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Abstract
The highly evolutionarily conserved 70 kDa heat shock protein (HSP70) family was first
understood for its role in protein folding and response to stress. Subsequently additional functions
have been identified for it in regulation of organelle interaction, of the inflammatory response, and
of cell death and survival. Overexpression of HSP70 family members is associated with increased
resistance to and improved recovery from cerebral ischemia. MicroRNAs (miRNAs) are important
post-transcriptional regulators that interact with multiple target messenger RNAs (mRNA)
coordinately regulating target genes, including chaperones. The members of the HSP70 family are
now appreciated to work together as networks to facilitate organelle communication and regulate
inflammatory signaling and cell survival after cerebral ischemia. This review will focus on the
new concept of the role of the chaperone network in the organelle network, and its novel
regulation by miRNA.
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Introduction
Although many clinical trials have been completed in stroke, none have demonstrated
clinical protective efficacy. Suggested reasons for the many failures include the complex
interplay among signaling pathways and the potentially short therapeutic window for acute
neuroprotection. Increasing evidence supports the involvement of microRNAs (miRNA) in
the response to cerebral ischemia, as we have reviewed recently [1]. The faster post-
transcriptional effect of miRNAs, and their ability to simultaneously regulate many target
genes, suggests that miRNAs may have greater therapeutic potential as candidates for the
treatment of stroke than therapies targeting a single gene by direct transcriptional control
[1]. Further increasing their potential for translation is the fact that miRNAs are already in
clinical trials, suggesting that formulation and administration will be straightforward in a
new disease setting or for a new miRNA target.

In animal models, focal ischemia/stroke and global ischemia have many similar underlying
injury mechanisms, including excitotoxicity, mitochondrial dysfunction, calcium
dysregulation, oxidative stress [2, 3] and inflammation, though with regard to inflammation
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fewer studies have been performed in the setting of global ischemia [4, 5]; see more detailed
discussion in section 3 below. Molecular chaperones or stress proteins can protect
mitochondrial function, reduce oxidative stress, regulate inflammation, and protect from
cerebral ischemia [3, 6, 7]. The importance of the chaperone network in the context of
endoplasmic reticulum (ER)-mitochondrial crosstalk during cerebral ischemia was reviewed
recently [8]. This review summarizes current knowledge about the roles of chaperones as
regulators of the organelle network and of the inflammatory network, focusing on the
regulation of the chaperone network by miRNAs.

1. The HSP70 family in cerebral ischemia- a functional network
Molecular chaperones are a functionally related group of proteins that assist protein folding
in bacterial, plant, and animal cells. These highly evolutionarily conserved proteins are also
called heat shock proteins (HSPs) due to the original identification of several family
members as induced by heat stress, and are classified by size. The 70 kDa family is the most
extensively studied ATP-dependent chaperone family, and includes a cytosolic form HSP73
(also Hsc70), an inducible cytosolic form HSP72, a mitochondrial form HSP75/mortalin,
and an endoplasmic reticulum (ER) form, HSP78/BIP. These proteins facilitate correct
folding of nascent and unfolded proteins and, importantly, regulate the assembly of protein
complexes involved in specific organelle functions such as protein import and folding in the
ER and mitochondria. Work from our lab and several others has demonstrated
neuroprotection from ischemic brain injury with overexpression of chaperones and co-
chaperones, both in animal stroke models and in in vitro cultures as described in the next
sections.

A. HSP72—The Hspa1a and Hspa1b genes encode stress-inducible 72-kDa heat shock
proteins (HSP72), which are highly conserved from bacteria to mammals: the amino acid
sequences of the E. coli and human homologs are −50% identical [9]. HSP72 is a largely
cytosol localized member of the HSP70 family but can also be released and function as an
extracellular signal (for a review, see Giffard, Han [6]). HSP72 consists of a 44-kDa ATPase
domain at the amino terminal end, an 18-kDa peptide or substrate binding domain toward
the carboxy terminal end, and a 10-kDa domain terminating in the highly conserved EEVD
sequence at the carboxy terminus [10].

Overexpression of HSP72 has been shown to protect both in animal and cell models of
cerebral ischemia [6, 11–18]. Interestingly, studies have demonstrated that the carboxyl-
terminal half of HSP72 is sufficient for protection from cerebral ischemia in vivo and in
vitro [19, 20]. Our recent findings indicate that astrocyte targeted overexpression of HSP72
reduces neuronal vulnerability to forebrain ischemia [3], improves long term recovery after
focal cerebral ischemia [21], and has an effect on the evolution of astrocyte activation
following stroke [22].

As described previously, multiple mechanisms are involved in the protective role of HSP72
in cerebral ischemia [6, 23, 24]. As a chaperone, HSP72 can bind and sequester nascent
peptide sequences or partially denatured proteins to prevent harmful aggregation and can
facilitate refolding of denatured proteins to active conformations. HSP72 is known to protect
from both necrotic and apoptotic cell death, and affects several different steps in the
apoptosis cascade including reducing mitochondria-dependent apoptotic signaling (see Fig.
1 in Giffard, Han [6]). Viral vector-mediated HSP72 overexpression was associated with
increased levels of BCL2 protein, a key anti-apoptotic protein, and protection from global
ischemia [25]. HSP72 also plays an important role in modulating inflammation caused by
cerebral ischemia [6, 18, 26]. Inflammatory responses include the activation of resident
microglia and astrocytes, as well as recruitment of peripheral inflammatory cells. HSP70
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family members play a crucial role in modulating these responses; one key aspect of
HSP72’s modulatory effects on inflammation is its regulation of the NF-kB pathway (Fig. 2
in Giffard, Han [6]; Sheppard, Sun [27]). We will discuss this further in the section about
chaperone control of inflammatory signaling.

B. GRP75/mortalin—GRP75 (also HSP75/mtHSP70/mortalin) is a constitutively
expressed glucose regulated protein largely localized to mitochondria. GRP75 is also called
heat shock 70kDa protein 9 and is encoded by the Hspa9 gene. GRP75 is an essential
protein as knockout is embryonic lethal. It is a mitochondrial chaperone, and a vital
component of the mitochondrial protein import machinery [28]. It is increased in response to
some stresses, including ischemia and glucose deprivation. GRP75 mRNA increases in the
ischemic region within 24 h of transient (30 min) focal brain ischemia [29]. Several studies
have shown that overexpression of GRP75 reduces damage in both in vitro and in vivo
models of ischemic stroke [16, 30]. The mechanisms of GRP75 protection against ischemia
include: attenuated oxidative stress, preservation of mitochondrial function, inhibition of
apoptosis, and enhanced neurogenesis. For the protective effect of GRP75 on ischemic brain
injury and the mechanisms involved, the reader is referred to a recent review [31].

C. GRP78/BIP—GRP78 (also HSP78/BIP) is a constitutively expressed glucose regulated
protein and also referred to as immunoglobulin heavy chain binding protein (BIP). GRP78 is
largely localized to the endoplasmic reticulum (ER), is strongly induced by ER stress and is
a master regulator of the unfolded protein response. GRP78 is encoded by the Hspa5 gene.
Due to recent findings that significant amounts of GRP78 are present on the surface of
cancer cells, it has emerged as an important regulator of tumor cell viability signaling, and
cell surface GRP78 is now being used for therapeutic targeting [32]. GRP78 plays a critical
role in physiologic and pathologic stress [33], including developmental and neurological
disorders [34]. As a multifunctional receptor on the cell surface [35], GRP78 may be
associated with the AKT and ERK signaling pathways [32]. Several studies suggest that
GRP78 plays a role in the regulation of cell death, including both apoptotic Purkinje cell
death in the cerebellum [36] and autophagy [37], both relevant for brain cell loss following
ischemia. Two reports show that prior induction of increased levels of GRP78 with a
pharmacological inducer reduces neuronal loss in both forebrain [38] and focal cerebral
ischemia [39]. We recently showed that GRP78 overexpression protects primary cultured
astrocytes against ischemic injury in vitro [7]. We further found that increasing GRP78
protein by downregulating miR-181 protects cerebral ischemia in vitro and in vivo [40].

D. HSP70 family functions in a chaperone network—Recently a more complex,
integrating role of these heat shock proteins has been recognized, that of stabilizing
intracellular morphological and functional networks through protein-protein interactions
with numerous client proteins [41–43]. This chaperoning network concept is increasingly
accepted as a basic regulatory mechanism involved in diverse cellular functions [43, 44].
These networks allow the cell to change phenotype by releasing client proteins from
chaperones allowing them to be activated, or in some cases released and degraded. These
functional adjustments are rapid, do not require protein synthesis, and facilitate calibrated
and integrated adaptation to changing conditions. Changes in binding partners leading to
changes in outcome are well captured in computational modeling. Examples of these
networks include the organelle network and inflammation network as detailed below.

2. Chaperones participate in the organelle network
Just as our view of the interactions of proteins within the cell is evolving, our appreciation of
the interdependence of organelle function within the cell is changing. Mounting evidence
has identified communication between organelles which allows them to work effectively
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together. This produces a coordinated response to changing environmental and intracellular
conditions. Chaperones facilitate organelle interactions; their induction with stress increases
their capacity. By translocating between organelles, chaperones either couple the stress
response with increased communication, or if the chaperones are titrated away by unfolded
proteins, this may reduce organelle communication. A major example of organelle
coordination of particular relevance to ischemia is the cooperation between the ER and
mitochondria in the regulation of intracellular calcium (Fig. 1).

The ER is a multifunctional organelle central to Ca2+ homeostasis, protein synthesis, protein
trafficking and secretion, and the regulation of apoptosis [45, 46]. Mitochondria are the site
of oxidative phosphorylation dependent ATP generation, and they integrate and transduce
apoptotic signals and also help regulate intracellular Ca2+. Recent work demonstrates the
close association of mitochondria with specialized regions of the ER, the mitochondria-
associated ER membrane, MAM. This coupling is regulated by cytosolic Ca2+ levels [47].
Signaling from the ER to mitochondria can be critical in the induction of mitochondrial
dependent cell death pathways [48–51].

A. Mitochondria and MAM in cerebral ischemia—Mitochondria play a central role in
normal neuronal cell function by controlling cellular energy metabolism and producing
reactive oxygen species (ROS), but also as a central regulator of cell death both via release
of apoptotic factors into the cytosol and acting as a target for apoptosis regulatory proteins
[52–55]. Furthermore, mitochondrial function has a direct effect on inflammation and
neurogenesis [56, 57]. One accepted cell death mechanism triggered by cerebral ischemia is
mitochondrial permeability transition (MPT) pore opening, and excessive mitochondrial
matrix Ca2+ accumulation and its release to the cytosol is a critical step in this cell death
pathway (for a recent review, see Ouyang and Giffard [8]).

Mitochondria can accumulate large amounts of calcium through a Ca2+-selective channel
known as the mitochondrial Ca2+ uniporter (MCU) [58, 59]. MCU has a relatively low Ca2+

affinity [60] but in response to cytosolic Ca2+ transients not exceeding concentrations of 1–3
μM, mitochondrial Ca2+ concentrations rise almost simultaneously to values above 10 μM
[61].

The existence of close contact points between the ER and mitochondria, MAM, is thought to
provide a selective direct pathway for calcium to transit from the ER to mitochondria. MAM
has been demonstrated for rat brain [62]. The inositol trisphosphate receptor (IP3R) and the
ryanodine receptor, Ca2+ release channels in the ER, and the voltage dependent anion
channel (VDAC) in the mitochondrial outer membrane are important nodes of this
interaction network [63–66], critical participants in MAM that define the main calcium
transfer route between ER and mitochondria. Upon cell stimulation, the release of high
concentrations of Ca2+ at the MAM leads to the formation of microdomains of high Ca2+

concentration that are crucial for efficient Ca2+ uptake by mitochondria [67, 68].

B. Chaperone network control of MAM—Several important chaperones including
several HSP70 family members are enriched in MAM (Fig. 1) and may play a key role in
regulating Ca2+ signaling between ER and mitochondria. HSP75 directly interacts with both
VDAC and IP3R, playing a central role in scaffolding this ER-mitochondrial complex [69].
It was demonstrated that isoform 1 of VDAC is physically linked to the ER Ca2+-release
channel IP3R through GRP75, highlighting chaperone-mediated conformational coupling
between the IP3R and the mitochondrial Ca2+ uptake machinery. It was found that the
mitochondrial chaperone GRP75 regulates IP3R-mediated mitochondrial Ca2+ signaling
[69]. Overexpressing GRP75 protected ATP levels and mitochondrial function, and reduced
ROS accumulation during glucose deprivation in neuronal cells [70]. We have found that

Ouyang and Giffard Page 4

Transl Stroke Res. Author manuscript; available in PMC 2014 December 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



overexpression of GRP75 improved mitochondrial function after in vivo and in vitro
cerebral ischemia [16, 30]. The improved mitochondrial function includes protection of
complex IV activity, marked reduction of ROS, reduction of lipid peroxidation, increased
preservation of ATP levels in vivo [16], and preserved mitochondrial membrane potential,
decreased ROS production, and preserved ATP levels in vitro [30].

Normally, ER chaperone GRP78/BIP forms a complex at the MAM with SIG1R, a Ca2+-
sensitive and ligand-operated receptor chaperone at the MAM [71]. Upon ER Ca2+ depletion
or after ligand stimulation, GRP78 can dissociate from SIG1R. GRP78 has been found to be
one of the VDAC interactors (Table 1 in Szabadkai, Bianchi [69]) together with GRP75. We
recently found that a fusion protein consisting of green fluorescent protein (eGFP) fused
with GRP78 retargets to mitochondria within a short period of ischemia-like stress [8] and
overexpressing GRP78 preserves respiratory activity and mitochondrial membrane potential,
reduces ROS production, reduces mitochondria Ca2+ overload, and increases Ca2+ uptake
capacity in isolated mitochondria after stress [7]. A prior report in 9L tumor cells
demonstrated relocalization of GRP78 to mitochondria after induction of ER stress by
thapsigargin [72].

HSP72 participates in protein import/sorting at MAM [1, 73] and regulates BCL2, an anti-
apoptotic protein associated with Ca2+ homeostasis in MAM [74, 75]. HSP72
overexpression increases the expression of the anti-apoptotic protein BCL2 in vitro and in
vivo [25]. While overexpression of HSP72 and its mutants is associated with maintenance of
mitochondrial physiology during ischemia-like stress [19], HSP72 may also directly
interfere with cell death pathways and inflammatory signaling [6, 24, 76]. Fig. 1 summarizes
the chaperone control of MAM Ca2+ signaling.

3. Chaperones participate in the inflammatory network
A. Immune response following stroke—Recent clinical and experimental studies have
highlighted a complex role for the immune system in the pathophysiological changes that
occur after stroke [77–80]. The concentration of various cytokines is increased in the
cerebrospinal fluid [81] and blood [82, 83] of acute stroke patients, and these changes are
associated with clinical events including infection [84], level of functional outcome, and
mortality [48, 81, 85, 86]. Both the sympathetic and parasympathetic arms of the autonomic
nervous system play key roles in immune regulation, and in the setting of stroke,
communicating to the peripheral immune system that a stroke has occurred, leading to direct
modulation of peripheral immune cell function [78, 87, 88].

Cerebral ischemia in animal models induces acute and prolonged inflammatory processes.
Even though multiple cell types including astrocytes, microglia and neurons may be
involved in the inflammatory response in the brain after stroke we will focus on microglia
and astrocytes in this review. Inflammation can be detected within a few hours after the
onset of cerebral ischemia and the initial immune response is mostly innate, including
activation of microglia and astrocytes [89–93]. Microglia display a ramified appearance
while in the resting state, but when activated, undergo a series of morphologic changes often
leading to an amoeboid morphology. Microglial activation is the initial step in the CNS
inflammatory response; depending on the stimulus, this step may be followed by infiltration
of macrophages, monocytes, neutrophils, T-cells and other inflammatory cells, and by
reactive astrocytosis [76, 94]. Astrocytes also respond to and produce inflammatory signals
[37] and through their interaction with microglia, neurons, and endothelial cells help
determine the outcome from injury. Astrocyte activation is diminished in brains of HSP72
overexpressing mice subjected to focal ischemia [22].
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Acute brain insult triggers an innate immune response via several mechanisms. Cellular
injury leads to release of danger associated molecular patterns (DAMPs) which are
recognized by and trigger the innate immune response. Activation of toll-like receptors
(TLR) by DAMPs leads to activation of pro-inflammatory signaling by activation of
inflammasomes, with activation of both transcription factor nuclear factor-kappa B (NF-kB),
and activation of caspase 1 leading to release of processed IL-1β [95]. TLR2 or TLR4, but
not TLR3 or TLR9, knock-out mice have neuroprotective effects against focal cerebral
ischemia [96, 97]. Recent studies indicate that mitochondrial ROS also act as signaling
molecules to trigger proinflammatory cytokine production [98–101] through NF-kB
transcriptional activation. ROS cause phosphorylation of IKK [102, 103] and
phosphorylated IKK causes the phosphorylation of IkB, leading to the ubiquitination and
degradation of IkB, and the release of NF-kB.

The NF-kB transcriptional activation pathway is considered to be a “master regulator” of
inflammation and critical to the regulation of apoptosis [104, 105] (Fig. 2). NF-kB is a
family of dimeric transcription factors that regulate the transcription of hundreds of genes in
a coordinated manner in response to an inducing signal. In resting cells NF-kB is found
primarily in the cytosol bound to its inhibitor IkB proteins. Upon stimulation by cytokines or
other inducers, IkB proteins are targeted for proteasomal degradation by the IkB kinase
(IKK). Once IkB degrades, NF-kB translocates to the nucleus and binds DNA at kB sites in
the regulatory region of pro-inflammatory genes and promotes their transcription [106, 107].
Its target genes also include its own inhibitors and other regulatory proteins that form a
complex network that tightly regulates the dynamic response and gene transcription. An
ordinary differential equation computational model of NF-κB activation specific for
microglia has been developed recently to better understand the regulation of NF-κB
activation at a systems level in this individual cell type [27].

B. Chaperones regulate inflammation signaling—The HSP70 family modulates
inflammation via several mechanisms as reviewed previously [6, 26, 76, 108]. In this section
we focus on its relation with NF-kB pro-inflammatory signaling. HSP72 interacts with TLR
pathway activation [109] and the NF-kB signaling pathway. Intracellular overexpression of
HSP72 or its intracellular induction by heat stress has been shown to decrease NF-kB
activation in astrocytes [110]. Activation of NF-kB was inhibited significantly in HSP72
overexpressing microglia and transgenic mice [18]. HSP72 binds to the NF-kB:IkB complex
preventing IkB phosphorylation by IKK and NF-kB dissociation [18]. In another context
HSP72 was found to bind IKK to impair NFkB signaling [111].

Potential anti-inflammatory effects of GRP75 remain largely unexplored. We recently found
that overexpression of GRP75 is able to modulate the LPS-induced pro-inflammatory
response of microglial cells [112]. We observed that LPS treatment promoted significant
increases in mitochondrial ROS levels as well as the proinflammatory cytokines TNF-a and
IL-6, which were significantly reduced by GRP75 overexpression. These observations are
consistent with a known role for oxidative metabolism in anti-inflammatory activation
compared to the role of glycolytic metabolism in pro-inflammatory activation [113]. Thus
GRP75 may be acting either indirectly via maintenance of oxidative metabolism, or perhaps
also by an unknown direct mechanism to inhibit NF-kB activation and reduce
proinflammatory cytokine production.

GRP78, also known as immunoglobulin heavy chain binding protein (BIP), is closely related
to autoimmune and inflammatory diseases [114]. GRP78 can act as an anti-inflammatory
factor. Several studies have suggested that GRP78 stimulates the production of the anti-
inflammatory cytokines IL-4 and IL-10 through specific T lymphocytes [115–120].
Furthermore, the pre-administration of GRP78 protein to mice prevents the in vivo induction
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of adjuvant arthritis or collagen-induced arthritis, both of which are well-known models of
autoimmune diseases [117, 119]. In some cell types, GRP78 might be important in the
suppression of NF-kB [121]. It was found that, in murine podocytes, acute ablation of
GRP78 by SubAB caused transient activation of NF-kB. Furthermore, transient transfection
with GRP78 significantly inhibited activation of NF-kB by TNF-a [122].

Since both GRP75 and 78 have effects on oxidative stress and mitochondrial function as
discussed above, they might also have anti-inflammatory effects in stroke by reducing
mitochondrial ROS production and supporting anti-inflammatory activation of immune
cells. Fig. 2 summarizes the chaperone control of the NF-kB inflammation signaling
pathway.

4. miRNAs regulate the chaperone network
The study of miRNAs is rapidly growing and recent studies have revealed that miRNAs
have a significant role in ischemic disease. miRNAs are especially important candidates for
stroke therapeutics because of their ability to simultaneously regulate many target genes, as
targeting single genes for therapeutic intervention has not yet succeeded in the clinic (for a
recent review, see [1]). Further, miRNA based therapeutics are already in clinical trials,
suggesting that translation to new diseases or miRNAs will be relatively straightforward.

A. Translational inhibition of the HSP70 family in cerebral ischemia—Cerebral
ischemia/reperfusion (I/R) injury induces multiple genes [123], which activate molecular
cascades leading to both necrotic cell death in the anoxic core, and delayed apoptotic cell
death in the surrounding penumbra [124, 125]. While the fate of brain cells in the anoxic
core is likely fixed early following the initial insult, cells in the peri-ischemic penumbra
represent targets for rescue from delayed cell death. There is thought to be a temporal
window in which reversal or prevention of induction of the apoptotic cascade can occur, and
such prevention of cell death would be predicted to improve functional outcome. Transient
arrest of protein translation is appreciated to be a stereotypical response to ischemia and a
variety of other cell stresses, including the heat shock response and the unfolded protein
response which may also occur in the setting of ischemia. Transient translational arrest
limits the increase in unfolded/misfolded proteins and allows for rapid induction of a stress
response with selective translation of stress proteins before synthesis of constitutive proteins
resumes. Several biochemical pathways and sequestration of ribosomes are well studied
components of ischemic translational arrest. Prior studies have focused on biochemical
mechanisms of transient translational arrest, particularly phosphorylation of eukaryotic
Initiation Factor 2 α(eIF2α), and sequestration of ribosomes in persistent translational arrest
[126, 127].

More than twenty years ago regional and cellular distributions of HSP72 were investigated
after cerebral ischemia [128]. After global ischemia, HSP72 was induced primarily in CA3
pyramidal neurons and dentate granule cell neurons that survived the ischemic episode,
whereas HSP72 was not induced in CA1 pyramidal neurons destined to die [129]. After
focal cerebral ischemia HSP72 was induced in the penumbra surrounding the infarction core
[130, 131]. Thus HSP72 protein is primarily induced in cells that survive the ischemic injury
and in this setting they function to protect the cells from subsequent lethal injury. These
early studies also reported the interesting finding that induction of HSP72 mRNA was not
always associated with induction of HSP72 protein after cerebral ischemia. Following global
ischemia hsp72 mRNA was induced in CA1 hippocampal pyramidal neurons that failed to
express the HSP72 protein [132]. Similarly Hsp72 mRNA is induced within the MCAO
infarction but HSP72 protein is not [131].
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Post-mortem study of brains of stroke victims found a relatively early increase in GRP78 in
the penumbra [133]. Recently we reported a failure to elevate levels of GRP78 protein in the
core, while GRP78 is induced in the penumbra after transient focal ischemia [40]. Following
1 h middle cerebral artery occlusion, Grp78 mRNA was induced in both ischemic core and
penumbra, while GRP78 protein declined in the core. At present, even though there are
some answers to the question of why translational block of Hsp70 genes occurs in the
ischemic area or in cells destined to die, few reports are available about miRNA regulation
of HSP70 family chaperones, yet another mechanism of translational inhibition.

B. miRNA and chaperones—Several studies have demonstrated alterations in the
cerebral “miRNA-ome” following ischemia reperfusion [134–136] suggesting that miRNA
mediated translational arrest may be an important factor in modulating the gene expression
cascade that occurs in response to ischemia and reperfusion. Studies of the regulation of
molecular chaperones by miRNA are just beginning. miR-320 has been shown to be
involved in the regulation of heart ischemia/reperfusion injury by targeting HSP20 [137].
The target was validated experimentally using a luciferase/green fluorescent protein reporter
activity assay and examining the expression of HSP20 with miR-320 overexpression and
knockdown in cardiomyocytes.

Injection of miRNA extracted from the hearts of mice following ischemic preconditioning
protected naive hearts against ischemia/reperfusion injury, possibly through upregulating
HSP72 and the HSP72 transcription factor HSF-1 [138]. miRNA-1, miRNA-21, miRNA-24,
and some additional miRNAs may be linked to increased expression of the cytoprotective
proteins in this study, though no targets were validated. Recent publications have shown that
the level of muscle-specific miR-1 changes in the ischemic myocardium [139–141] and two
of miR-1’s targets are HSP60 and HSP72 [142]. This is the only validated HSP72 miRNA at
present.

No reports are available regarding GRP75 targeting miRNA. Using computational miRNA
target prediction algorithms from TargetScan (http://targetscan.org), we identified that
3′UTRs of Hspa9 (GRP75) have conserved sites for the miR-200 family, one of the miRNA
families broadly conserved among vertebrates (Fig. 3A). Another target prediction website,
Microcosm Targets (http://www.ebi.ac.uk/enright-srv/microcosm), lists miR-200c as the
number one miRNA targeting Hspa9 (Fig. 3B). Interestingly, like miRNA-181 [1], miR-200
can also potentially target the 3′UTR of Bcl2 (Fig. 3C). Still more interesting is that the
miRNA family has already been identified in profiling studies as selectively upregulated in
ischemic cortex 3 h after a 15 min preconditioning MCAO insult in mice [143], after MCAO
in rat [135], and after endothelial cell oxidative stress and hind limb ischemia [144].
Opposite effects of miR-200 on cell survival have however been reported. miR-200c
overexpression induced apoptosis of endothelial cells [144], but increased survival of
Neuro-2a cells [143]. In the case of endothelial cells, effects were attributed to the target
being ZEB1, while in the second case effects were suggested to be due to effects on prolyl
hydroxylase 2. Since miRNAs can regulate different genes in different cell types and exert
different effects under different conditions, this oxidative stress inducible miRNA is an
interesting one to pursue in the setting of cerebral ischemia.

Recently we demonstrated that a brain-enriched miRNA, miR-181a, regulates GRP78
expression and outcome from cerebral ischemia [40]. A reciprocal expression of miR-181a
and GRP78 protein was found in both core and penumbra. In vitro and in vivo experiments
show that miR-181a mimic decreases and its inhibitor/antagomir increases GRP78 protein
expression [40]. Interestingly miR-181a also targets the anti-apoptotic protein BCL2 [75],
which also exists in MAM and affects ER and mitochondrial calcium homeostasis (Fig. 1).
Using computational miRNA target prediction algorithms TargetScan (http://targetscan.org,
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Release 5.1) and Microcosm Targets (http://www.ebi.ac.uk/enright-srv/microcosm), we
found that miR-181 can target GRP78 but could potentially target the 3′UTRs of two other
HSP70 family members, Hspa1a (HSP72) and Hspa9 (GRP75) (Fig. 3D–F). Therefore one
miRNA like miR-181 could potentially target multiple chaperones and apoptotic proteins as
BCL2 and efficiently regulate cell death pathways after cerebral ischemia.

In summary, a single miRNA (for example miR-200 or miR-181) is able to simultaneously
regulate many target genes in both the organelle and inflammation regulating chaperone
networks, which are key players in the mechanisms of cerebral ischemia (Fig. 4). Therefore,
miRNAs are exciting new candidates for stroke therapeutics.
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Fig. 1.
Chaperone machinery regulates ER-mitochondria Ca2+ crosstalk at the MAM. Both GRP75
and GRP78 are directly associated with MAM in the control of Ca2+ signaling between ER
and mitochondria and HSP72 might regulate MAM indirectly through BCL2 which is
directly associated with MAM. Cyt c: cytochrome c; IP3R: inositol trisphosphate receptor;
MCU: mitochondrial Ca2+ uniporter; SIG1R: sigma-1 receptor; VDAC: voltage-dependent
anion channel.
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Fig. 2.
Chaperone machinery influences the NF-kB pro-inflammatory signaling pathway. NF-kB, a
dimer consisting of p50/p65 subunits is normally resident in the cytosol and is maintained in
an inactive form by its inhibitor IkB. Stroke stimulates mitochondria to release reactive
oxygen species (ROS) that activate the IkB kinase (IKK) complex. The activated IKK
complex phosphorylates IkB and initiates its ubiquitination and degradation, exposing the
nuclear localization signal on NF-kB. NF-kB then translocates to the nucleus and binds to
the promoter region of genes expressing pro-inflammatory cytokines and IkB. HSP72
interacts with the IKK complex and several HSP70 family members (HSP70, GRP75 and
GRP78), protects mitochondrial function, inhibits ROS production and NF-kB activation.
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Fig. 3.
Sequences showing the unique sites of miRNA::mRNA complementarity between miR- 200
or miR-181 and chaperones
A–C. Potential miR-200 target sites in GRP75 and BCL2 3′UTRs.
D–F. Potential miR-181 target sites in HSP72, GRP75, and GRP78 3′UTRs.
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Fig. 4.
miRNA control of chaperone networks. Ischemia leads to mitochondrial Ca2+ overload
through MAM and then dysfunction of mitochondria releases ROS, a key element linking
the organelle network to the inflammatory network of chaperone. One miRNA (miR-200 or
miR-181) or its antagomir/inhibitor can target HSP70/GRP75/GRP78 and BCL2 at the same
time and thus efficiently regulate cerebral ischemic cell death pathways.
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