s are UBR4 target
substrates (27) (Fig. 5B). In addition, loss of elF2a, the e[F2B
subunit elF2B4, or CReP results in synthetic lethality with the
UBR4 deletion, supporting the idea that UBR4 downregulates
the ISR pathway (27). Importantly, inactive HRI K196R mutant
that does not undergo autophosphorylation at Thr485 is not
degraded. Thus, UBR4 selectively targets the activated phos-
phorylated HRI and the cleaved DELE1s for ubiquitination,
subsequent proteasome degradation, and the eventual
silencing of HRI-ISR.
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Figure 5. Activation and degradation of HRI during mitochondrial stress. A, activation of HRI in mitochondrial stress, the OMA1-DELE1-HRI pathway.
During mitochondrial stress, mitochondrial inner membrane protease OMAT1 is activated and in turn cleaves DELE1 at the N terminus. The cleaved C-
terminal DELE1, designated as DELE1s, migrates from the mitochondrial intermembrane space to cytosol and binds to the N terminus of HRI, resulting in the
autophosphorylation and activation of HRI. The subsequent ISR activation ensures the recovery from mitochondrial stress. B, ubiquitination of the HRI
protein by the UBR4 E3 ligase complex. Active phosphorylated HRI, but not the inactive HRI, is ubiquitinated by UBR4 E3 ligase complex. The N-terminal
heme-binding domain of HRI is necessary for UBR4 binding and subsequent ubiquitination. Ubiquitinated HRI is then subjected to degradation by the
proteasome complex. C and D, scRNA-Seq analysis of Ubr4 mRNA expression in human bone marrow hematopoietic cells and brain cells, respectively. The
percentages of cells expressing Ubr4 mRNA in each cell type as indicated are plotted on the Y-axis. Datasets are derived from CZ CellxGene Discover
(cellxgene.cziscience.com) (46). HRI, heme-regulated inhibitor; scRNA-Seq, single-cell RNA sequencing.

Each of the two helical motifs in the N-terminal domain of
HRI can mediate the recognition of HRI by the UBR4 complex.
Notably, the helical HRI and DELE1s degrons closely resemble
mitochondrial presequences that mediate protein transport
into the organelle. The UBR4 complex therefore not only
degrades DELE1s and HRI but also targets unimported mito-
chondrial proteins that accumulate in the cytoplasm during
import stress. It is proposed that unimported mitochondrial
precursors divert UBR4 from DELE1s and HRI to sustain ISR
signaling (27), which inhibits both cytoplasmic and mito-
chondrial protein synthesis (11), and resolve the stress before
silencing DELE1-HRI-ISR.

In summary, degradation of HRI and the subsequent
silencing of ISR mediated by UBR4 has been demonstrated in
the neuronal mitochondrial stress response (27) and epithelial
cancer vulnerability (26). However, degradation of HRI by
UBR4 in erythroid cells remains to be investigated. Interest-
ingly, levels of Ubr4 mRNA are extremely low in hemoglobin-
producing EBs as compared with Ubr4é mRNA expression in
monocytes and lymphocytes in BM (Fig. 5C) as well as in brain
cells (Fig. 5D). The low expression of Ubr4 mRNA in erythroid
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precursors raises the question whether HRI protein is
degraded in these cells by UBR4 ubiquitin ligase.

HRI-ISR in mitochondrial diseases and neural system

The original discovery of the activation of HRI by the
OMA1-DELE1 pathway upon mitochondrial ETC dysfunction
was made with immortalized cell lines derived from cancerous
tissues (23, 24). Many of these cell lines originated from
epithelial cells, which form the outer protective layers for or-
gans. As described previously (Fig. 2F), HRI expression is
prevalent in epithelial cells, second to erythroid cells as
revealed by scRNA-Seq. Activation of HRI by OMA1-DELE1
pathway has also reported by the disruption of mitochondrial
import or processing (102), mitophagy (103), mitochondrial
DNA integrity (104), along with mitochondrial dysfunction
occurring during severe ID (105). Importantly, DELE1 induc-
tion of HRI-ISR has been demonstrated in primary cells
derived from human patients with mitochondrial disease or in
those derived from mice with related mitochondrial defects.
Mitochondrial diseases

with neurological manifestation
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stemming from inherited gene mutations or inhibition of
proteasomes are presented in this section to illustrate the
linkage between HRI-ISR activation and mitochondrial dis-
ease as well as the protective role of HRI-ISR in myocytes and
neurons.

Chchd10 mutations

CHCHDI10 is a small mitochondrial intermembrane space
protein that is important for maintaining inner membrane
cristae integrity and ETC function (106). Dominant missense
substitutions in CHCHD10 protein cause an array of neuro-
muscular disorders including autosomal dominant isolated
mitochondrial myopathy (R15S and G58R) (107), cardiomy-
opathy (G58R) (108), myopathy with amyotrophic lateral
sclerosis/frontotemporal dementia (S59L) (109), adult-onset
spinal muscular atrophy (G66V) (110), and amyotrophic
lateral sclerosis (R15L) (111). Similar to patients,
Chchd10°*%® knockin mice are smaller, exhibit myopathy
with smaller leg muscles and decreased strength/endurance,
diminish mitochondrial complex I and IV activities, and die
prematurely (108). The G58R substitution results in aggre-
gations of CHCHDI10 protein and the subsequent activation
OMAL, which is critical for the survival of CHCHD10%**®
mice. Global gene expression analysis of Chchd10°°*% mouse
hearts shows enrichment for the signature of HRI-ISR.
Increased elF20P and DELEls are observed in lysates of
hearts and skeletal muscles from Chchd109°*% mice as
compared with lysates from WT mice, supporting activation
and a protective role for the OMA1-DELE1-HRI pathway in
primary muscle cells.

Cox10 mutations

Mitochondrial DNA encodes 13 polypeptides that are
essential components of oxidative phosphorylation and ETC
(112). Mitochondrial disorders are among the most frequently
inherited diseases of cell metabolism because of defects in ETC
(113). Cytochrome ¢ oxidase (COX) is the terminal enzyme
complex of ETC transferring electrons from reduced cyto-
chrome ¢ to oxygen. Isolated COX deficiency is the most
common cause of ETC defects in human. Mutations in Cox10,
which is encoded by nuclear DNA and is one of the assembly
factors of COX, cause Leigh syndrome, infantile hypertrophic
cardiomyopathy, and fatal early onset neurological syndrome
(107, 114, 115). A cardiac-specific knockout mice of Cox10
exhibit mitochondrial cardiomyopathy, which is associated
with ETC deficiency, lysosomal defects, and an aberrant
mitochondrial morphology. Ablation of Omal or Delel in
Cox10™~ mice aggravates cardiomyopathy. ISR induction,
which depends on OMA1 and DELE]L, is also necessary to
protect against the ferroptosis incurred from oxidative stress in
Cox10™" heart tissues via ATF4-induced glutathione meta-
bolism (116). Together, these studies indicate that the OMA1-
DELE1-ISR pathway is operative in heart muscle cells and
serves to mitigate oxidative stress upon COX10 deficiency in
mice.
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Afg312 mutations

More recently, the role of the OMA1-DELE1-ISR pathway
in the central nervous system and in particular the cerebellum
has also been reported (117). AFG3L2 is a mitochondrial
protease, which forms homo-oligomers and hetero-oligomers
in the inner membrane for the quality control and the
degradation of nonassembled and damaged proteins (118).
Biallelic mutations in the encoded proteolytic domain of
AFG3L2 cause spastic ataxia type 5 (SPAX5), a severe child-
hood onset condition with the symptoms of cerebellar ataxia,
spasticity resulting in significantly impaired ambulation, ocu-
lomotor apraxia, dystonia, and myoclonic epilepsy (119, 120).
Afg3127"~ mice resemble SPAX5 patients, presenting with a
severe neurological syndrome with ataxia and spasticity that
leads to early lethality (121). Mutations in Afg3/2 lead to an
inability to appropriately clear mitochondrial-encoded pro-
teins in SPAXS5 patient fibroblasts, resulting in the activation of
OMA1 and mitochondrial fragmentation (117).

Importantly, activation of OMA1-DELE1-HRI-ISR has
been demonstrated in the cerebellum of Afg3/2~'~ mice and in
fibroblasts from two patients (117). Silencing of DELE1 or HRI
in patient fibroblasts impairs the cell growth of SPAX5 cul-
tures and reduces elF20P. Augmentation of ISR signaling by
Sephin-1, a selective inhibitor of the stress-induced elF2aP
phosphatase GADD34, which furthers the levels of elF2aP
(122), increases cell viability in SPAX5 fibroblasts and im-
proves survival and dendritic arborization of Afg3/2”~ Pur-
kinje neurons ex vivo. Moreover, Sephin-1 treatment prolongs
the lifespan of Afg3/2”'~ mice, improves their motor perfor-
mances, and restores the health of Purkinje neurons with
respect to mitochondrial morphology and respiratory capacity.
This elegant study uncovered the protective function of
OMAI1-DELE1-HRI in cerebellum and Purkinje neurons
under the settings of a neurodegenerative disease, SPAXS5.

HRI activation in hippocampal neurons upon proteasome
inhibition

Accumulation of cytoplasmic denatured proteins under heat
shock, misfolding of proteins, or inhibition of the proteasome
activity is another stress condition that can act through HRI-
ISR (123). In neurons, there is extensive regulation of the
synaptic proteome via synthesis and degradation that are
critical for neural stimulation. However, the mechanism for
balancing protein synthesis and degradation is still poorly
understood. One recent study demonstrated that inhibition of
protein synthesis upon treatment with proteasome inhibitors
in murine primary hippocampal neurons is due solely to HRI-
mediated elF2o phosphorylation (124). Among the four eF2a
kinases, Hri mRNA is most abundant in hippocampal neurons.
Notably, HRI is expressed in the neurons at much lower levels
than in erythroid or liver cells and is constitutively active in
neurons because of the low heme concentration. Importantly,
inhibition of protein synthesis in these tissues by proteasome
inhibitors is reversible with the addition of exogenous heme.

The HRI protein has a short half-life of 4.2 h in neurons and
is stabilized upon treatment with proteasome inhibitors.
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Interestingly, HRI mRNA contains several rare codons, which
normally impair translational efficiency. However, treatment
with proteasome inhibitors and the resulting inhibition of
protein synthesis enhances the availability of tRNAs for rare
codons and thus increases Hri mRNA translation. Both pro-
cesses contributed to increased HRI protein levels resulting in
inhibition of protein synthesis to maintain the proteome in
hippocampal neurons (124).

In summary, HRI-ISR activation by OMAI-DELE1
pathway has been highlighted in the primary cardiomyocytes
and neuronal cells derived from three inherited human mito-
chondrial diseases, supporting the idea that HRI-ISR axis may
be exploited for therapeutic targets in treating mitochondrial
diseases. Furthermore, activation of HRI-ISR uniquely by
proteasome inhibitors in primary murine hippocampal neu-
rons reveals the previously unappreciated short half-life of HRI
protein because of proteasome degradation, a new pathway of
regulating HRI that is also observed in neurodegeneration and
cancers.

HRI-ISR in cancer treatment and development

ISR is also upregulated in cancers for adaptation to hypoxic
and nutrient-deprived environments (69, 125, 126). Often
PERK or GCN?2 are activated in cancers and serve to enhance
tumor progression. However, HRI-ISR has emerged as an
additional ISR pathway that is induced in some cancers
(127, 128) and is a molecular target of certain anticancer
agents, including 1-(benzo[d][1,2,3]thiadiazol-6-yl)-3-(3,4-
dichlorophenyl)urea (BTdCPU) and ONC201, which are
currently in clinical trials (Table 2). The use of proteasome
inhibitor (bortezomib) and apoptosis inhibitors (BH3-
mimetics) also suggests critical roles of HRI in cancers and
for the drug resistance. Finally, analysis of cancer vulnerability
by CRSPR/Cas9 loss-of-function screenings in carcinoma cell
lines uncover the role of HRI in cancer development by a novel
ubiquitination cascade mechanism. These studies are sum-
marized in Table 2 and are described later in further details

with the emphasis on defined molecular mechanisms of
modulating HRI activity and expression in cancers.

HRI small-molecule activators: carcinomas and multiple
myeloma

BTdCPU was identified as an inhibitor of elF2 ternary
complex formation (129) and specifically activates HRI among
the four elF2a kinases. Although BTdCPU was shown to bind
to HRI in the earlier study (129), recently, it was demonstrated
that BTdCPU also induced mitochondrial depolarization,
suggesting that this compound instead activates HRI by the
OMAI1-DELE1 pathway (130). BTdCPU inhibits in vitro cell
proliferation of several carcinoma cell lines and tumor growth
in vivo of mice xenografted with MCF-7 human breast cancer
cells.

In multiple myeloma, dexamethasone treatment induces the
ISR and apoptosis. However, dexamethasone is only effective
in about 40% of newly diagnosed patients. Interestingly, acti-
vation of HRI-ISR by BTdCPU in dexamethasone-resistant
multiple myeloma cell lines promotes apoptosis in these
cells. Furthermore, BTdCPU is also cytotoxic for
dexamethasone-resistant primary multiple myeloma cells with
no significant adverse effects on cells from healthy donors
(131). ONC201, which is a small molecule currently in early
phase clinical trials, kills many solid tumor cells by activating
ISR mediated by HRI and PKR to induce apoptosis (132).

Proteasome inhibitor: pancreatic carcinoma

Proteasome inhibitor, bortezomib (Velcade), has been
developed for cancer therapy. As described previously, HRI
can be activated by proteasome inhibitors (123, 124). In human
pancreatic carcinoma cell lines, it has been noted that cells
resistant to bortezomib treatment have higher levels of elF2aP
to mitigate protein aggregates and ROS (133). Furthermore,
HRI is the predominant elF2a. kinase activated in pancreatic
carcinoma cell lines for adaptation to bortezomib-induced
stress. Knockdown of HRI expression promotes cell death in

Table 2
Summary of HRI-ISR in cancers
Year Cancer type HRI-ISR activity References
2011 Human carcinoma cell lines, breast (MCF-7), melanoma HRI activation by BTdCPU (129)
(CRL-2813), lung (A549), and prostate (PC-3)
Mice xenograft MCF-7 breast cancer cells Inhibition of cell proliferation
2016 Solid tumors, HCT-116 colon cell line, and mice xenografts HRI activation by ONC201, antiproliferative and apoptosis (132)
2017 Dexamethasone-resistant multiple myeloma cell lines and HRI activation by BTdCPU apoptosis (131)
patient primary cells
2018 Pancreatic carcinoma cell lines resistant to bortezomib Higher HRI-eIF2aP levels correlate with reduction of protein (133)
treatment aggregation, ROS, and resistance to bortezomib treatment
2021 B-lineage acute lymphoblastic leukemia (B-ALL) resistant to Activation of HRI by DHA via removal of heme in HRI and the (140)
BH3-mimetic, ABT-203 killing of cells
HRI-eIF20P inhibits translation of MCL-1 mRNA
2022 MDS-RS Chronic activation of HRI-ISR in MDS-RS inhibits terminal (135)
erythroid differentiation
2022 BH3-memetic—tolerant persistent cancer cell lines Activation of HRI-ISR by cytochrome c released from mito- (25)
chondria necessary for the establishment of persistent cells
2022 Patient carcinoma samples, lung, breast, colon, gastric, and Elevated Hri mRNA expression compared to normal controls (25, 26)
ovary Patients with HRI-high tumors have decreased survival
2023 Carcinoma cell lines HRI expression is elevated in tumors compared with normal (26)

controls. Degradation of HRI by BIRC6-mediated ubiquitina-
tion ensures the survival of cancer cells
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bortezomib-resistant cells, consistent with the critical role of
HRI in maintaining protein homeostasis.

Myelodysplastic syndromes: persistent activation of HRI-ISR

Myelodysplastic syndromes with ringed sideroblast (MDS-
RS) are hematological malignancies with splicing factor SF3B1
mutations often occurring in elderly populations (134, 135).
Despite mechanistic insights into tumorigenesis induced by
SF3B1 mutations, effective therapies for MDS-RS have yet to
be developed. A recent scRNA-Seq study from MDS-RS pa-
tient BM samples demonstrates that SF3B1 mutations arrest
terminal erythroid differentiation at the orthochromatic
erythroblasts stage, as compared with control healthy donors
(136). Furthermore, the chronic persistent upregulation of
HRI-ISR pathway is prominent in ProE, BasoE, and poly-
chromatic erythroblasts from MDS-RS patient samples
because of heme deficiency. Deletion of HRI by CRISPR/Cas9
in three MDS-RS patient-derived primary EBs rescues
erythroid differentiation with increased red cell production
and heme biosynthesis. Thus, unresolved chronic activation of
HRI-ISR in MDS-RS is maladaptive, and inhibition of HRI-
ISR may offer a new therapeutic strategy for these patients.

BH3-mimetic induced apoptosis: Mcl-1 mRNA translation

Antiapoptotic proteins of the BCL-2 family, such as MCL-1,
contain four BCL-2 homology (BH1-4) domains, which are
often amplified in many types of cancers and serve to support
tumor survival (137). By contrast, BH3-only family proteins
contain one BH3 domain and are proapoptotic by a process
initiated Bax/Bak signaling. BH3-mimetic small-molecule
drugs have been developed and used to inhibit antiapoptotic
members, permitting BH3-only proapoptotic members to
trigger apoptosis (138). Illustrating these ideas, B-lineage acute
lymphoblastic leukemia with poor prognosis is often charac-
terized by MCL-1 amplification and resistance to the BH3-
mimetic drug, ABT-263. Interestingly, the antimalarial drug,
dihydroartemisinin (DHA), inhibited translation of Mcl-1
mRNA and worked synergistically with BH3-mimetics (139).
CRISPR/Cas9 screening revealed that loss of heme biosyn-
thetic genes rendered resistance to DHA-induced cell death
and that DHA treatment activates HRI-eIF2aP to inhibit
translation of the Mcl-1 mRNA (140). HRI is necessary for the
synergistic killing of DHA with BH3-mimetics. Mechanisti-
cally, DHA disrupts heme binding to recombinant HRI pro-
tein, resulting in loss of the hemoprotein signature visible light
absorption spectra. This study underscores the importance of
HRI-mediated repression of Mcl-1 translation in modulating
apoptotic sensitivity of leukemic cells and implicates the
feasibility of DHA as an activator of HRI for therapeutic
purposes.

BH3-mimetic-tolerant persistent cancer cells: HRI activation
by cytochrome c

Recent studies have yielded intriguing insights into the
development of the drug-tolerant persistent cancer cells upon
treatment with BH3-mimetics involving HRI-ISR (25). By
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gene expression profiling, the drug-unresponsive phenotype
shares notable similarities to epithelial-to-mesenchymal tran-
sition (141), endowing persistent cells with temporary survival
advantages against drug treatment. Central to the apoptotic
pathway is the release of cytochrome c from the mitochondrial
intermembrane space to cytosol via mitochondrial outer
membrane permeabilization controlled by antiapoptotic and
proapoptotic proteins (137, 142, 143) (Fig. 6A4).

ScRNA-Seq analysis of BH3-mimetic persistent cells
revealed transient signature gene expression of ISR and
apoptosis, which was dependent on HRI and cytochrome c.
Interestingly, heme did not inhibit HRI in the presence of
cytochrome ¢, implicating activation of HRI by cytochrome ¢
in the presence of heme (Fig. 6A4). Furthermore, HRI and cy-
tochrome ¢ coimmunoprecipitated following incomplete
mitochondrial outer membrane permeabilization and releasing
of sublethal amount of cytochrome ¢, supporting the direct
interactions between HRI and cytochrome c. The involvement
of OMA1-DELE1-HRI pathway in the development of
persistent cells remains to be investigated.

In support of the clinical significance of this finding, analysis
of scRNA-Seq data from lung carcinoma samples (144) reveals
increased HRI gene set scores in the patient samples with
residual disease as compared with treatment naive or those
with progressive disease. In addition, HRI expression is
significantly higher in cancer samples, mainly carcinomas from
lung, breast, colon, gastric, and ovary, as compared with
normal tissues. Most importantly, patients with HRI-high
expression tumors display decreased survival compared with
patients with HRI-low tumors, consistent with the role of
HRI-ISR in the formation of persistent cells (25) (Fig. 6B).

Cancer vulnerability and HRI protein degradation

Genome-scale approaches for loss-of-function screens
(RNA interference and CRISPR/Cas9) have been employed to
systematically identify genes that are essential for the prolif-
eration and survival of many cancer cell lines (145, 146). Most
of these studies identify single genes required for cancer cell
fitness in specific contexts. Recently, an analysis of a cancer
dependency dataset composed of CRISPR/Cas9 loss-of-
function screens of 1086 carcinoma cell lines has identified a
novel coessential gene module of the ubiquitination cascade
that regulates ISR and survival of carcinomas (26). Specifically,
this module is composed of four proteins, KCMF1, UBR4,
UBA6, and BIRC6 (Fig. 6B). While UBA6 and BIRC6 are
strongly essential in only 3.5% and 4.1% of the cell lines,
respectively, KCMF1 and UBR4 are strongly essential in 68.0%
and 65.1% of the cell lines, respectively. KCMF1 and UBR4 are
heterodimeric E3 ligases and are essential for a large propor-
tion of cancer types, indicating broader biological functions
beyond the BIRC6 module.

Cell lines derived from epithelial cells, in which HRI
expression is prevalent, are more dependent on the BIRC6
module than mesenchymal tissue—derived cancer cell lines.
Depletion of BIRC6 activated HRI-ISR, which was prevented
by ISRIB, a small-molecule inhibitor of ISR (147). Proteomic
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Figure 6. HRI-ISR in cancer development and vulnerability. A, activation of HRI by cytochrome c. Upon treatment with BH3-mimetics, BAX and BAK form
pores causing mitochondrial outer membrane permeabilization (MOMP). Under sublethal MOMP conditions that do not result in apoptosis, the release of
cytochrome ¢ from the mitochondrial intermembrane space to cytosol activates HRI under heme sufficiency. The HRI-ISR pathway enables the formation of
persistent cells resistant to BH3-mimetics. A is modified from articles (25, 143). B, BIRC6 mediated HRI degradation in carcinomas. Hri mRNA expression is
increased in carcinoma cancer cells resulting in increased HRI protein levels. In epithelial carcinoma cells, HRI is constitutively active because of low cellular
heme concentrations. This elevated active HRI can induce excessive ISR, causing cell death in the absence of BIRC6-dependent module of the ubiquitination
cascade, which contains additional three proteins, UBA6, UBR4, and KCMF1, to target HRI for ubiquitination and subsequent degradation by proteosome.
Carcinoma cells employ BIRC6 ubiquitin ligase complex to control HRI protein level and thus proper ISR activation for their survival and proliferation. HRI,

heme-regulated inhibitor; ISR, integrated stress response.

analysis of BIRC6 depletion in the presence of ISRIB reveals
that HRI is the most significantly upregulated protein. More-
over, the increase in HRI protein levels is accompanied by
decreased ubiquitination upon depletion of UBA6, KCMF1, or
UBR4 (Fig. 6B) and upon inhibition of proteosome with
MG132. HRI protein has 2.6-fold longer half-life in BIRC6-
depleted cells as compared with control cells increased from
3.5 t0 9.0 h (Fig. 6B). The short half-life of HRI protein (4.2 h)
was also noted in primary hippocampal neuronal cells
described previously (124).

In addition, Hri mRNA expression is strongly elevated in
tumors as compared with control normal samples and is
strongly correlated with expression levels of UBA6, BIRCS,
and KCMF1. Thus, a novel mechanism of BIRC6-mediated
HRI degradation has evolved in certain epithelial-derived
cancers to silence HRI-ISR, which is constitutively active
because of low concentrations of heme in these cells (Fig. 6B).
Intriguingly, the BIRC6 ubiquitination module only degrades
HRI and not the other three elF2a. kinases. Most significantly,
this is the first report of the downregulation of elF2¢ kinases at
the protein level to silence ISR (26).

In summary, activation of the HRI-ISR pathway by small
molecules, BTACPU and ONC201, is effective in killing cancer
cells, and HRI-ISR axis may be further developed for cancer
therapeutics (Table 2). On the other hand, under the native
in vivo environments, HRI-ISR provides growth advantages for
carcinomas. HRI is constitutively active in carcinomas because of
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low heme concentrations in contrast to erythroid cells. In fact,
HRI-high expression correlates with poor prognosis for patient
survival in two recent studies highlighted here (25, 26) (Fig. 6B
and Table 2). Furthermore, Hri mRNA is elevated in cancers
though the mechanism responsible remains to be investigated.

Concluding remarks

Since its discovery as an inhibitor of hemoglobin synthesis,
increasing biological functions and significance have been
ascribed to HRI both in the erythroid and nonerythroid sys-
tems. In the erythroid system, HRI is a master regulator of
translation, coordinating ISR and mTORC1 pathways for
effective erythropoiesis under heme deficiency (11, 22) and in
thalassemia (21, 148). Most notably, HRI regulates not only
cytoplasmic but also mitochondrial protein synthesis. HRI is
also necessary for mitochondrial respiration even in heme
sufficiency (11). These findings are relevant to the broader
significance of the recently discovered OMA1-DELE1-HRI
pathway during mitochondrial stress in several non—erythroid
cell types, most notably epithelial and neuronal cells. This
HRI-mediated ISR is beneficial in mitochondrial diseases,
mitigating the clinical severities in myopathies, neuropathies,
ataxia, and neurodegeneration.

Equally fascinating is the emerging role of HRI in carcino-
genesis, especially in carcinomas (25), consistent with preva-
lent HRI expression in epithelial cells surrounding the organs
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as revealed by scRNA-Seq. Interestingly, Hri mRNA is elevated
in patient tumors as compared with normal tissues (25, 149).
In the erythroid system, Hri mRNA is induced by heme and
GATAI1 during terminal erythropoiesis. In the future, it will be
important to investigate the mechanisms responsible for the
increased Hri mRNA expression in tumors.

Since HRI can be constitutively active in some cancers because
of low cellular heme concentrations in nonerythroid cells, a new
mechanism of silencing HRI-ISR by HRI degradation via the
BIRC6 module of UBR4 E3 ligase enables the survival of some
subtypes of epithelial-derived cancer cells (26). Inspired by UBR4
mutations in human patients causing ataxia and early onset de-
mentia, UBR4 ligase—mediated HRI degradation has also been
demonstrated in neuronal cells (27). Interestingly, the N-termi-
nal stable heme-binding domain of HRI is required for in-
teractions with both cleaved DELE1s and UBR4 for seemingly
opposing actions, activation and degradation, respectively. To
date, there is no published three-dimensional protein structures
of HRIL In the future, it will be most instructive to our under-
standing of mechanisms of the activation of HRI in heme defi-
ciency and during mitochondrial stress by obtaining HRI
structures in the presence and absence of heme as well as other
effectors (DELE1s and UBR4) by cryo-EM.

UBR4 is the first E3 ligase reported for elF20 kinases and is
uniquely specific to activated phosphorylated HRI. In erythroid
cells, where the heme concentration is higher and dynamically
regulated because of high demands of hemoglobin synthesis,
silencing of HRI-ISR signaling by heme has been demon-
strated in iron-deficient mice upon iron repletion (22). While
the half-life of HRI protein is short in neurons and cancer cell
lines, the turnover of HRI in erythroid cells has not yet been
measured and would be of great interest. It will also be
important to investigate whether degradation of HRI by UBR4
or other E3 ligases occurs in erythroid cells, in which expres-
sion of Ubr4 and Birc6 mRNAs is very low.

Both PERK and GCN2 can also be activated by proteasome
inhibitors. This raises an interesting question as why HRI is
preferentially activated by proteasome inhibitors in neurons
and certain cancer cells presented in this review. One possi-
bility is that HRI is constructively active in these cells because
of low concentrations of heme. The other is that HRI protein is
short lived with half-life of around 4 h. So, proteasome in-
hibitors stabilize active autophosphorylated HRI protein. This
is also consistent with the observation of the UBR4-mediated
degradation of HRI specifically but not other three elF2a ki-
nases. Silencing of the ISR mediated by other three eIF2a. ki-
nases will be an important subject for future research.

These recent advancements of HRI-ISR open new di-
rections for HRI research in stress responses to anemia,
mitochondrial dysfunction, neurodegeneration, and carcino-
genesis, which are also hallmarks of aging process. The HRI-
ISR signaling pathway may present opportunities for new
therapeutics in inherited human diseases and upon aging.
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