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Erythropoiesis is a tightly regulated cell differentiation process in
which specialized oxygen- and carbon dioxide-carrying red blood
cells are generated in vertebrates. Extensive reorganization and

depletion of the erythroblast proteome leading to the deterioration of
general cellular protein quality control pathways and rapid hemoglobin
biogenesis rates could generate misfolded/aggregated proteins and trigger
proteotoxic stresses during erythropoiesis. Such cytotoxic conditions
could prevent proper cell differentiation resulting in premature apoptosis
of erythroblasts (ineffective erythropoiesis). The heat shock protein 70
(Hsp70) molecular chaperone system supports a plethora of functions that
help maintain cellular protein homeostasis (proteostasis) and promote red
blood cell differentiation and survival. Recent findings show that abnor-
malities in the expression, localization and function of the members of
this chaperone system are linked to ineffective erythropoiesis in multiple
hematological diseases in humans. In this review, we present latest
advances in our understanding of the distinct functions of this chaperone
system in differentiating erythroblasts and terminally differentiated
mature erythrocytes. We present new insights into the protein repair-only
function(s) of the Hsp70 system, perhaps to minimize protein degradation
in mature erythrocytes to warrant their optimal function and survival in
the vasculature under healthy conditions. The work also discusses the
modulatory roles of this chaperone system in a wide range of hematolog-
ical diseases and the therapeutic gain of targeting Hsp70. 
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ABSTRACT

Introduction

Cells are highly vulnerable to proteotoxic stresses during widespread remodel-
ing of proteomes that typically accompany cell differentiation. Under such chal-
lenging conditions, molecular chaperones that constitute an essential part of cellu-
lar protein quality control (PQC) pathways, help maintain proteostasis by decreas-
ing protein misfolding and aggregation, and promote cell viability.1,2 In response to
cell differentiation, considerable rearrangements in cellular chaperomes have been
detected,2,3 but the functional consequences of such changes largely remain enig-
matic. In particular, the heat shock protein 70 (Hsp70) chaperone system is main-
tained at high levels during red blood cell differentiation.3-5 Emerging data demon-
strate that Hsp70 machineries have distinct functions ranging from modulating
cell signaling to PQC activities at different stages of erythropoiesis. These multi-
faceted roles of the Hsp70 chaperone include maintaining erythroid progenitors,
assessing fitness of progenitors prior to initiating lineage specific terminal cell dif-
ferentiation, supporting hemoglobin (Hb) biogenesis, counteracting proteotoxici-
ties and preventing premature apoptosis of differentiating erythroblasts, and pro-
moting viability of terminally differentiated erythrocytes via protein repair.
Hence, the dysfunction of this chaperone system is invariably associated with
ineffective erythropoiesis, which leads to chronic anemia in several hematological
diseases in humans.



Formation of red blood cells

Erythropoiesis is a vital process throughout vertebrate
life, which helps maintain adequate tissue oxygenation
under physiological and nonphysiological states (e.g.,
hypoxia, hemorrhage or other anemic conditions). This
cell differentiation event leads to the generation of highly
specialized erythrocytes that function as dedicated oxy-
gen and carbon dioxide transporting cells across the body.
Erythrocytes have a finite lifespan (approximately 120
days in humans) in the circulatory system before they are
recycled mainly in the spleen by macrophages.6 These
cells, therefore, must be continuously and rapidly
replaced in vertebrates. About two million new erythro-
cytes per second are generated in adult humans7 via pro-
liferation and differentiation of a self-renewing popula-
tion of pluripotent hematopoietic stem cells (HSC) locat-
ed in the yolk sac, liver, spleen (antenatal) or bone mar-
row (postnatal) that give rise to early erythroid progeni-
tors.6 During erythropoiesis, these progenitors undergo a
red cell lineage specific terminal differentiation program
to generate mature erythrocytes. 
Erythrocyte production is tightly regulated by a set of

hormones. For example, glucocorticoids regulate both the
proliferation and differentiation of early erythroid pro-
genitors known as early burst forming unit-erythroid
(BFU-E) cells.8 The proliferation and differentiation of
subsequent erythroid progenitors including late stage
BFU-E and colony forming unit-erythroid (CFU-E) cells
occur after the stimulation by erythropoietin (EPO), a gly-
coprotein cytokine secreted by the kidneys.9 EPO stimu-
lation is vital for the induction of GATA-binding factor 1
(GATA-1) transcription factor, the master regulator of ery-
thropoiesis. GATA-1 together with the transcription fac-
tor STAT5, promote further erythroblast proliferation10
and turn on the gene activation and repression program,
which drives the multistep terminal differentiation
process of these cells.11 In mammals, erythropoiesis can
be resolved into six morphologically distinct cell stages
that result from a series of mitotic cell divisions (Figure
1A). These stages include: (i) proerythroblast, (ii)
basophilic erythroblast, (iii) polychromatophilic ery-
throblast, (IV) orthochromatophilic erythroblast, (V) retic-
ulocyte, and (VI) mature erythrocyte. During terminal dif-
ferentiation, the erythroblasts decrease in cell size, con-
dense chromatin, reorganize and reduce cellular pro-
teome and membranes, and eliminate organelles, thereby
making space for the rapidly increasing levels of Hb, the
oxygen-trafficking protein complex. The most striking
morphological change occurs in orthochromatophilic ery-
throblasts that eject nuclei to form reticulocytes in the
bone marrow (Figure 1A). These reticulocytes loose ribo-
somes and the bulk of RNA molecules, and develop into
Hb packed mature erythrocytes that have a characteristic
biconcave disk-like shape with a flattened center. 
The mature erythrocytes contain a remarkably high

concentration of Hb molecules (approximately 29.5
pg/cell),12 which represents approximately 98% of the
proteome.13 Hb is a tetrameric globular protein made up
of four globin protein subunits/chains, each containing a
heme group, which reversibly binds to oxygen and car-
bon dioxide. The adult human hemoglobin (HbA) is
made from two 141 amino acid-long α-globin chains and
two 146 amino acid-long b-globin chains (α2b2) (Figure
1B). Under physiological conditions, HbA makes up

>97% of the Hb constituent in adult humans. The
remaining Hb contains fetal Hb (HbF; α2γ2) and HbA2
(α2d2), two isotypes generated by switching the b globin
chain with either γ or d globin chains.6

Proteotoxic stresses associated with 
erythropoiesis

Proteostasis is maintained by balancing the cellular
pathways that facilitate protein synthesis, folding, assem-
bly, trafficking, and degradation under varying environ-
mental and metabolic conditions.1 Even under normal
growth conditions, cells experience a continuous influx of
misfolded proteins generated from various protein bio-
genesis mistakes such as errors in transcription, transla-
tion and folding. Additionally, most proteins are at risk of
misfolding due to the marginal stability of their native
conformations.14 Cells have evolved a set of intricate PQC
pathways comprising of molecular chaperones and pro-
tein degradation systems that operate constantly to
decrease the levels of misfolded proteins that otherwise
would easily form aggregates in crowded cellular envi-
ronments. Protein aggregates typically show poor solubil-
ity in aqueous cellular environments, have no physiolog-
ical function per se and could instead elicit cytotoxicity.1
By untangling and unfolding such aberrant protein
species, the ATP fueled chaperone machineries are able to
“repair” and rescue proteins, which leads to a consider-
able reduction in the risk of proteotoxicities in cells.
Protein degradation pathways also represent an impor-
tant line of defense by clearing misfolded proteins and
preventing their accumulation.1 However, in aging and/or
stressed cells, such defense mechanisms could become
overwhelmed leading to the buildup of potentially toxic
protein aggregate species. Many disease-linked mutant
proteins also form such aggregates that are refractory to
PQC systems, including degradation pathways.15
Due to various protein biosynthetic errors and consid-

erable attenuation of basic PQC pathways, erythroid
maturation is highly exposed to protein misfolding/aggre-
gation. The first PQC challenge during erythropoiesis
involves the folding and assembly of the α-globin chains
that show a high degree of instability. In the absence of
the partnering b-globin, the free α-chains with heme/iron
could readily misfold to form protein aggregate deposits
called Heinz bodies (for a review, see Voon et al.16). These
highly toxic protein aggregates, when accumulated, could
trigger the generation of reactive oxygen species (ROS)17
that damage cellular proteins, nucleic acids and lipids and
induce oxidative stress in erythroblasts leading to prema-
ture cell death (Figure 1B).18 This is circumvented to a cer-
tain degree with the assistance of a dedicated chaperone
named alpha hemoglobin stabilizing protein (AHSP).
AHSP mimics the α-helix-loop-α-helix motif of b-globin
and assists in the folding of α-chains in a “template”
directed manner19,20 (for a review, see Weiss et al.)21. Apart
from the α-chain instability, the generally high synthesis
rates of globin proteins (300 mg of Hb per hour in healthy
adult humans22) during this atypical state could also pro-
portionally increase the level of intrinsic errors in folding
and assembly23 of Hb. In particular, heme/iron imbalances
could result in globin misfolding, which could induce
severe oxidative stress in erythroblasts. A tightly regulat-
ed supply of iron to support the production of heme is
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required for efficient Hb biogenesis. Heme synthesis is
mediated by conjugating iron and protoporphyrin in a
series of enzymatic reactions occurring in mitochondria
and cytosol.24 The hydroxyl radicals produced by elevated
levels of free heme/iron undergoing the Fenton reaction
in erythroblast cytosol could damage and induce the
aggregation of both Hb and other critical biomolecules.25

The next PQC challenge in red blood cell maturation
occurs from the reduction/disruption of crucial PQC
pathways that typically protect cells against protein
aggregation. In order to make space for the increasing lev-
els of Hb, the proteome of the terminally differentiating
erythroblasts is rapidly reduced to 2-5% via bulk degra-
dation of many cellular proteins and organelles3 by the

Role of the Hsp70 chaperone in erythropoiesis 

haematologica | 2021; 106(6) 1521

Figure 1. Biogenesis of hemoglobin during erythropoiesis. (A) A simplified schematic diagram showing the key cell stages of erythropoiesis. Hematopoietic stem cells
(HSC) differentiate into a common myeloid progenitor, which further transition into a committed erythroid lineage. The proerythroblast is the earliest morphologically
identifiable erythroid precursor cell in the bone marrow. Erythropoietin (EPO) signaling initiates terminal differentiation of erythroblasts to generate mature erythro-
cytes. During terminal differentiation, cells reduce in size and undergo major changes including chromatin condensation, proteome remodeling and ultimately the
elimination of cellular organelles to provide room for hemoglobin (Hb). Hb expression levels in differentiating cells are indicated by intensity of the red color. (B)
Chaperone assisted folding and assembly of Hb. The folding of nascent globin chains is assisted by chaperones such as the α-Hb–stabilizing protein (AHSP), heat
shock protein 70 (Hsp70) and heat shock protein 90 (Hsp90). Errors in Hb subunit synthesis and assembly, iron/heme imbalances, deficiencies in protein quality
control activities and exposure to reactive oxygen species (ROS), however, could trigger the misfolding and aggregation of globin proteins. In particular, misfolded and
unassembled α-globin chains are highly prone to form cytotoxic aggregates leading to ineffective erythropoiesis. c: cytosol; n: nucleus; UPS: ubiquitin proteasome
system.
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ubiquitin proteasome system (UPS) and the autophagy
pathway.26,27 This drastic proteome remodeling expected-
ly depletes components of chaperone and proteolytic
machineries and decreases the ability of these cells to
induce global PQC pathways that help buffer against pro-
teotoxic stresses.28 For example, unlike other cell types,
reticulocytes show inability to fully recover critical cellu-
lar functions such as protein synthesis after heat shock.4,29
On the whole, terminally differentiating erythroblasts
seem particularly vulnerable to stresses associated with
protein misfolding and aggregation. 

The Hsp70 chaperone system 

Hsp70 forms one of the most abundant and highly con-
served molecular chaperone systems critical for maintain-
ing cellular proteostasis. This highly versatile chaperone
system supports a plethora of housekeeping and stress-
related cellular repair processes that protect cells against
proteotoxic stresses (for a review, see Rosenzweig et al.30).
The key housekeeping activities include facilitating fold-
ing of newly synthesized proteins, transport of polypep-
tides across cellular membranes, assembly/disassembly of
protein complexes and regulation of protein activity. In
stressed cells, the Hsp70 chaperone system functions to
prevent aggregation of aberrant proteins, refold misfolded
proteins, solubilize aggregated proteins, and cooperate
with cellular degradation machineries to clear terminally
damaged proteins (for a review, see Rosenzweig et al.30).
The chaperoning functions of Hsp70 are tightly regulat-

ed via the cooperation of dedicated cochaperones from
the J-domain protein (JDP) family and nucleotide
exchange factors (NEF) that fine-tune Hsp70’s ATP-
dependent allosteric control of substrate binding and
release (Figure 2A). JDP form the largest and the most
diverse family of cochaperones in humans (over 42 mem-
bers) and provide specificity to the Hsp70 family (13
homologs in humans) by selecting substrates.30,31
Concomitant interaction of Hsp70 with a JDP and sub-
strate boosts ATP hydrolysis in Hsp70. This dual trigger
allows Hsp70 to efficiently trap and unfold substrates
(Figure 2A).32 The timely release of substrates is mediated
by nucleotide exchange factors that release ADP and
allow subsequent rebinding of ATP, thus resetting the
Hsp70 chaperone to its open, low substrate affinity state
to receive a new client.30,33
Hsp70 generally shows a high affinity towards misfold-

ed and aggregated substrates, and a low affinity for native
proteins, which may, thus be considered as the products
of such polypeptide unfolding enzymes.34 As earlier stat-
ed, the energy from ATP hydrolysis drives the iterative
protein unfolding cycles of Hsp70 that allow the refolding
of misfolded proteins (Figure 2A). Hsp70 and other pro-
tein folding chaperone systems (e.g., Hsp60 and Hsp90)
promote the buildup and maintenance of relatively high
levels of native protein conformers under non-equilibri-
um stress conditions where without chaperones or ATP,
the denatured protein conformers would readily seek
equilibrium and turn into stable inactive misfolded
species.35 Conceptually, this aligns with Erwin
Schrödinger’s view, which states that living matter evades
the decay to equilibrium.36 The term “evades” implies that
living cells must constantly consume energy in order to
avoid spontaneous entropy-driven decomposition of

their macromolecules (e.g., proteins), leading to cell death.
This is possible because the biosphere is not a closed sys-
tem: the energy from the sun is harnessed by photosyn-
thesis to produce ATP for all organisms to fuel their repair
(and replace) mechanisms. The chaperone-based protein
repair mechanisms constantly counteract the natural
entropic tendency of proteins to misfold and further
decay by hydrolysis and oxidation into simpler mole-
cules. In other words, when acting as ATP-fueled iterative
unfolding nanomachines, chaperones such as Hsp70 can
correct or “repair” structurally damaged proteins as they
are formed under stressful non-equilibrium conditions.37
Erythropoiesis is a prime example of how Hsp70’s pro-
tein repair and regulatory functions are fully deployed to
support cell differentiation and viability. 

Multifaceted roles of the Hsp70 chaperone
system in erythropoiesis

During red blood cell generation, the Hsp70 chaperone
system functions in a number of regulatory and PQC
activities. By changing its cochaperones, the Hsp70 chap-
erone could target different clientele and switch between
functions, which allows this highly versatile chaperone
system to rapidly respond to different cell growth and dif-
ferentiation conditions.38,39 The main roles of Hsp70 dur-
ing erythropoiesis include: (i) aiding in maintaining ery-
throid progenitors (ii) assessing fitness of progenitors
prior to initiating lineage specific terminal cell differentia-
tion (iii) supporting Hb biogenesis (iv) counteracting pro-
teotoxicities and preventing premature apoptosis of dif-
ferentiating erythroblasts and (v) conceivably promoting
viability of differentiated (mature) erythrocytes via pro-
tein repair. 

Hsp70 regulates dormancy and cell cycle quiescence
of erythroid precursor cells
Continuous proliferation and differentiation of

hematopoietic stem cells into committed erythroid pro-
genitor cells6 is required for maintaining healthy levels of
mature erythrocytes in the peripheral vasculature. The
cyclin dependent cell cycle entry from G1 to S phase dur-
ing proliferation of hematopoietic stem cells is modulated
largely by the opposing actions of cyclin dependent
kinases (CDK) and cyclin-dependent kinase inhibitors
(CDKi).40 In order to terminate the dormancy of
hematopoietic stem cells and initiate cell cycle entry,
cyclin D1, the regulatory subunit of CDK4 and CDK6,
has to translocate from the cytosol to the nucleus.41,42 This
key step in HSC proliferation is mediated by the consti-
tutively expressed heat shock cognate protein 70
(Hsc70/HSPA8), which binds to cyclin D1 and shuttles it
across the nuclear membrane (Figure 3).41 Here, HSPA8
appears to recognize a peptide segment in an unstruc-
tured (likely a looped or terminal) region exposed on the
surface of folded cyclin D1. Similar types of interactions
between Hsp70 and native proteins leading to regulatory
activities have been demonstrated with clathrin triske-
lions, immunoglobulin heavy chain, Escherichia coli  heat
shock transcription factor σ32 and plasmid replication
protein RepE.43-45 The cyclin D1-HSPA8 complex is
retained in the cytosol by forming additional
interaction(s) with p57KIP2 and p27KIP1, two critical CDKi
that are known to prevent the cell cycle progression of
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hematopoietic stem cells (Figure 3).41 It is tempting to
speculate that through complexing, the CDKi mask the
nuclear localization related signal of HSPA841,42 until the
CDKi are degraded via stem cell factor signaling coupled
to the initiation of erythropoiesis. ERK signaling, which
plays a modulatory role in erythropoiesis46 also plays a
role in the nuclear shuttling of Hsp70,47 but little is known
about how these signals are integrated, if at all. The
rodent mammalian relative of DnaJ (MRJ), an ortholog of
human JDP DNAJB6, was identified from recent stem cell

work48 to play a role in promoting cell quiescence by
binding to a cyclin D1 inhibitor.49 The same JDP was
implicated in playing a role in stem cell self-renewal.50
Whether MRJ/DNAJB6 or another JDP directs the selec-
tion of clients in the CDKi-HSPA8-cyclin D1-mediated
HSC proliferation pathway remains to be determined.
The terminal differentiation of erythroblasts also requires
cell cycle regulating cyclins. Cyclins A2 and D3 are
required to control cytokinesis, erythrocyte size and
number.51,52 Here too, the Hsp70 system facilitates the
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Figure 2. Roles of the Hsp70 chaperone system in differentiating erythroblasts and mature erythrocytes. (A) Domain organization of the heat shock protein 70
(Hsp70) chaperone (top); the Hsp70 chaperoning cycle (bottom). Substrate binding is dictated in Hsp70 by the allosteric coupling of ATP binding and hydrolysis at
the N-terminal nucleotide binding domain (NBD), which results in conformational changes at the substrate binding domain (SBD).147 The conformational cycle linked
to substrate capture is defined by ATP hydrolysis driven large scale movements in the α-helical-lid domain (SBDα) that closes over the b-sandwich substrate binding
subdomain (SBDb) in the ADP state, resulting in low substrate off-rates (i.e., high affinity towards bound substrates).30 J-domain proteins (JDP) select substrates for
Hsp70. Concomitant interactions of the Hsp70 (in ATP state) with JDP and substrate result in increased stimulation of ATP hydrolysis trapping the substrate in Hsp70.
Subsequently, nucleotide exchange factors (NEF) induce ADP dissociation from Hsp70 allowing ATP rebinding, which triggers substrate release to complete Hsp70
cycle. Substrate unfolding and refolding is facilitated by multiple cycles of substrate binding and release. Hsp70 recognizes a highly degenerative and frequently
occurring peptide motif enriched with five hydrophobic amino acids, flanked by preferentially positively charged amino acids (statistically occurring in every 30-40
residues in polypeptide chains).148 Such hydrophobic motifs are typically buried inside a natively folded protein, but become exposed in unfolded or misfolded con-
formers, which allow the Hsp70 machinery to discriminate between natively folded and unfolded/misfolded/aggregated substrates.30 (B) Expression profiles of select-
ed chaperone systems in different stages of erythropoiesis from quantitative proteomics data.3,5 The black dotted line represents the median relative abundance of
non-hemoglobin (Hb) proteins in each cell type. The cytosolic Hsp70/110, Hsp60, and Hsp90 initially represent about 1% of the total proteome in erythroid progenitor
stages. Their abundance, however, gradually decreases as the proportion of Hb increases during erythropoiesis, but much less so than ribosomes and histones.
Below, multifaceted functions of the Hsp70 chaperone system at major steps of red blood cell generation. Ability to synthesize proteins is lost in mature erythrocytes.
Protein degradation capacity is largely reduced in mature erythrocytes. A selective Hsp70 system seems to drive protein repair in terminally differentiated erythro-
cytes. PQC: protein quality control. 
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shuttling of cyclins A2 and D3 and co-operate with CDKi
to regulate terminal differentiation of erythroblasts. An
analysis of erythroblasts obtained from differentiating
human cord blood CD34+ cells shows that only three out
of the seven CDKi (p18INK4c, p19INK4d and p27KIP1) are
expressed to significant levels during early and late termi-
nal differentiation steps of red blood cells. In contrast to
the functions of p57KIP2 and p27KIP1 in HSC, p19INK4d appears
to be promoting erythroblast differentiation by facilitat-
ing nuclear localization of the stress inducible Hsp70
(HSPA1A) through the activation of the ERK, but not
AKT, signal transduction pathway (Figure 3).47 p19INK4d
may even play a role in the proteostasis-based fitness
checkpoints in human erythroblasts (see below). How
EPO stimulation leads to the induction and ERK-mediat-
ed nuclear translocation of Hsp70 and the role of CDKi in
modulating this process during erythropoiesis remains to
be dissected.53,54
The mammalian mitochondrial Hsp70 (mortalin/

HSPA9) is also implicated in the proliferation/mainte-
nance of early progenitors of erythrocytes.55 HSPA9 co-
operates with the inner mitochondrial translocase (TIM)
complex to facilitate the translocation of mitochondrial
matrix proteins that are essential for mitochondrial func-
tion and cell viability.56 Therefore, it is conceivable that
any depletion of HSPA9 levels leads to increased mito-
chondrial dysfunction and activation of pro-apoptotic

factors that induce hematopoietic progenitor cell death.57
Intriguingly, however, compared to progenitors of other
lineages of hematopoiesis, a greater reduction of BFU-E
progenitors was observed when HSPA9 was knocked
down in rodents, suggesting that this Hsp70 paralog pos-
sibly plays an additional role(s) in maintaining the ery-
throid progenitor cell niche.58

Hsp70 checks the fitness of erythroblasts 
at the initiation of erythropoiesis 
The continuous generation of large amounts of red

blood cells to traffic O2/CO2 in vertebrates comes with a
heavy energy cost (ATP-wise). By allowing only healthy
erythroid progenitors to undergo cell differentiation in
part increases the fidelity of this process. In order to select
healthy progenitors, two fitness checkpoints seem to
have evolved around the Hsp70 chaperone system. In
both checkpoints, the Hsp70 chaperone appears to mon-
itor proteostasis deficiencies in EPO stimulated erythroid
progenitors that are primed to undergo differentiation. By
acting as a sensor of global folding status, Hsp70 is able to
gauge the levels of misfolded/aggregated proteins in these
cells. The first fitness checkpoint seems to be initiated by
momentarily triggering a pro-apoptotic insult during EPO
stimulation, which induces mitochondria to undergo
transient depolarization.59 This prompts the activation of
several pro-apoptotic signals including the release of the
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Figure 3. Hsp70 chaperone system modulates the maintenance of dormancy and cell cycle quiescence of stem cell progenitors of erythrocytes. Heat shock protein
70 (Hsp70) binds and shuttles key cyclins that control proliferation and differentiation of erythroid precursor cells. Growth factor regulated cyclin-dependent kinase
inhibitors (CDKi) appear to modulate these activities by interacting (directly or indirectly) with Hsp70-cyclin complexes.  EPO: erythropoietin; HSC: hematopoietic stem
cell; SCF: stem cell factor. 



mitochondria localized apoptosis-inducing factor (AIF,
AIFM1).59-62 The AIF released into the cytosol enters the
nucleus via a nuclear localization signal63 and initiates cas-
pase-independent chromatin condensation, DNA frag-
mentation and nuclear shrinkage to fully commit cells to
apoptosis.62 In healthy erythroblasts, however, Hsp70
chaperone appears to play an important role in neutraliz-
ing this pro-apoptotic signaling pathway (Figure 4A).
Cytosol-localized Hsp70 (primarily the stress induced
HSPA1A) directly interacts with AIF and prevents its
translocation into the nucleus.59,63,64 On the contrary, in
“unhealthy” erythroblasts (e.g., cells experiencing acute
oxidative stress), Hsp70 is largely sequestered away by
the accumulating misfolded/aggregated proteins. This
sequestration prevents the neutralization of AIF signaling,
thus leading to fitness checkpoint failure and rapid elimi-
nation of unhealthy cells (Figure 4B).  
The second checkpoint appears to monitor the capacity

of Hsp70 to protect GATA-1 from caspase-3 mediated
proteolytic cleavage. EPO stimulation triggers the translo-
cation of HSPA1A from the cytosol to the nucleus.65 In
healthy erythroblasts, the nuclear translocated HSPA1A
binds directly to GATA-1 and prevents the transcription
factor from being cleaved, which allows the initiation of
erythropoiesis (Figure 4A).65 However, if there is a defi-
ciency in Hsp70 levels, activity and/or the chaperone is
insufficiently translocated to the nucleus due to the
sequestration away by cytosolic protein aggregates,66 the
unprotected GATA-1 becomes  targeted by caspase-3
(Figure 4B). Reduction in the level of GATA-1 inhibits
both the terminal differentiation program and anti-cell
death signaling via Bcl-xL67 that ultimately trigger clear-
ance of unhealthy cells via apoptosis. This fitness check-
point seems to function throughout the early stages of
erythropoiesis. During the latter stage of erythropoiesis, a
small heat shock protein (sHSP) named Hsp27 (also know
as HSPB1) translocates to the nucleus (triggered by post-
translational modifications) and appears to outcompete
Hsp70 from binding to GATA-1, which results in the
degradation of the transcription factor.68 In a nutshell, i)
adequate nuclear and cytosolic levels of “free” Hsp70
chaperones and ii) favorable inputs from both of the pro-
teostasis fitness checkpoints seem to be required to selec-
tively initiate the terminal differentiation of healthy ery-
throblasts.

Hsp70’s role in hemoglobin folding and assembly
Despite decades of research, the mechanistic under-

standing of the folding and assembly of Hb (Figure 1B)
remains incomplete. In particular, little is known about
how heme moieties are inserted into nascent globin
chains during de novo folding. Several chaperones includ-
ing Hsp70, Hsp90, and AHSP have been recognized to
assist in globin folding and assembly in erythrocytes.66,69,70
Whether Hsp70 directly assists in Hb biogenesis is still an
open question. Early studies have identified a role for
Hsp70 in stabilizing α-globin and preventing its aggrega-
tion during erythropoiesis.66 However, this could also
result indirectly through the regulation of heme regulated
inhibitor of translation (HRI) by Hsp70, which affects Hb
assembly. HRI is the main kinase, which fine-tunes the
cellular levels of heme and globin proteins to facilitate
efficient Hb assembly during erythropoiesis.71-73 In
healthy erythroblasts with sufficient levels of heme, HRI
is kept inactive by an autoregulatory mechanism involv-

ing complex formation with heme and HSPA8.74,75 When
cellular heme levels decrease, the inhibition is released
and the activated kinase rapidly phosphorylates the
eukaryotic translation initiation factor 2α (eIF2α). This
halts protein synthesis and prevents the overproduction
of aggregate-prone globin chains.72,73,76 Under proteotoxic
stress conditions, HRI is similarly activated to block Hb
production, but now as a result of HSPA8 being seques-
trated away by misfolded/aggregated proteins.77 This
activation appears to be independent of heme levels in
erythroblasts.75,77 Apart from inhibiting protein transla-
tion, HRI initiates an integrated stress response in ery-
throid precursors by selectively switching-on the tran-
scriptional factor ATF-4 signaling pathway to induce mul-
tiple antioxidants that help mitigate oxidative stress.78
The triggering of this mechanism can be clearly observed
in heat shocked erythroblasts.73,77 The activity of HRI is
critical for the viability of stressed erythroid progenitors
since induction of Hsp70 and other chaperones alone is
insufficient to mitigate proteotoxicity in these cells.72,79
Additionally, Hsp70 may in part help fold HRI adding
another level of complexity to this regulation.75 In
essence, Hsp70 directly and/or indirectly facilitates the
efficient biogenesis of Hb during erythropoiesis. 

Clearance of aberrant proteins by the Hsp70 system
during erythropoiesis
Triggering of ineffective erythropoiesis as a result of

increased levels of protein aggregation has been observed
in disease conditions such as b-thalassemia (see section
on Hsp70 associated blood disorders).66 Interestingly, the
induction of Hsp70, but not other major stress chaper-
ones, has been detected in heat shocked erythroblasts.4,80
This demonstrates the existence of a somewhat special-
ized stress response in erythroblasts to perhaps selective-
ly induce Hsp70-based PQC activities. Previous work has
shown that rabbit reticulocyte lysates have the capacity
to resolve in vitro generated protein aggregates81 suggest-
ing that differentiating erythroblasts possess strong pro-
tein disaggregation/refolding activity. This activity is
most likely generated via the recently discovered Hsp70-
based protein disaggregases in human cells.82-87 These dis-
aggregases could potentially co-operate with cellular pro-
tein degradation systems82 to rapidly clear aggregated pro-
teins and reduce associated toxicities to facilitate ery-
thopoiesis

Suppression of apoptosis in differentiating 
erythroblasts by Hsp70  
HSPA1A, which is upregulated in response to proteosta-

sis insults has been demonstrated to block pro-apoptotic
pathways that lead to caspase activation in cells.88
Erythroblasts appear to rely on the same Hsp70 homolog
to prevent premature apoptosis during terminal differenti-
ation.89-91 This necessity may partially explain why there is
an unusually high level of HSPA1A present even in early
erythroid progenitors primed to undergo erythropoiesis
(Figure 2B). Additionally, the EPO signaling induced mito-
chondrial HSPA9 could also inhibit apoptosis in part by
suppressing the production of ROS.59 These Hsp70 mediat-
ed anti-apoptotic signals together with the induction of
anti-apoptotic protein Bcl-xL by GATA-167 appears to help
prevent erythroblasts from undergoing premature death
despite the considerable proteostasis challenges associated
with normal erythropoiesis. 
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Figure 4. Hsp70 facilitates proper initiation of erythropoiesis. Heat shock protein 70 (Hsp70) is utilized as a stress sensor molecule in two fitness checkpoints to
assess proteostasis deficiencies in erythroid progenitors. (A) Checkpoint 1, in essence, “gauges” and tests whether erythroblasts contain sufficient Hsp70 levels in
the cytosol to block the nuclear translocation of apoptosis-inducing factor (AIF), a pro-apoptotic factor released from transiently depolarized mitochondria as a result
of erythropoietin (EPO) signaling. In unhealthy cells, Hsp70 is sequestered away by protein aggregates and consequently AIF translocates into the nucleus to initiate
cell death. Conversely, checkpoint 2 evaluates the ability of Hsp70 to protect GATA-1, the master regulator of erythropoiesis, from caspase 3 cleavage. This too indi-
rectly evaluates the Hsp70 chaperoning capacity in early erythroblasts. Satisfaction from both tests (green) appears to be required to initiate a robust terminal dif-
ferentiation process. (B) Both fitness checkpoints fail (red) in “unhealthy” cells (e.g., due to increased oxidative stress) containing high levels of misfolded and aggre-
gated proteins that sequester Hsp70. 
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Quantitative proteomics highlight vital protein
quality control functions related to mature 
erythrocyte survival

Mature erythrocytes show a remarkable ability to sur-
vive up to 120 days in the circulation6 while supporting a
plethora of enzymatic reactions required for preserving
the cytoskeletal ultrastructure, biomolecule trafficking
across membranes and signal transduction (e.g., for main-
taining lipid homeostasis92). Apart from the mechanical
stress insults that induce shape changes while navigating
through the vasculature, these cells could be subjected to
a range of environmental (e.g., chronic hypoxia at high
altitudes, hyperosmotic shock, and energy depletion) or
chemical (e.g., oxidative stress and high intracellular Ca2+
levels) stresses93 that could trigger protein misfolding,
damage and/or aggregation. Such conditions could poten-
tially cause eryptosis, a process by which mature erythro-
cytes undergo apoptosis-like cell death. Unlike other cell
types that contain stress-sensing and signaling pathways
(e.g., HSF-1 transcription factor-mediated heat shock
response) to produce large quantities of new chaperones
to help buffer against such proteostasis insults,1 mature
erythrocytes that lack ribosomes have to utilize already
existing PQC elements present in their vestigial proteome
to counteract protein misfolding/aggregation.
Advancements in mass spectrometry-based quantita-

tive analytical methods have identified over 2,600 pro-
teins in the vestigial proteome of mature human red
blood cells (2-5% of the progenitor proteome).94 We per-
formed an enrichment analysis on these proteins or pro-
tein classes focusing on function to uncover probable bio-
logical processes important for erythrocyte survival. We
compared published label-free quantitative proteomics
data obtained from complete cytosolic extracts of mature
erythrocytes (originating from age-matched, healthy
donors),94 to human cells (unstressed Jurkat cells) that
have not massively accumulated Hb and carbonic anhy-
drase, and neither eliminated their transcription and
translation machineries, nor lost their endoplasmic retic-
ulum (ER), nuclei and mitochondrial compartments
(Figure 5; Online Supplementary Tables S1-4).95 As expect-
ed, our analysis showed that mature erythrocytes (likely
containing ~1% reticulocytes with ribosomes and ER),94
are markedly enriched with Hb, carbonic anhydrase and
antioxidant enzymes, such as catalases (Figure 5A). Our
analysis also confirmed that mature erythrocytes are
severely depleted in DNA polymerases, transcription fac-
tors, RNA polymerases, ribosomes, as well as nuclear, ER
and mitochondrial proteins compared to Jurkat cells
(Figure 5A). On average, the replacement of the proteome
with high levels of Hb and carbonic anhydrases in mature
erythrocytes should theoretically reduce the levels of any
other given protein by ~280-fold in abundance compared
to Jurkat cells.94,95 Thus, it is reasonable to assume that
proteins or protein classes that are significantly less
depleted than ~280-fold have been purposefully retained
to sustain functions associated with the maintenance and
survival of mature erythrocytes. For example, compared
to Jurkat cells, the cytoskeletal proteins are 44-fold more
abundant than the average non-Hb protein in erythro-
cytes thus supporting this view (Figure 5A). We also
detected a high level of Hsp60 chaperones that facilitate
in the folding and assembly of cytoskeletal proteins. The
above observations highlight the critical role of these pro-

teins in maintaining cell shape and cytoskeletal integrity
of red blood cells. 

The role of Hsp70 in terminally differentiated 
erythrocytes 
Molecular chaperones make up approximately 5% of the

total protein mass of naïve mammalian cells, and up to 10%
in stress-resistant cancer cells, attesting to their central role
in maintaining cell viability. The Hsp70-JDP-NEF machin-
ery alone contributes to ~1% of the total protein mass of
most mammalian cells.96 Comparatively, the chaperome of
mature erythrocytes is 0.28% of the total protein mass
(including Hb) (Online Supplementary Tables S1-2). The ery-
throcyte Hsp70-JDP-NEF machinery, however, accounts for
about a third of the mature erythrocyte chaperome (0.1%
of the total protein mass; Figure 5; Online Supplementary
Table S2). From a proteostasis angle, it is somewhat puz-
zling as to why this particular chaperone system, which is
conventionally thought to function in de novo folding of
newly synthesized proteins,97 is maintained at relatively
high levels in terminally differentiated erythrocytes that
lack protein-synthesizing capability. 

Up to a certain point, protein repair is less costly than
protein replacement
At the cellular level, life may evade protein decay by

maintaining a subtle balance between ATP-fueled protein
repair by unfolding chaperones and ATP-fueled protein
replacement mediated by controlled degradation of irre-
versibly damaged proteins followed by transcription, trans-
lation, folding and assembly of new functional proteins.
Noticeably, in terms of ATP cost, it is energetically cheaper
to repair structurally damaged proteins with unfolding
chaperones than to degrade them by the proteasome and
synthetize replacements at the cost of at least two ATP mol-
ecules per peptide bond.37
Mature erythrocytes are an extreme case of living cells

that completely lack protein replacement mechanisms. This
leaves protein repair as the sole mechanism to counteract
the time-dependent entropic decay of labile proteins into
aggregates and support erythrocyte survival in circulation.
Intriguingly, we detected all the components of the Hsp70
chaperone system necessary for protein repair in the vestig-
ial proteome of mature red blood cells. These include the
constitutively expressed HSPA8, a selective set of JDP
cochaperones (DNAJA and DNAJB) that recognize misfold-
ed/aggregated proteins, and Hsp110-type nucleotide
exchange factors that support protein disaggregation/
refolding in human cells (Figure 5C; Online Supplementary
Tables S1-2).82-84,86,98,99 When combined, the identified Hsp70
chaperone system components were 14-fold more enriched
in mature erythrocytes with respect to Jurkat cells (Figure
5A, red bars). Interestingly, the DNAJA and DNAJB cochap-
erones showed significant qualitative rearrangements in
mature erythrocytes, compared to Jurkat cells (Figures 5B
and C). The JDP composition shifted from a
DNAJA:DNAJB ratio of ~2:1 in Jurkat cells (Figure 5B) to a
DNAJB class-dominated ratio (approximately
DNAJA:DNAJB = 1:9) in erythrocytes (Figure 5C). Hsp110
cochaperones were also re-arranged in erythrocytes;
HYOU1 (the ER-resident HSP110) and HSPH3 (APG-1,
cytosolic) were considerably depleted, while the proportion
of HSPH2 (APG-2, cytosolic) was only slightly decreased
from ~9% (of the Hsp70/110 chaperome) in Jurkat cells to
~7% in total erythrocyte cytosol (Figures 5B and C). In
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Figure 5. Hsp70 mediates protein repair function in mature erythrocytes. (A) Mass-fraction abundance of proteins in mature erythrocytes. Black bars indicate mass-
wise enrichment or depletion of selected proteins and protein categories in total erythrocytes in comparison to unstressed Jurkat cells (control). Red bars indicate
adjusted fold changes in the enrichment or depletion of selected proteins and protein categories normalized to the average abundance of all non-hemoglobin (Hb)
proteins in total mature erythrocytes over Jurkat cells. Proteins linked to oxidative stress, cytoskeleton, ubiquitin/proteasome, glycolysis/tricarboxylic acid (TCA)
cycle/pentose phosphate (PP), mitochondria, endoplasmic reticulum (ER) lumen and ribosomes were defined according to gene ontology annotations; the remaining
categories (Hb, carbonic anhydrase, HSPA1A, Hsp70 system, Hsp60, Hsp90) were custom-defined. (B-C) Mass fractions of members of the Hsp70 system comprising
of Hsp70, J-domain proteins (JDP) and nucleotide exchange factors (NEF) in unstressed Jurkat cells (B) and in mature erythrocytes (C). Values within brackets indicate
mass fraction of Hsp70 chaperones and cochaperones as percent of the total proteome. NEF types include HSPBP1 and BAG-family proteins. Hsp110-type NEF vital
for protein disaggregation (HSPH1-3) are indicated separately. A complete list of mass fractions of individual chaperones and cochaperones are provided in the Online
Supplementary Tables S1-2. (D) Surface representation of the human 26S proteasome (PDB entry 5L4G). Core particle (CP) in green; regulatory particle (RP) in
orange. (E-F) Mass fractions of members of the ubiquitin proteasome system (UPS) in unstressed Jurkat cells (E), and in mature erythrocytes (F). E1, E2 and E3 ubiq-
uitin ligase enzymes indicated in different shades of blue. Ubiquitin (Ubi), CP, RP proteins are shown in yellow, green and orange, respectively. Values within brackets
indicate mass fraction of the protein/protein groups as percent of the total proteome. Complete list of mass fractions of individual chaperones and cochaperones
are provided in the Online Supplementary Tables S3-4. The analyzed proteomics datasets were obtained from Label-Free Quantification (LFQ) experiments.5,94,95,149

For each quantified protein/protein group, LFQ values were obtained from the MaxQuant software150 and were proportional to the mass-wise abundance of the cor-
responding polypeptides. LFQ values were normalized by the sum of all LFQ values from a given sample and indicated as the relative mass-wise abundance of a pro-
tein/protein group and termed as mass fractions. (G) Putative Hsp70-based protein repair-only functions in mature erythrocytes. 
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essence, quantitative proteomic analysis revealed a strong
bias towards maintaining a set of fully operational Hsp70
machineries conceivably functioning in specific protein
repair activities important for the survival of mature ery-
throcytes (Figure 5G). We also noticed a clear enrichment
of the stress-induced form of Hsp70, HSPA1A (13-fold
more enriched than in Jurkat cells, and >3,500 times more
abundant than the average non-Hb protein) in mature ery-
throcytes (Figures 5A and C). Analysis of the levels of this
chaperone during red blood cell formation indicated that
the HSPA1A is present 83-fold higher even in erythroblast
progenitors compared to unstressed Jurkat cells, and then
only decreases approximately 10-fold during terminal dif-
ferentiation (Figure 2B; Online Supplementary Figure S1).
The high levels of HSPA1A perhaps largely facilitate the
blocking of erythroblasts from undergoing premature
apoptosis during differentiation.89-91 However, in mature
erythrocytes, HSPA1A may serve a different purpose
where it could also form chaperone machines that prima-
rily solubilize and repair misfolded/aggregated proteins.
Functional studies are now required to deconvolute from
the alternative, whereby some of the more abundant chap-
erones such as the Hsp70 linger in mature erythrocytes
simply because of an incomplete proteome reduction.
We also noticed the retention of a fully functional UPS,

perhaps more fine-tuned to the needs of mature erythro-
cyte maintenance (Figures 5A, D to F; Online
Supplementary Tables S3-4). Although UPS proteins are 10-
fold less abundant in erythrocytes than in Jurkat cells,
they are 32-times less depleted than the average non-Hb
protein (Figure 5A). A basal protein degradation system is
likely needed to prevent the cytotoxic accumulation of
terminally-damaged proteins in these cells (Figure 5G). As
expected, the E2-E3 hybrid enzyme UBE2O was present
in mature erythrocytes perhaps to more selectively target
unpaired/damaged α-globin chains.27 We also, however,
observed a considerable enrichment of Cullin-RING E3
ubiquitin ligase family members. It is somewhat puzzling
as to why such E3 ubiquitin ligases are retained in post-
mitotic terminally differentiated erythrocytes, given that
their functions are mainly associated with gene transcrip-
tion, cell cycle and development.100 In contrast, we
observed the absence of E3 ubiquitin ligases that target
misfolded proteins for degradation, such as members of
the UBR family101-103 and STUB1/CHIP, which directly
binds and ubiquitinate Hsp70 substrates104 (Online
Supplementary Tables S3-4). This implies that protein
degradation is considerably regulated and clearance of
misfolded proteins might be kept to a minimal to further
promote protein repair over proteolysis in mature ery-
throcytes. Importantly, we also detected an enrichment
of metabolic enzymes required to support glycolysis and
the pentose phosphate cycle. These catabolic and meta-
bolic pathways are vital for importing and breaking down
glucose to produce ATP. The ATP generated from an
active glycolysis reaction could supply the energy needed
to support (i) chaperone-based protein repair (ii) UPS-
mediated protein degradation and (iii) active ion pumps
required for maintaining the steep ion gradients across
plasma membrane in erythrocytes. Taking everything
into account, it is intriguing to speculate that the retained
Hsp70 chaperone system together with the UPS is cogged
towards primarily repairing proteins in mature red blood
cells. This is of particular interest given the wide array of
hematological diseases associated with Hb aggregation.

Hsp70 associated blood disorders

The Hsp70 chaperone has been implicated in the
pathophysiology of several prominent blood disorders in
humans. Below we describe how this chaperone system
may act as an important modifier which influences both
the severity and progression of hematological disorders
such as b-thalassemia, sickle cell disease, myelodysplastic
syndromes, polycythemia vera and Diamond Blackfan
anemia. Importantly, the ineffective erythropoiesis
observed in these disorders is intimately linked to several
key functions of the Hsp70 chaperone system in red
blood cell differentiation.

Mislocalization of Hsp70 drives ineffective 
erythropoiesis in b-thalassemia

b-thalassemia is an autosomal recessive disease with
three clinical phenotypes: b-thalassemia major (severe
anemia), intermedia (mild to moderate anemia) and
minor (clinically asymptomatic, patients act as “carriers”
of the disease). One hallmark of this disease is the prema-
ture apoptosis of differentiating erythroblasts in the bone
marrow and the rapid destruction of circulating erythro-
cytes by the reticuloendothelial system. b-thalassemia
arises from a series of point mutations and deletions that
reduce or prevent the production of functional b-globin.
The decrease in b-globin levels correlates with the sever-
ity of the condition.105 Apart from the mutation driven b-
globin dosage effect, it was also found that the co-inheri-
tance of the genetic variants of the globin genes has a
modifying effect on the severity of the disease,105,106 which
could be partly attributed to protein misfolding and
aggregation. At a mechanistic level, the decrease in b-glo-
bin levels leads to increased aggregation of unpaired α-
globin chains,107 which triggers acute oxidative stress in
erythroblasts leading to premature apoptosis.108
The Hsp70 chaperone system plays a pivotal role in the

pathogenesis of b-thalassemia. During erythropoiesis, the
stress-induced form of Hsp70 (HSPA1A) translocates in to
the nucleus to protect GATA-1 from caspase-3 cleavage
and initiate terminal differentiation (Figure 4).65 However,
in b-thalassemia, this translocation step is largely imped-
ed as a result of Hsp70 being sequestered into cytosolic
aggregates formed by excess unpaired α-globin chains.66
This ultimately results in GATA-1 cleavage, which trig-
gers ineffective erythropoiesis leading to anemia. In par-
allel, sequestration of cytosolic Hsp70 by protein aggre-
gates could also i) compromise the overall chaperoning
capacity of early erythroblasts and ii) affect protein syn-
thesis due to HRI activation.76 Although, a reduction in
protein synthesis may temporally help prevent further
accumulation of aggregate-prone proteins, such as α-glo-
bin chains,76 it may also considerably affect the overall Hb
biogenesis in these already compromised red blood
cells.77 This mechanism may partly contribute to microcy-
tosis that causes mild anemia in b-thalassemia minor. 
A recent breakthrough study showed an unexpected

suppression of the disease phenotype in a mouse model
of b-thalassemia intermedia when UBE2O, which helps
clear unpaired α-globin chains, was knocked out (Hbbth3/+
Ube2o−/−).27 The mitigation of anemia in these animals
resulted from an increase in erythrocyte levels.
Intriguingly, the erythrocytes generated in Hbbth3/+ Ube2o−/−
animals were relatively healthier to those that were pro-
duced in Hbbth3/+ genetic background. The Hbbth3/+ Ube2o−/−
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erythrocytes also showed a dramatic decrease in the lev-
els of aggregated Hb. The authors speculated that the
observed decrease in α-globin aggregation resulted from
an increase in eIF2α phosphorylation, which reduced the
production of globin chains (approximately 20% and
40% reduction in α- and b-globin, respectively, compared
to control animals).27 However, the steady-state α-glo-
bin:b-globin ratio in the soluble protein fraction, in which
the aggregate prone α-globin was still largely in excess,
did not change between Hbbth3/+ and Hbbth3/+ Ube2o−/− cells.
A closer look at the chaperone levels in the Hbbth3/+ Ube2o−/−
erythrocytes suggests an alternative explanation. The
study shows that the deletion of UBE2O resulted in ele-
vated levels of AHSP. Similarly, the Hsp70 and Hsp90
chaperone systems were also induced in these cells.27 Such
chaperone inductions could boost the protein repair
capacity consequently leading to the observed decrease in
α-globin precipitation in Hbbth3/+ Ube2o−/− erythroblasts
despite defects in degrading excess α-globin. The moder-
ate decrease in α-globin synthesis may also help reduce
the burden on PQC machineries contributing to the
remarkable rescue of erythroblasts in the Hbbth3/+ Ube2o−/−
animals. Based on the findings from our proteomics data
analysis (Figure 5), we speculate that the degradation of a
certain amount of damaged proteins, despite the inability
to replace them, might be tolerated and perhaps advanta-
geous for the long-term survival of mature erythrocytes
under healthy conditions. However, in unhealthy ery-
throblasts (e.g., early b-thalassemic erythroblasts108), a
strong induction of the UPS due to stress could generate
an aberrant PQC condition where even foldable conform-
ers of proteins might be partitioned towards rapid degra-
dation.101 Such a condition could disrupt the fine balance
between protein repair and clearance in these cells (Figure
5G). A careful study of the potential misregulation of
PQC pathways in erythroblasts is required to fully com-
prehend the underlining mechanism of pathology in b-
thalassemia. It is tempting to speculate that even slight
increases in the levels of certain Hsp70 machineries at
pre- or very early stages of erythropoiesis may favorably
tilt the folding equilibrium of globin chains and minimize
the formation of cytotoxic Hb aggregates. Such chaper-
one manipulations at clinical level could result in reducing
the symptoms of b-thalassemia.

Hsp70, a key modulator of inflammation in sickle cell
disease?  
Sickle cell disease (SCD) is another autosomal recessive

genetic disorder associated with chronic anemia. SCD
results from massive cyclic-polymerization of a structurally
aberrant variant of adult Hb S (HbS) under hypoxic condi-
tions. The resulting HbS fibers deform mature erythrocytes
into rigid “sickle” shaped cells that aggregate and readily
undergo premature destruction in the vasculature.
Whether these conditionally formed reversible protein
fibers (distinct from amyloid-type fibers formed e.g., in
neurodegenerative disorders) trigger any proteostasis insult
involving the Hsp70 system is unknown. The Hsp70 chap-
erone, however, may play an important role in activating
the inflammatory response in SCD.109,110 Stressed cells have
been observed to secrete Hsp70 into the extracellular
matrix.109 Immune cells generate specific peptides from
secreted Hsp70 that act as key mediators of stress-induced
inflammation.111-113 A considerable buildup of circulating
Hsp70 levels have been detected in patients with SCD109

suggesting that there is an active secretion of Hsp70 by
blood cells. Under hypoxic conditions, sickled erythrocytes
show differential recruitment of the stress-inducible
HSPA1A to the cell membrane,114 possibly representing an
early step in this secretion process. Interestingly, a similar
observation was recently noted in b-thalassemia interme-
dia.115 Together, the observations suggest that the high lev-
els of extracellularly circulating Hsp70 may serve as an
important immune modulator that trigger inflammation in
these hemoglobinopathies, leading to increased red blood
cell destruction by macrophages. 

Haploinsufficiency of Hsp70 associated with 
myelodysplastic syndromes 
Myelodysplastic syndromes (MDS) are a heteroge-

neous, but closely related group of hematopoietic malig-
nancies characterized by ineffective erythropoiesis lead-
ing to peripheral blood cytopenias.116 The mitochondria
localized HSPA9 is strongly implicated as a protein that
contributes to MDS. The HSPA9 locus (5q31.2) is fre-
quently deleted in patients with MDS, leading to a hap-
loinsufficiency of this chaperone.117 Recent work showed
that mutating HSPA9 causes an MDS-like phenotype in
zebrafish118 and a knockdown in rodents results in con-
siderable delay in erythroid progenitor maturation.58
HSPA9 is implicated in the pathogenesis of MDS at two
levels. First, the haploinsufficiency of the chaperone may
contribute to the phenotype as a result of altered mito-
chondrial import and refolding of heme-synthesis
enzymes required for heme biogenesis during erythro-
poiesis.55 Second, a decrease in HSPA9 could activate
p53, a nuclear transcription factor, resulting in cell cycle
arrest and premature apoptosis of hematopoietic progen-
itor cells.57
Further, a recent study demonstrated that defects in

EPO induced nuclear translocation of Hsp70 in erythrob-
lasts could also be an important driver of these
disorders.119 The ineffective erythropoiesis observed in
MDS could largely be reversed by protecting GATA-1
from caspase 3 cleavage using an Hsp70 variant (lacking
the nuclear export signal) that accumulates in the nucle-
us.119 Protein aggregates containing aberrant p53 (as in
cancer cells)120,121 have been detected in erythroblasts in
some forms of MDS.122 These aggregates could conceiv-
ably sequester Hsp70, thus triggering ineffective erythro-
poiesis in a similar mechanism to that in b-thalassemia.
Alternatively, defective EPO signaling or/and other
mechanisms affecting nuclear transportation of proteins,
could lead to the Hsp70 trafficking defect observed in
MDS.119

Hsp70 is a modifier of polycythemia vera
Polycythemia vera is a hyperproliferative disorder char-

acterized by increased synthesis of red blood cells result-
ing in hyperviscosity of whole-blood. Recent proteomic
studies on polycythemia vera have shown that increased
levels of Hsp70 along with Hsp90 stabilize JAK2 kinase.
This triggers a prolonged aberrant activation of the
kinase, which results in massive proliferation of erythroid
progenitors and abnormal stimulation of erythro-
poiesis.123-126 Inhibition of either Hsp70 or Hsp90 has been
demonstrated to promote the apoptosis of the abnormal-
ly proliferating erythroid progenitors and is currently
being investigated as a potential therapeutic approach to
delay the progression of this disease in humans.123,126
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Haploinsufficiency of Hsp70 modulates Diamond
Blackfan anemia
Diamond Blackfan anemia (DBA) is a rare congenital

bone marrow failure syndrome resulting from ineffective
erythropoiesis.127 In this disease, erythroid differentiation
arrests between BFU-E and CFU-E stages.128 More than
70% of the cases of DBA occur due to haploinsufficiency
of genes that encode for the small and large ribosomal
subunit proteins.129-131 The defective ribosome biogenesis
triggers ineffective erythropoiesis in part due to the
decreased production of GATA-1.132 This is further pro-
moted by imbalances in globin chain and heme synthesis
leading to α-globin aggregation and induction of oxida-
tive stress in erythroblasts133 similar to b-thalassemia.
Additionally, in DBA associated with RPL11, but not
RPL19 haploinsufficiency, the Hsp70 chaperone is consid-
erably degraded in the erythroblasts via the UPS.133,134 The
reason for the rapid degradation of Hsp70 in some per-
mutations of this disorder remains unclear. Recent work
shows that aberrations in chromatin organization result-
ing from low levels of the global chromatin organizer
SATB1 prevents the induction of Hsp70 in early erythrob-
lasts in DBA.135 Together, these observations suggest that
the differential Hsp70 expression and degradation rates
may have considerable effect on red blood cell viability,
differentiation and Hb biogenesis, thus partly explaining
the variability in the observed phenotypes of DBA.
Remarkably, the restoration of Hsp70 levels in affected
erythroblasts inhibits premature apoptosis and substan-
tially restores erythropoiesis in DBA,133,134 thus providing
an important therapeutic avenue for the treatment of this
blood disorder.

A predicted pathological role for Hsp70 in congenital
sideroblastic anemias
Congenital sideroblastic anemias (CSA) are inherited

rare blood disorders characterized by erythroblasts dis-
playing ring sideroblasts formed by the pathological dep-
ositions of iron in mitochondria. Patients with CSA show
a significant reduction in the regeneration of erythrocytes
leading to anemic conditions. The ineffective erythro-
poiesis in CSA is caused by defects in iron-sulfur cluster
biogenesis essential for a broad range of cellular func-
tions. Patients with CSA show mutations in genes direct-
ly (e.g., GLRX5, ABCB7)136,137 and indirectly (e.g.,
HSPA9)138,139 associated with this biosynthetic pathway. It
is important to note that the ring sideroblasts are uncom-
mon in MDS cases that are also associated with HSPA9
deletion mutations (see above), but whether this is due to

an epistatic suppression by another modifier remains to
be investigated.138 As in CSA, HSPA9 may also play an
indirect role in some forms of dyserythropoietic anemias
that are also characterized by pathological iron-loading
defects and ineffective erythropoiesis140 and warrants fur-
ther investigation.

Age-associated anemia 
Aging is attributed to a decline in hematopoiesis with

high incidents of anemia.141 The viability and self-renewal
of HSC/early erythroid progenitors depend on maintain-
ing robust PQC activity and high levels of Hsp70.142,143,144
These abilities decline in stem cells during aging.145,146 As a
consequence, Hsp70-mediated functions such as mainte-
nance of erythroid dormancy, cell cycle quiescence and
cell cycle entry may breakdown leading to an age-related
exhaustion of HSC. 

Concluding remarks

Recent findings have considerably broadened our under-
standing of the multifaceted roles of Hsp70 in erythrocyte
differentiation and how deficiencies in its activity modify
several blood disorders in humans. The tuning of the
Hsp70 chaperone system to cater to different PQC needs
during erythropoiesis sheds extremely valuable insight on
cell repair and viability and provides a conceptual frame-
work for investigating chaperone-based therapeutic
avenues for a wide spectrum of blood disorders.
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