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Phosphorylation of HSP27 by Protein Kinase D Is Essential
for Mediating Neuroprotection against Ischemic Neuronal

Injury

R. Anne Stetler,"2* Yanqin Gao,>* Lili Zhang,'* Zhongfang Weng,'* Feng Zhang,"* Xiaoming Hu,'* Suping Wang, >
Peter Vosler,'* Guodong Cao,">* Dandan Sun,'> Steven H. Graham,'* and Jun Chen'23
!Geriatric Research, Educational and Clinical Center, Veterans Affairs Pittsburgh Health Care System, Pittsburgh, Pennsylvania 15261, 2State Key

Laboratory of Medical Neurobiology and Institute of Brain Sciences, Fudan University School of Medicine, Shanghai 200032, China, and *Department of
Neurology and Center of Cerebrovascular Diseases Research, University of Pittsburgh School of Medicine, Pittsburgh, Pennsylvania 15213

Heat shock protein 27 (HSP27) (or HSPB1) exerts cytoprotection against many cellular insults, including cerebral ischemia. We previ-
ously identified apoptosis signal-regulating kinase 1 (ASK1) as a critical downstream target of HSP27 conferring the neuroprotective
effects of HSP27 against neuronal ischemia. However, the function of HSP27 is highly influenced by posttranslational modification, with
differential cellular effects based on phosphorylation at specific serine residues. The role of phosphorylation in neuronal ischemic
neuroprotection is currently unknown. We have created transgenic mice and viral vectors containing HSP27 mutated at three critical
serine residues (Ser15, Ser78, and Ser82) to either alanine (HSP27-A, nonphosphorylatable) or aspartate (HSP27-D, phosphomimetic)
residues. Under both in vitro and in vivo neuronal ischemic settings, overexpression of wild-type HSP27 (HSP27) and HSP27-D, but not
HSP27-A, was neuroprotective and inhibited downstream ASK1 signaling pathways. Consistently, overexpressed HSP27 was phosphor-
ylated by endogenous mechanisms when neurons were under ischemic stress, and single-point mutations identified Ser15 and Ser82 as
critical for neuroprotection. Using a panel of inhibitors and gene knockdown approaches, we identified the upstream kinase protein
kinase D (PKD) as the primary kinase targeting HSP27 directly for phosphorylation. PKD and HSP27 coimmunoprecipitated, and
inhibition or knockdown of PKD abrogated the neuroprotective effects of HSP27 as well as the interaction with and inhibition of ASK1
signaling. Together, these data demonstrate that HSP27 requires PKD-mediated phosphorylation for its suppression of ASK1 cell death

signaling and neuroprotection against ischemic injury.

Introduction

Overexpression of heat shock protein 27 (HSP27) provides ro-
bust cellular protection against a variety of neurological insults
and diseases, including cerebral ischemia (An et al., 2008; Stetler
et al., 2008; Badin et al., 2009; van der Weerd et al., 2010). While
the neuroprotective effect has been well documented and critical
downstream targets of HSP27 involved in mediating cell survival
have been identified, the overall upstream regulation of the ac-
tions of HSP27 is not well understood in neural contexts. Specific
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identification of the mechanism(s) controlling HSP27 function is
particularly relevant under different disease and cellular states.
Characterized in non-neuronal cell types, regulation of
HSP27 function depends in large part upon its phosphoryla-
tion—and hence, oligomeric—state (Stetler et al., 2009, 2010).
Typically, HSP27 exists in high-molecular-weight oligomers, but
in response to cellular stimuli, such as oxidative stress, HSP27 is
phosphorylated at several distinct serine residues (Serl5 and
Ser86 in rodents; and Serl5, Ser78, and Ser82 in humans). In
particular, phosphorylation at Ser82, localized in the region of
dimerization, induces a strong negative charge that presum-
ably leads to dissociation to lower-molecular-weight oligomers
(Thériault et al., 2004). In turn, the cellular function of HSP27
shifts correspondingly to its phosphorylation state. The chaper-
one function of HSP27 is associated with the nonphosphorylated,
high-molecular-weight oligomeric structure (Knauf et al., 1994).
However, HSP27 is capable of direct suppression of cell death-
signaling cascades that are similar to cascades activated following
cerebral ischemia (Bruey et al., 2000; Concannon et al., 2001;
Benn et al., 2002; Rane et al., 2003; Lee et al., 2005; Voss et al.,
2007). Several of these reports indicate that cell death suppression
necessitates the phosphorylation of HSP27 (Benn et al., 2002).
Given that both protein denaturation and cell death signaling can
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Table 1. Evaluation of surface cerebral blood vessels in MCA territory and PcomA
plasticity in mice
MCA distance from the midline” at the
specified coronal plane of®

Number of hemispheres
with PcomA scores of®

2mm 4mm 6mm 0 1 2 3
Wild type 2.35(0.04) 2.10 (0.05) 2.46 (0.08) 1 7 2 0
Tg-HSP27 2.36 (0.07) 2.28 (0.03) 2.40 (0.08) 1 6 3 0
Tg-HSP27-D 2.31(0.05) 2.15(0.06) 2.44.(0.10) 0 6 3 1
Tg-HSP27-A 2.33(0.07) 2.14(0.08) 2.46 (0.06) 2 6 2 0

“Values shown are mean (SE) in millimeters (n = 5/group).
®A coronal plane is specified based on its distance from the frontal pole in millimeters.

‘Posterior communicating artery (PcomA) plasticity scoring criteria: 0, no anastomoses between posterior cerebral
artery (PCA) and superior cerebellar artery (SCA); 1, anastomoses between PCA and SCA in capillary phase; 2, small
truncal anastomoses between PCA and SCA; 3, truncal anastomoses between PCA and SCA.

be induced by cerebral ischemia, it remains unknown how the
neuroprotective functions of HSP27 against cerebral ischemia are
related to its phosphorylation state. Furthermore, although sev-
eral families of upstream kinases have been implicated in target-
ing HSP27 for phosphorylation (Kostenko and Moens, 2009), the
potential endogenous activators of HSP27 phosphorylation are
currently unknown in neuronal and ischemic contexts. Determi-
nation of the induction of HSP27 as a neuroprotective molecule
against cerebral ischemia may help to determine the mechanistic
targets for ischemic intervention.

Having previously determined that exogenous overexpression
of HSP27 confers significant neuroprotection via suppression of
cell death signaling, we wanted to determine the mechanism and
upstream regulation of HSP27 in the context of neuronal isch-
emia. We hypothesized that endogenously mediated phosphory-
lation of HSP27 is necessary for neuroprotection against ischemic
injury and that inhibition of upstream kinase(s) that target
HSP27 for phosphorylation would abrogate neuroprotection.

Materials and Methods

Creation of mutant HSP27 transgenic mice. The methods for the creation
of the HSP27 transgenic mouse were previously described (Stetler et al.,
2008). The HSP27-A and HSP27-D transgenic mice were created using
identical procedures, with the exception that the sequence encoding
Ser15, Ser78, and Ser82 were mutated to encode either alanines (for
HSP27-A) or aspartates (for HSP27-D). Microinjection and ES screening
procedures were performed at the University of Pittsburgh Transgenic
Core. Independent transgenic lines were established by breeding wild-
type F1 hybrid mice to founder mice obtained following microinjection.
All lines were backbred for at least seven generations to the C57/B6
background to minimize any influence of genetic heterogeneity in sensi-
tivity to the stroke model. Cerebral vasculature was examined by injec-
tion of India ink/gelatin to ensure that no statistical differences between
animal groups existed (Table 1). To reduce possible sex-related differ-
ences (Liu et al.,, 2009), only male adult (25-30 g) mice were used.
Murine model of transient focal ischemia and measurement of blood flow
and infarct. All animal studies were performed under protocols approved
by the University of Pittsburgh Institutional Animal Care and Use Com-
mittee, and in accordance with the NIH Guide for the Care and Use of
Laboratory Animals. Adult male transgenic mice (2—4 months of age) or
wild-type littermates were anesthetized with 1.5% isoflurane in 30% O,/
68.5% N,O mixture under spontaneous breathing. Transient focal cere-
bral ischemia (tFCI) was induced as described previously (Stetler et al.,
2008) by intraluminal occlusion of the left middle cerebral artery (MCA).
Rectal temperature was monitored and controlled at 36.8—-37.2°C by a
temperature-regulated heating pad throughout the course of the exper-
iment. Arterial blood pressure was monitored through a tail cuff
(XBP1000 Systems; Kent Scientific Corporation). Arterial blood gas was
analyzed 15 min after induction of ischemia and 15 min after reperfu-
sion. tFCI was induced for 60 min and subsequent reperfusion was per-
mitted for the indicated durations. Following recovery from anesthesia,
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the animals were maintained in an air-conditioned room at 20°C. Re-
gional cerebral blood flow (rCBF) was evaluated before, during, and after
MCA occlusion by laser-Doppler flowmetry (Stetler et al., 2008) to en-
sure successful induction of ischemia and reperfusion. Real-time two-
dimensional microcirculation imaging during tFCI was obtained in a
separate cohort of animals by using the laser speckle technique (Ayata et
al., 2004). Briefly, a CCD camera (PeriCam PSI System; Perimed) was
positioned above the head, and a laser diode (785 nm) illuminated the
intact skull surface to allow penetration of the laser in a diffuse manner
through the brain. Speckle contrast—defined as the ratio of the SD of
pixel intensity to the mean pixel intensity—was used to measure CBF as
it is derived from the speckle visibility relative to the velocity of the
light-scattering particles (blood). This was then converted to correlation
time values, which are inversely and linearly proportional to the mean
blood velocity. Laser speckle perfusion images were obtained every 7.5 s,
starting 10 min before tFCI and continuing throughout the ischemic
period and 15 min into the reperfusion. CBF was analyzed two-
dimensionally over time by quantifying the area of cortex (in square
millimeters) with either severe (0-20% residual CBF, representing the
core of the infarct and illustrated by the black bars in Fig. 2 H) or mod-
erate CBF reduction (20—35% residual CBF, representing the penumbral
region and illustrated by the gray bars in Fig. 2 H) using a thresholding
paradigm.

For quantification of infarct volume, animals were killed after 2 or 21 d
of reperfusion following tFCI, brains were removed and subjected to
2,3,5-triphenyltetrazolium chloride staining and MAP-2 immunohisto-
chemical straining, respectively. Infarct volume was determined using
MCID imaging with correction for edema as previously described
(Stetler et al., 2008). Surgeons were blinded to the subjects’ genotypes
when performing all surgical procedures.

Neurobehavioral testing. Both sensorimotor deficits and long-term
cognitive deficits were assessed during the light phase of the circadian
cycle, beginning ~4 h after the onset of the light phase, by a researcher
who was blinded to genotypes of the mice. Sham-operated animals were
used as control groups. Because no differences were found between ge-
notypes of sham-operated animals (Stetler et al., 2008) (data not shown),
roughly equivalent numbers from each genotype were combined to form
the sham-operated group to maximize animal usage. Four neurofunc-
tional tests were performed: the rotarod test, the corner test, the cylinder
test, and the Morris water maze (Schallert et al., 2000; Stetler et al., 2008).
Corner tests were analyzed based on the direction of each turn recorded
over 10 trials for each test. Ischemic mice preferentially turn to the non-
impaired left side. Rotarod training began 2 d before surgery, with five
trials per day. On the day of surgery, the mice were subjected to five trials,
the mean of which was used as the presurgery baseline value for that
particular animal. Following surgical procedures, the animals underwent
five trials per day for 7 d. The data are expressed as the percentage of the
mean duration spent on the rotarod over the number of trials per day
compared with the presurgery baseline value. Cylinder tests determined
the presence of paw preferences that can be observed in ischemic-injured
mice (Schallert et al., 2000). Briefly, mice were placed in a clear Plexiglas
cylinder (9 cm in diameter, 15 cm in height) for 5 min, and the number of
times the mouse placed its right, left, or both forepaws on the sides of the
cylinder was recorded. The test was repeated for a total of four trials per
day of testing. Mice were prescreened before surgery to ensure equal use
of forepaws, and subjects that exhibited fewer than five rears over the
course of the trial were excluded. The data presented represents the per-
centage of both-paw use, as it is this outcome that has been most corre-
lated with ischemic injury (Schallert et al., 2000). Data are expressed as
the mean of all trials for each test day. A modified Morris water maze was
performed to assess spatial reference memory as described previously
(Stetler et al., 2008). Briefly, a hidden platform was placed underwater in
a large swimming pool, and the latency for the mice to find the platform
as an escape from a forced swimming task was recorded. Mice were
acclimated to the pool without the platform on the 14th day after tFCI,
and then tested daily on days 15-21 following tFCI. Each day of testing
included four trials, and data are expressed as the time in seconds to
successfully reach the platform (latency), averaged per day. During the
final two trials, the platform was removed to allow the animal to swim



Stetler et al. @ HSP27 Phosphorylation Mediates Neuroprotection

freely for 30 s. This allowed for the recording of the time spent in the goal
quadrant where the platform had previously been located and the overall
swim speed.

Primary neuronal cultures and in vitro model of ischemia. Cortical neurons
with different genetic phenotypes, including Tg-HSP27, Tg-HSP27-A, Tg-
HSP27-D, and wild type, were derived from embryos of mice and main-
tained 10—12 d in vitro before experiments, as described previously (Stetler et
al., 2008). To model ischemia-like conditions in vitro, primary cultures were
exposed to transient oxygen and glucose deprivation (OGD) for 45 or 60 min
as described previously (Stetler et al., 2008; Zhao et al., 2009). Control
glucose-containing cultures were incubated for the same periods of time in
humidified 95% air and 5% CO,. Fluorescence of Alamar blue, an indicator
that changes from blue to red and fluoresces when reduced by cellular met-
abolic activity, was used to measure the viability of the cultured neurons at
2448 h after OGD. One-half of the culture medium was replaced with
MEM-Pak containing 10% (v/v) Alamar blue (AccuMed International), and
cultures were incubated for 1.5 h at 37°C in humidified 95% air and 5% CO,.
Fluorescence was determined in a Millipore CytoFluor 2300 automated
plate-reading fluorometer (Millipore), with excitation at 530 nm and emis-
sion at 590 nm. OGD-induced cell death was quantified by measuring lactate
dehydrogenase (LDH) release from damaged cells into the culture medium
as described previously (Stetler et al., 2008). In selective experiments, cell
death was also evaluated after OGD using Hoechst 33258 nuclear staining or
Klenow-mediated DNA nick-end labeling. The percentages of cells showing
chromatin condensation or DNA damage were quantified by counting at
least 3000 cells under each experimental condition (three randomly selected
fields per well, four to six wells per condition per experiment, and three
independent experiments). Kinase inhibitors used in culture experi-
ments included N-[2-[[3-(4-bromophenyl)-2-propenyl]amino]
ethyl]-5-isoquinolinesulfonamide dihydrate dihydrochloride (H89)
and 5,6,7,13-tetrahydro-13-methyl-5-oxo-12H-indolo[2,3-a] pyrrolo[3,4-
c]carbazole-12-propanenitrile (Go6976) (Tocris Bioscience), 4-[5-(4-
fluorophenyl)-2-[4-(methylsulfonyl) phenyl]-1H-imidazol-4-yl]pyridine
(SB203580) (Cell Signaling), and 5-(5-ethyl-2-hydroxy-4-methoxyphenyl)-
4-(4-methoxyphenyl)isoxazole (KRIBB3) (Sigma-Aldrich).

Gene transfection in primary neurons by viral vectors and in HEK293
cells using Lipofectamine. Neuronal cultures were infected with the ad-
enoassociated virus (AAV)-HSP27, AAV-HSP27-A, AAV-HSP27-D, or
the control vector (AAV-GFP or empty AAV) for 6 h as previously de-
scribed (Stetler et al., 2008) and then incubated in vector-free normal
media for 72 h. The overexpression of HSP27 in neurons was confirmed
by immunocytochemistry and Western blot, respectively, using the anti-
hemagglutinin (HA) antibody. For gene transfection using lentivirus
vectors, the neuronal cultures were infected for 3 d with the lentiviral
vectors encoding shRNA constructs (Lenti-PKDt, Lenti-PKDsc) or en-
coding the human protein kinase D (PKD) ¢cDNA (Lenti-PKDh), or the
control vector (Lenti-GFP). Knockdown of PKD1 and PKD3 in neurons
by lentivirus vector was assessed using Western blot.

cDNA isolation, site-directed mutagenesis, and generation of recombi-
nant proteins. The human full-length HSP27 and PKD1 cDNAs were
obtained using PCR from a human kidney cDNA library. Point muta-
tions for HSP27 at Ser78, Ser82, and Ser15 or for PKD1 at Ser738, Ser742,
and Lys612 were engineered by site-directed mutagenesis using the Gene
Editor system (Promega). The sequences of all cDNAs were verified at the
University of Pittsburgh Gene Service Facility by sequencing reactions on
both strands. Recombinant proteins of HSP27 and PKD1 were generated
by fusing the cDNA into the glutathione S-transferase (GST) gene in
PGEX-2T vector (GE Healthcare). The GST fusion protein was expressed
in Escherichia coli BL21 cells, absorbed to a glutathione-Sepharose 4B
column, and then cleaved by thrombin to remove GST.

Construction of viral vectors. AAV vectors carrying either the human
full-length (AAV-HSP27) or mutated (AAV-HSP27-D, AAV-HSP27-A)
HSP27 ¢cDNA were constructed using the expressing vector plasmid de-
scribed previously (Stetler et al., 2008). Large-scale production of the
AAV vector was performed using the adenovirus-free triple-plasmid
cotransfection method (Xiao et al., 1998). A total of 50 ug of plasmid
mixture was cotransfected into human HEK293 cells with the assistance
of 0.25 m CaCl2, and the cells were grown in DMEM containing 10%
fetal bovine serum for 48 h and then harvested. AAV vectors were puri-
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fied using a fast protein liquid chromatography system in conjunction
with HiTrap Heparin columns (GE Healthcare).

To construct lentiviral vectors overexpressing human PKD1 (Lenti-
PKD1), its dominant-negative form (Lenti-PKDdn, K612W), or its con-
stitutively active form (PKDac, S738/742E), the HA-tagged cDNA was
inserted into the lentiviral transfer vector FSW under the control of
neuron-specific Synapsin I promoter. To construct lentiviral vectors ex-
pressing short hairpin interfering RNA (shRNA) against murine PKD1/3
(targets both isoforms), the gene-specific targeting sequence (PKDt, 5'-
GGAAGGGTGGATGGTCCAC-3"and5' -GGGTGGATGGTCCACTAC
A-3") or its counterpart scramble sequence was inserted into the transfer
vector FSW under the control of U6 promoter. The constructed transfer
vectors were transformed into Stbl3 Escherichia coli, and then isolated
using the EndoFree Plasmid Maxi Kit (QIAGEN). For large-scale pro-
duction of the virus, a slightly modified protocol (Ramezani and Hawley,
2002) was used. In brief, a plasmid mixture containing 435 ug of
PCMVARS.9 (packaging construct), 237 ug of pVSVG (envelope plas-
mid), and 675 ug of FSW (transfer vector) was suspended in 34.2 ml of
CaCl2 (250 mm) and then added volume to volume into 2X BES buffer,
pH 6.95. The DNA-CaCl2 precipitate was added into human kidney 293
FT cells (on 15 cm plates at the density of 1.1 X 107/plate) drop by drop
(1.125 ml each plate) and allowed to incubate for 12 h before switching to
fresh culture medium. The supernatant was collected 72 h after transfec-
tion, filtered through the 0.45 um filter flask, and centrifuged at 21,000
rpm for 2 h using the SW28 rotor (Beckman Coulter). Viruses were
further purified by sucrose gradient ultracentrifuge. The pellet was sus-
pended in 3 ml of PBS, loaded on the top of 2 ml of 20% sucrose solution,
and centrifuged at 22,000 rpm for 2 h using the SW50.1 rotor (Beckman
Coulter). The resulting pellet was resuspended in 200 ul of DMEM,
aliquoted, and stored at —70°C. The titer of vector stock was determined
using ELISA. The average titer typically is ~5-10 X 1010 particle units
per milliliter.

Sucrose gradient. A sucrose gradient was prepared in buffer containing
500 mm Tris-HCI, pH 8.0, 100 mm NaCl, 5 mm MgCI2, and 2 mm DTT
for a final concentration gradient of 5, 10, 15, 20, 25, 30, 35, 40, 45, and
50% in 10 ml total volume in a Beckman ultracentrifuge tube. Using
crude cellular extracts derived from primary neuronal cultures overex-
pressing HSP27, HSP27-A, or HSP27-D, 500 ug of cell extract was lay-
ered on the top of the sucrose gradient and spun in a prechilled rotor at
36,000 rpm for 21 h at 4°C. Following centrifugation, the fractions were
transferred to chilled microcentrifuge tubes and assayed by 12% SDS-
PAGE gel and subsequent immunoblotting for the HA tag.

Immunohistochemistry and Western blot. Animals were killed by car-
bon dioxide exposure, and the brains were extracted and prepared for
frozen coronal sectioning (15 wm thick). Immunocytochemistry was
performed as described previously (Stetler et al., 2008), using the appro-
priate secondary fluorescent antibodies. For cell-specific identification,
sections were subjected to a second round of immunohistochemistry
using mouse anti-NeuN antibody (1:500; Millipore Bioscience Research
Reagents) followed by a fluorescent-conjugated secondary antibody (1:
3000). Alternate sections from each experimental condition were incu-
bated in the absence of the primary antibody to assess nonspecific
staining. Immunostaining for phosphorylated HSP27 was performed
with the rabbit anti-p-HSP27 (Ser15) (1:80; Abcam). Images were ac-
quired using either an inverted Nikon Diaphot-300 fluorescence micro-
scope equipped with a SPOT RT slider camera and Meta Series Software
5.0 (Molecular Devices), or the Olympus Fluoview FV1000 confocal mi-
croscope with the FV10-ASW 2.0 software (Olympus America).

Western blot was performed using the standard method and enhanced
chemiluminescence detection reagents (GE Healthcare). The following
antibodies were used: rabbit monoclonal antibodies against JNK3 (clone
55A8;1:1000), active caspase-9 (1:1000), p-JNK (Thr183/Tyr185) (clone
81E11; 1:1000), and p-c-Jun (Ser63) (clone 54B3; 1:1000), purchased
from Cell Signaling; rabbit polyclonal antibodies against p-MKK4
(Ser257/Thr261) (1:1000), p-MKK?7 (Ser271/Thr275) (1:1000), p-ASK1
(Thr845) (1:1000), p-HSP27 (Ser82) (1:500), and p-PKD (Ser916) (1:
1000) from Cell Signaling; rabbit polyclonal antibodies against HSP27
(1:1000), Bax (1:1000), B-Actin (1:2000), cytochrome ¢ (1:1000), HA
(1:1000), and Flag (1:1000) from Santa Cruz Biotechnology; mouse
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monoclonal anti-cytochrome ¢ oxidase IV antibody (1:1000) from Invit-
rogen; rabbit polyclonal anti-p53 upregulated modulator of apoptosis
(PUMA) antibody (a gift from Dr. Jian Yu, Pittsburgh Cancer Institute,
Pittsburgh, PA); and a rabbit polyclonal anti-PKD3 (a gift from Dr.
Qiming Wang, University of Pittsburgh, Pittsburgh, PA).

Protein kinase assays. Cell lysates were prepared under non-
denaturing conditions as described previously (Stetler et al., 2008), and
150 g of protein was used for each kinase assay. To assay for JNK activity
(JNK1 or JNK3), a capture JNK assay was performed using a nonradio-
active kinase assay kit according to the manufacturer’s instructions (Cell
Signaling). Briefly, the cell lysates were first subjected to JNK1 capture
using the specific anti-JNK1 antibody (clone F-3; Santa Cruz), and then
the immunoprecipitates were incubated with recombinant GST-c-Jun
(1-79) in the presence of ATP, and subsequently immunoblotted using
the anti-phospho-c-Jun (Ser63) antibody. To assay for the JNK3-specific
kinase activity, cell lysates were immunoprecipitated with a mixture of a
monoclonal antibody that recognizes JNK1/2 (clone G151-666; BD Bio-
sciences Pharmingen) and a monoclonal antibody that recognizes JNK1
(clone F-3; Santa Cruz) to remove both JNK1 and JNK2 from the lysates
(Gao etal., 2005). The remaining kinase activity (JNK3) in the superna-
tant was assayed by the capture JNK assay as described above. To assay for
apoptosis signal-regulating kinase 1 (ASK1) kinase activity, the kinase in
cell lysates was captured using the anti-ASK1 antibody (clone sc-7931;
Santa Cruz) and then incubated with recombinant myelin basic protein
(MBP) in the presence of [y->>P]ATP, and MBP phosphorylation was
detected using autoradiogram. To assay for PKD kinase activity directed
toward recombinant HSP27, PKD1 was immunoprecipitated from cell
lysates and incubated with recombinant HSP27 (wild type or containing
one or more serine-to-alanine mutations) in the presence of [y->P]ATP,
and visualized via electrophoresis and autoradiogram.

Statistical analysis. All data are presented as the mean * SEM. The
significance of the difference between means was analyzed using either a
t test comparison for single comparisons, or ANOVA followed by Bon-
ferroni’s post hoc test for comparisons between more than two groups,
with p < 0.05 considered statistically significant.

Results

Serine phosphorylation is critical for HSP27-mediated
neuroprotective effects against neural ischemia in vitro

and in vivo

Three human HSP27 AAV constructs were generated: wild-type
HSP27 (HSP27); a “nonphosphorylatable” HSP27 (HSP27-A)
wherein the critical serine residues at Ser15, Ser78, and Ser82
were mutated to alanine; and a “phosphomimetic” HSP27
(HSP27-D) wherein the three serine residues were mutated to
aspartate, lending a negatively charged extension similar to phos-
phorylated serine. When transduced into cortical cultures, all
three constructs were recognized by both the HA tag and the
HSP27 antibody (Fig. 1A). A faint band corresponding to the
endogenous rat HSP25 was detected, demonstrating the low level
of HSP25 present in rat cortical neurons.

Overexpression of either HSP27 or the phosphomimetic
HSP27 (HSP27-D) was protective against cellular damage fol-
lowing OGD in cortical neuronal cultures (Fig. 1 B, C). However,
the nonphosphorylatable mutant was ineffective at preventing
cell death. These results suggest that HSP27 phosphorylation is
necessary to exert neuroprotection. To determine the contribu-
tion of the specific serine residues toward neuroprotection, we
transduced cultures with AAV constructs containing HSP27 mu-
tated at only one of the three serine residues. We found that
alanine mutation at either Ser82 or Serl5 significantly blocked
neuroprotection against OGD afforded by HSP27 overexpres-
sion (Fig. 1 D). However, mutation of Ser78 to alanine had no
significant effect on HSP27-mediated neuroprotection. To-
gether, these results indicate that phosphorylation of HSP27 on
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Ser82 and Serl15 is critical for the full neuroprotective effect of
HSP27 against neuronal ischemia.

Using the phosphomimetic HSP27-D and nonphosphorylat-
able HSP27-A constructs, we created transgenic mouse lines
overexpressing human HSP27 under the control of a cytomega-
lovirus (CMV) promotor (Fig. 2A). Western blot and immuno-
histochemical analyses confirmed the presence of the HSP27
transgene protein products in neural tissue, including in neuro-
nal subtypes (Fig. 2 B, C). Consistent with our in vitro results, we
found that overexpression of the phosphomimetic HSP27-D
transgene was equally or more effective at reducing infarct vol-
ume following tFCI compared with wild-type HSP27 transgenic
mice, even when assessed 21 d following ischemia (Fig. 2 D-F),
whereas overexpression of nonphosphorylatable HSP27-A was
ineffective at decreasing infarct volume. Importantly, cerebral
blood flow did not differ between groups when measured by
either traditional laser Doppler or two-dimensional laser speckle
(Fig. 2G,H). Brain surface vascular anatomy appeared unaffected
by transgene expression (Table 1), and physiological variables,
such as blood pressure, blood gases, and glucose, did not differ
significantly between groups (data not shown).

In addition to decreasing infarct volume, our previous data
demonstrated that overexpression of the HSP27 transgene im-
proved neurofunctional recovery following ischemic injury
(Stetler et al., 2008). Likewise, the phosphomimetic HSP27-D
transgene improved neurofunctional recovery following isch-
emic injury compared with wild-type, nontransgenic mice, as
assessed by the rotarod, corner, cylinder, and Morris water maze
tests (Fig. 3A—E). However, the nonphosphorylatable HSP27-A
transgenic showed no difference compared with wild-type non-
transgenic mice following ischemic injury. No differences among
any groups were detected in swim speed, indicating that the ob-
served decrease in latency and increased time spent in the target
quadrant were not due to physical differences. Together, these
data indicate that serine phosphorylation of HSP27 is necessary
for the reduction of ischemic infarct and improved neurofunc-
tional recovery.

Exogenous HSP27 is phosphorylated by endogenous neural
mechanisms and is required for ASK1 inhibition

Given that overexpression of the phosphomimetic HSP27-D was
equally or more effective at conferring ischemic neuroprotection
compared with overexpression of the wild-type HSP27, we
wanted to determine whether endogenous cellular components
phosphorylate overexpressed wild-type HSP27 following isch-
emia. Indeed, transduction of wild-type HSP27 led to a sustained
phosphorylation of HSP27 at both Ser15 and Ser82, beginning at
early time points and extending at least 6 h following OGD (Fig.
4A) (data not shown). Conversely, overexpression of HSP27-A
was unable to be phosphorylated following OGD (Fig. 4A) or
tFCI injury (Fig. 4 E). Consistent with the literature, the inability
to be phosphorylated correlated with the sustained presence of
HSP27 in high-molecular-weight oligomers, even following
OGD, whereas wild-type HSP27 shifted to low oligomeric struc-
tures (Fig. 4 B). Similar to the in vitro data, transgenic overexpres-
sion of wild-type HSP27 resulted in a majority of neurons
immunopositive for phosphorylated HSP27 (pSerl5) following
tFCI, whereas the HSP27-A transgenic displayed very few neu-
rons that were immunopositive for pSer15 (Fig. 4E).

Having established that phosphorylation is required for
HSP27-mediated neuroprotection and functional recovery fol-
lowing ischemic insults, and that overexpression of wild-type
HSP27 can be phosphorylated by endogenous mechanisms, we
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HSP27 phosphorylation is required for neuroprotection against neuronal ischemia in vitro. A, AAV-mediated expression of HA-tagged HSP27 constructsin cortical neuronal cultures. The

black arrows indicate the exogenous HSP27 protein product, whereas the green arrow indicates the endogenous rat HSP25. B, Transduction of HSP27 or the phosphomimetic HSP27-D effectively
promotes cell viability and decreases cell death and DNA damage following OGD. Viability and death were measured by Alamar blue uptake and LDH release, respectively, and DNA damage was
assessed by histological evidence of Klenow fragment labeling and subsequent cell counting. €, Representative images demonstrating that transduction with HSP27 or HSP27-D, but not HSP27-A,
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wanted to determine whether phosphorylation is required for the
interference with cell death signaling that confers HSP27-
mediated neuroprotection. Previously, we demonstrated that
HSP27 directly interacts with and suppresses apoptosis-signal
regulating kinase (ASK1) activity and that the N-terminal region
of HSP27 was required for this function. This region encom-
passes the critical serine residues, leading to the hypothesis that

phosphorylation of HSP27 may be involved in its association
with and suppression of ASK1 activity following OGD. Using
coimmunoprecipitation as well as an in vitro phosphorylation
activity assay, we found that the nonphosphorylatable HSP27-A
was unable to associate with or inhibit the activity of ASK1 (Fig.
4C,D). Conversely, the phosphomimetic HSP27-D robustly in-
teracted with and suppressed ASK1 activity. Using the transgenic
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HSP27 or the phosphomimetic HSP27-D reduced infarct volume at both 2 d (D, E; n = 8 —9/group) and 21 d (F; n = 7/group) after 60 min of tFCl as measured by 2,3,5-triphenyltetrazolium chloride
(TTC) staining and MAP-2 immunohistochemistry, respectively. G, rCBF measured using laser Doppler flowmetry demonstrates no differences between wild-type and transgenic mice during or after
tFCl (n = 8-9/group). H, Blood flow was measured by using two-dimensional laser speckle imager during and after tFCl (n = 6/group). The gray bars represent areas with 65— 80% blood flow
reduction, and the black bars represent areas with >80% blood flow reduction, calculated against preischemic baseline levels. All data are presented as mean = SEM. **p << 0.01 compared with

wild-type mice.

mice, we found that coimmunoprecipitation of endogenous
ASK1 and the HSP27 transgene protein following tFCI was evi-
dent in both the wild-type and the phosphomimetic HSP27
transgenics (HSP27 and HSP27-D), but absent in the nonphos-
phorylatable HSP27 transgenic HSP27-A (Fig. 4F). The finding
that the phosphomimetic HSP27-D can coimmunoprecipitate
with ASK1 indicates that association with ASK1 can occur on a
structure that is seemingly already phosphorylated. In addition to

the inability to coimmunoprecipitate with ASK1, transgenic
overexpression of the nonphosphorylatable HSP27-A was inef-
fective at decreasing ASK1 activity (Fig. 4G). These data support
the concept that association between HSP27 and ASK1 is down-
stream of HSP27 phosphorylation (i.e., HSP27 must be phos-
phorylated to associate with and inhibit ASK1).

Others have demonstrated that, following neural ischemic in-
jury, activation of JNK signaling pathways is critical for ischemic
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Figure 3.  Transgenic overexpression of the phosphomimetic HSP27-D improves neurofunctional recovery following focal ischemia. “WT” represents wild-type mice containing no exogenous
transgene, and “sham” represents mice undergoing sham operation without induction of ischemia. The same cohort was used for all long-term studies (C-G). A, Mice were pretrained on the rotarod
[establishing the control (100%) value] before the induction of tFCl. HSP27-D transgenic mice performed significantly better than wild-type or HSP27-A transgenic mice following tFCl. B, The number of left body
turns made over 10 trials was recorded. Ischemic-injured mice turn predominantly toward the nonimpaired (left) side. HSP27-A transgenic and WT mice demonstrated predominant left turn behavior, whereas
HSP27-D transgenic mice performed significantly fewer left turns, indicating reduced injury. €~G, Long-term neurofunctional assessments. Mice were placed in a cylinder, and the percentages of rearings using
both paws on the sides of the cylinder were calculated. Ischemic-injured mice use both paws significantly less often than nonischemic (sham) mice, as was noted from ischemic wild-type and HSP27-A transgenic
mice. Ischemic-injured HSP27-D, however, performed significantly better than wild-type or HSP27-A transgenic mice, indicating improved functional outcomes following ischemia. D, HSP27-D transgenic mice
have significantly improved outcomes in the corner test, as described above, when assessed 21 d following tFCl. E-G, Morris water maze assessments in ischemic animals demonstrate improved performance
in time to find the platform (E) as well as time spent in the platform-containing quadrant (F) in HSP27-D transgenic animals following ischemia compared with HSP27-A transgenic or wild-type animals. Swim
speed was consistent among all groups (G). Data are presented as mean == SEM, with n = 8 —9/group for short-term studies (4, B) and n = 7/group for long-term studies (C-G). *p << 0.05, **p << 0.01,and

*4%p < 0,001 compared to nonischemic animals (sham), and *p << 0.01 compared to wild-type (nontransgenic) ischemic mice.

cell death (Kuan etal., 2003). Indeed, we previously found that
HSP27 overexpression and inhibition of ASK1 activation are
associated with suppression of the canonical downstream
MKK4/JNK signaling (Stetler et al., 2008). Overexpression of
the phosphomimetic HSP27-D, but not the nonphosphorylat-
able HSP27-A, suppressed MKK4/JNK signaling (Fig. 54, B)
and led to a decreased presence of phosphorylated c-Jun in the
nuclei (Fig. 5C). Further downstream cell death signaling, in-
cluding Bax translocation to the mitochondria, release of cy-
tochrome c into the cytosol, and upregulation of PUMA, was
suppressed by overexpression of the wild-type HSP27 and the
phosphomimetic HSP27-D following OGD (Fig. 5D). Con-
versely, the nonphosphorylatable mutant HSP27-A was inef-
fective at suppression of cell death signaling. Again, these
results were recapitulated in the HSP27 transgenic mice. Fol-
lowing tFCI, the nonphosphorylatable HSP27-A transgenic
and the nontransgenic (wild-type) mice were incapable of
suppressing c-Jun phosphorylation (Fig. 5E), JNK activity
(Fig. 5F), or activation of downstream cell death signaling,
such as Bax translocation to the mitochondria, release of cyto-
chrome ¢ from the mitochondria, and activation of caspase-9
(Fig. 5G). In contrast, overexpression of the phosphomimetic
HSP27-D transgene effectively inhibited both JNK activity and
downstream cell death signaling (Fig. 5E-G). These results indi-
cate that phosphorylation of HSP27 is both necessary and suffi-
cient to suppress ASK1 cell death signaling.

PKD functions as the primary upstream kinase directed to
HSP27 phosphorylation
Having determined that phosphorylation of HSP27 is required for
neuroprotection and having demonstrated that overexpressed wild-
type HSP27 can be phosphorylated by endogenous mechanisms, we
sought to determine the endogenous upstream kinase(s) responsible
for HSP27 phosphorylation. Several other model systems have
indicated that PKA, PKD, PI3K/PKB, PKC, and p38-mediated
MAPKAP kinase can serve as upstream kinases leading to phosphor-
ylation of HSP27. However, the relevance of the particular kinase
appears to be highly context dependent. Using a panel of kinase
inhibitors, we found that only the PKD inhibitor 2,3,4,5-tetrahydro-
7-hydroxy-1H-benzofuro[2,3-c]azepin-1-one (CID755673) (3
nm), which blocks the activation of PKD by inhibiting phosphory-
lation at serine 916 (Sharlow et al., 2008), effectively blocked phos-
phorylation of HSP27 at both Ser1l5 and Ser82 (Fig. 6A).
Interestingly, phosphorylation of Ser15 at an early time point (0.5h)
following OGD was unaffected by PKD inhibition despite the aboli-
tion of PKD activation (Fig. 6 B), suggesting that an alternate kinase
may contribute to HSP27 Ser15 phosphorylation in the initial phase
of reperfusion. However, the extended suppression of HSP27 phos-
phorylation at both Ser82 and Ser15 by PKD inhibition suggests that
PKD is the primary kinase responsible for continued phosphoryla-
tion of HSP27 at these critical residues.

We next wanted to determine whether PKD directly associates
with HSP27. Indeed, transgenic HSP27 [and endogenous HSP25
as noted by the faint band in nontransgenic (wild-type) mice; Fig.
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6C, left panel] was able to be coimmunoprecipitated with PKD1 ~ 6C). Furthermore, pharmacological inhibition of PKD1 with
following OGD in cortical cultures (Fig. 6C). Using cultures de- ~ CID755673 blocked the association between HSP27 and PKD1.
rived from HSP27-A transgenic mice, we further determined that ~ These results indicate that HSP27 can physically associate with
the association between HSP27 and PKDI is independent of = PKD and that the activation of PKD1 is required for this associ-
HSP27 phosphorylation, as HSP27-A retained the capability of  ation. Because the nonphosphorylatable HSP27-A was able to
being coimmunoprecipitated with PKD1 following OGD (Fig.  associate with PKD following OGD, these data suggest that phos-
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Figure 5.  Ischemia-induced activation of ASK1 downstream signaling pathways is inhibited by overexpressed HSP27 or HSP27-D, but not HSP27-A, in both in vitro (A-D) and in vivo models
(E-G). A, B, 0GD-induced activation of the MKK4,7/INK signaling pathway is attenuated in neuron cultures transfected with HSP27 or HSP27-D, but not HSP27-A. Western blots (4) were
semiquantified and expressed as fold increase over non-0GD controls (B). , Representative immunofluorescence images demonstrating suppression of c-Jun phosphorylation (green, arrows in b
and d) in HSP27- or HSP27-D-transfected neurons 2 h after 0GD. D, 0GD-induced cytochrome c release, mitochondrial translocation of Bax, and upregulation of PUMA expression are attenuated in
neuron cultures transfected with HSP27 or HSP27-D, but not HSP27-A. E, tFCl increases the levels of phosphorylated c-Jun (p-c-Jun) with predominant nuclear localization in neurons of wild-type
(nontransgenic) mice and HSP27-A transgenic mice (b, b', d, d’, f'), whereas HSP27-D transgenic mice demonstrate reduced c-Jun phosphorylation (¢, ¢’, f). The region in e outlined by blue dots
indicates the ischemiczone, and the green circle indicates the region from which the images were acquired. F, G, Overexpression of HSP27-D, but not HSP27-A, significantly suppresses JNK activation
(increased JNK3-specific kinase activity and levels of p-c-Jun) and downstream prodeath signaling (mitochondrial translocation of Bax, cytochrome c release, and caspase-9 activation) at4 and 8 h
after tFCl. INK3 activity, p-c-Juninduction, mitochondrial translocation of Bax, and cytochrome c release were semiquantified and expressed as fold increases over sham controls. Data are presented
as mean = SEM, with n = 3—4/group (B, D) and n = 4-5/group (F, G). *p < 0.05 and **p << 0.01 compared with empty vector (B, D) or wild-type mice (F, G).

PKD3. A single siRNA sequence was found that effectively
targets both the PKD1 and PKD3 isoforms (PKDt). PKD2 was
not found to be expressed in either cortical cultures or brain
(data not shown). This sequence or a scrambled control se-

phorylation of HSP27 occurs downstream of PKD activation and
association with HSP27.

To further confirm that PKD is required for HSP27 phos-
phorylation, we used a targeted knockdown of PKDI1 and



2676 « ). Neurosci., February 22, 2012 - 32(8):2667-2682 Stetler et al. @ HSP27 Phosphorylation Mediates Neuroprotection

B.g X
A C P S B Cor & $ & &&
o Vehicle  CID755673 neurons CASR AR R
S CID --++---- ++ ++
0GD OGD -052 6 =-052 6 0GD-+-+-+-+-+-+
PKD || L
asatd L ——— e
r Hsp27 || S0 v iy o e _W <
Hsp27 | (pSer15)| [N W e -
(@Sers2) Heo27 IP:PKD1 |
sp! o IB:Hsp27|. ; B
HA (pSer82) -
. ; PKD1 --- e - T e D
Actin| N ————— (input) [T
Actin Hsp27| -------
(input) o et s e
a6 Dpserts Wpsers? 8 ’ @ Vehicle W CID755673 O WT MHsp27 [ Hsp27-A
g Q 3 s
L 4 = 4
g ’ : ’ feo| ot
% ¥ o) ¥ ol N 4 N
_: 2 * _; %U 5 * # ## #t
= 3 2,
£ 9 =
& &9@4\ & @,\e&, & CO052 6 C052 6 aan ocD
% A3 .
e°° < o&‘\ \)4')9 0°§W pSerlS psersz Vehicle CID755673
D PKD1 PKDI1 E . F il [
) + o+ Lenti. PKDsc: KDt PKDsc PKDt PKDsc PKDt
Lenti PKDsc PKDt PKDsc PKDt PostOGD - 2 6 -2 6 - 2 6 PostOGD - 2 6 2 6 2 6 2 6
Hsp27 :
PKD1 adbas (ps?:ls)
M memen s ’
» g ) Hsp27
PKD3| o e s - (pSers2)
e ) ctin 8

PKDsc PKDt

- [J Lenti [0 PKDsc M PKDt [ PKDsc ©1 PKDt M prmy 7 1pgp1
= —

— = 61 =)

g g E 10 *%

= *%

g st e -

" ES * * %

g D 2 N AN = 3
= =

= < s

=}

= | =

0 0
- - 2h h 2h h
K. @@@@V @;@‘@@ e gl S5 ER G Jekoemen 0 G 8

erl er82 Ser15 Ser82
@ Q@ @ @ pSer15 pS p p
WV
G Transfection PKDdn  PKDac H ¢ & (\%\“’ I Vehicle ~ CID755673
M o 5 10 PO oGD - 2 6 - 2 6
PKDI1 PKD1 PKD1
(PHSP27) (pHSP27) (PHSP27)

o . o
(input) (input) 4 (input)

Figure 6.  PKD is the major kinase responsible for phosphorylation of HSP27 following neuronal ischemia. A, A panel of kinase inhibitors was applied to cortical neuron cultures derived from
Tg-HSP27 mice 30 min before induction of 0GD, including the PKA inhibitor H89 (10 .m), the PKD inhibitor CID755673 (3 m), the PI3K/Akt inhibitor LY294002 (10 m), the PKCinhibitor G06976
(3 m), the p38 inhibitor SB203580 (10 m), and the PKC inhibitor KRIBB3 (10 wem). Only CID755673 significantly blocked HSP27 phosphorylation at Ser15 and Ser82 at 2 h after 0GD. B,
Endogenously expressed PKD undergoes robust phosphorylation following 0GD in a time frame consistent with phosphorylation of HSP27. The PKD inhibitor (ID755673 (3 um) effectively blocked
phosphorylation of PKD as well as significantly prevented HSP27 phosphorylation at Ser15 and Ser82. €, 0GD promoted the interaction between HSP27 or HSP27-A and PKD1. The interaction required
activation of PKD, as the inhibitor (ID755673 significantly blocked HSP27 and PKD1 association. Coimmunoprecipitation was performed using cell extracts from cultures derived from Tg-HSP27 or
Tg-HSP27-A mice and wild-type mice. The arrow on the right points to the endogenous IgG. D, Lentivirus shRNA was infected to simultaneously target endogenous PKD1and PKD3 [PKDt; no PKD2
isoform is expressed in neurons in vitro or in vivo (data not shown)]. Overexpression of human PKD1 (3HA-tagged) cDNA restored protein expression. The scrambled shRNA sequence (PKDsc) had no
effect on endogenous expression of PKD1 or PKD3. E, PKD knockdown significantly attenuated 0GD-induced HSP27 phosphorylation at Ser15 and Ser82 in cultures derived from Tg-HSP27 mice. F,
Overexpression of PKD1 promoted 0GD-induced HSP27 phosphorylation in neurons transfected with PKDsc or PKDt. G, Using 293HEK cells transfected with human PKD1 [either a dominant-negative
(PKDdn) form or constitutively active (PKDac) form], PKD1 was pulled down and subjected to a cell-free activity assay, with recombinant HSP27 protein as the substrate. PKDac, but not PKDdn,
demonstrated robust activity in the direct phosphorylation of HSP27. H, 293HEK cells were transfected with PKDac as described in G, and activity was assessed with recombinant HSP27 protein
mutated at the various serine residues. Mutation of Ser78 to alanine had little effect on PKD1-directed HSP27 phosphorylation, whereas mutation of Ser82 and Ser15 to alanines resulted in
near-complete abrogation of PKD1-directed HSP27 phosphorylation. /, Endogenously expressed PKD1 was extracted from ischemic neuronal cultures and subjected to the activity assay using
recombinant HSP27 as the substrate. Inhibition of PKD with CID755673 effectively blocked the activity of endogenous PKD toward phosphorylation of HSP27. All data are mean = SEM, withn =
3—4/group.*p << 0.05and **p << 0.01 compared with vehicle (4, B), non-0GD controls (C), or empty vector or PKDsc (D, E). The blots at the bottom for ASKT input or actin were used to demonstrate
equal loading and were not used in the semiquantification.
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Figure 7.

PKD-mediated phosphorylation of HSP27 is required for inhibition of ASK1 following OGD. A, B, HSP27- or HSP27-D-transfected neurons were subjected to 0GD in the presence or

absence of (ID755673 (CID); at 2 h after 0GD, coimmunoprecipitation was performed for ASK1/HSP27 interaction () and ASK1 activity was assayed (B). CID inhibits ASK1/HSP27 interaction (A) and
the ability of HSP27 to suppress ASK1 activity (B) in 0GD-challenged neurons. Overexpressed HSP27-D bypasses the need for PKD-mediated phosphorylation, and thus HSP27-D still interacts with
and suppresses ASK1 in 0GD neurons. (~F, Neuron cultures derived from transgenic animals overexpressing HSP27 or the phosphomimetic HSP27-D were subjected to PKD inhibition (shRNA or
dominant-negative) and assayed for ASK1 activity and interaction with HSP27 following 0GD. C, D, Targeted knockdown of PKD (PKDt) but not a scrambled control (PKDsc) significantly inhibited the
ability of transgenically expressed HSP27 to coimmunoprecipitate with ASK1 (C) and suppress the activity of ASK1 (D) following OGD. The phosphomimetic HSP27-D was still capable of interaction
with and suppression of ASKT activity with or without the presence of PKD. E, F, Restoration of PKD by lentivirus-mediated transfection of human PKD1 (PKD1-wt) but not PKDdn reversed the PKD
knockdown effect, promoting HSP27/ASK1 interaction (E) and suppressing ASK1 activity (F) following OGD. All data are mean = SEM, with n = 3—4/group. *p << 0.05 and **p < 0.01 compared

with vehicle (4, B), empty vector or PKDsc (C, D), or as indicated in the graphs (E, F).

quence (PKDsc) was constructed into a lentiviral vector for
maximal neuronal transduction. PKDt, but not PKDsc, effec-
tively knocked down expression of PKD1 and PKD3 3 d fol-
lowing infection (Fig. 6 D). Cotransduction with the human
sequence of PKD1 (PKD1h) was insensitive to the rat-targeted
PKDt shRNA construct and effectively restored PKD1 expres-
sion (Fig. 6 D). The targeted knockdown of PKD1/3 (PKDt)
significantly decreased HSP27 phosphorylation in wild-type
HSP27 transgenic cortical cultures exposed to OGD, whereas
the scrambled control shRNA (PKDsc) had no effect (Fig. 6 E).
Furthermore, cotransfection with the human sequence of
PKD1 restored both expression of PKD1 in the presence of the
PKDt and phosphorylation of HSP27 following OGD (Fig.
6D, F), confirming that HSP27 phosphorylation requires the
presence of PKD.

The data thus far indicate that PKD is required for HSP27
phosphorylation at Ser82 and Ser15, and that these two pro-
teins physically associate. However, the possibility still exists
that the mechanism is indirect. To test this, we transfected

HEK?293 cells with a constitutively active PKD1 (PKDac) con-
taining the S738/742E mutation or a dominant-negative
PKD1 (PKDdn) containing the K612W mutation, immuno-
precipitated the expressed PKD1 protein, and performed an in
vitro kinase activity assay using recombinant HSP27 as the
target substrate with [>*P]ATP as a radiolabel. Indeed, immu-
noprecipitated PKDac, but not PKDdn, was able to signifi-
cantly phosphorylate wild-type HSP27 (Fig. 6G,H ). Although
mutation of Ser78 to alanine did not diminish the ability of
PKD to incorporate 2P into recombinant HSP27, additional
mutations of Ser82 and Serl5 to alanines significantly de-
creased PKD-mediated phosphorylation of recombinant
HSP27 (Fig. 6 H). Using cortical neuronal cultures exposed to
OGD, we were able to recapitulate these results by immuno-
precipitating endogenous PKD1 and assessing its ability to
phosphorylate recombinant HSP27 in vitro (Fig. 6 I). Addition
of CID755673 before OGD abolished this activity. These re-
sults indicate that PKD1 specifically is capable of HSP27 phos-
phorylation, particularly at Ser82 and Ser15.
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Figure 8.

Inhibition of PKD negates HSP27 overexpression-afforded neuroprotection against 0GD. Cortical neuron cultures transduced with AAV constructs (4) or derived from transgenic mice

(B-D) were exposed to the PKD inhibitor CID755673 for 30 min (A) or transduced with shRNA targeting PKD (PKDt) or a scrambled control (PKDsc) for 3 d (B), and then subjected to OGD. Cell viability
(cell live/dead kit) and cell death (LDH release) were assessed 24 h after 0GD. A, B, PKD inhibition with CID755673 or PKD knockdown significantly blocked the neuroprotective effects of HSP27, but
not of HSP27-D, following OGD. C, Overexpression of human PKD1, but not PKDdn, restored HSP27-afforded neuroprotection against 0GD in PKD-knockdown neurons. All quantitative data are
mean = SEM, with n = 9/group from 3 independent experiments. *p << 0.05 and **p << 0.01 compared with 0GD cultures either transduced with empty vector (A) or derived from wild-type
(nontransgenic) animals (B, €), and #p << 0.05 and ##p << 0.01 as indicated by the horizontal brackets.

Suppression of PKD activity disinhibits ASK1 activation

Thus far, we have demonstrated that PKD specifically phosphor-
ylates HSP27 and that phosphorylated HSP27 is necessary for
neuroprotection against neuronal ischemic injury. We previ-
ously reported that HSP27 overexpression directly suppresses
ASK1 activity and downstream cell death signaling, and have now
demonstrated that phosphorylation of HSP27 is required for
ASK1 interaction and inhibition. However, HSP27 is phosphor-
ylated at three distinct serine residues, and the possibility remains
that the PKD-targeted phosphorylation of HSP27 may or may
not regulate the HSP27-mediated suppression of ASK1 activity.
Therefore, we wanted to determine whether PKD-directed phos-
phorylation of HSP27 confers ASK1 pathway suppression.

Both the PKD inhibitor CID755673 and the targeted shRNA
knockdown of PKD1/3 effectively inhibited the interaction be-
tween HSP27 and ASK1 (Fig. 7A, C) and subsequently allowed
ASK1 to be activated following OGD (Fig. 7 B, E). Confirmation
of the PKD shRNA was performed by cotransfection of the hu-
man PKD1 sequence (PKDh) or a dominant-negative mutant
(PKDdn), both of which are resistant to the mouse-directed
shRNA PKD1/3 targeting sequence. Expression of PKDh protein,
but not the PKDdn, restored interaction between HSP27 and
ASK1, and subsequent suppression of ASK1 activity (Fig. 7DD, F).
As expected, interaction between ASK1 and the phosphomimetic
HSP27-D was insensitive to alterations directed at PKD activity
(Fig. 7A-E). Given that the aspartate mutation introduces a long,
negatively charged arm highly similar to serine phosphorylation,
the phosphomimetic structure is thus uncoupled from kinase
regulation. This further supports the conclusion that PKD targets
wild-type HSP27 for phosphorylation and that it is this post-
translational modification that appears to be required for ASK1
inhibition.

PKD is required for HSP27-mediated neuroprotection
against neuronal ischemia

The data thus far support the conclusion that PKD is the primary
kinase leading to phosphorylation of HSP27 in neurons and that

phosphorylation of HSP27 is required for neuroprotective ac-
tions, including the suppression of ASK1 activity. To directly link
neuroprotection to PKD-mediated HSP27 phosphorylation, we
directly assessed the consequence of PKD inhibition on the neu-
roprotective activity of HSP27. Pharmacological inhibition of
PKD (Fig. 8 A), shRNA knockdown (Fig. 8 B), or competition by
overexpression of PKDdn (Fig. 8C) significantly blocked the neu-
roprotection against OGD afforded by HSP27 overexpression.
Importantly, inhibition of PKD activity did not affect the protec-
tion afforded by the phosphomimetic HSP27-D, suggesting that
the activity of PKD in neuroprotection is targeted primarily via
phosphorylation of HSP27.

To confirm the in vitro results demonstrating the role of PKD in
HSP27-mediated neuroprotection against ischemic injury, we re-
tested this mechanism using the mouse model of tFCI. Concurrent
phosphorylation of both PKD and HSP27 occurred rapidly follow-
ing reperfusion (Fig. 9A), and confocal microscopic imaging indi-
cated a high colocalization of phosphorylated PKD (p-PKD) and
phosphorylated HSP27 (p-HSP27) (Fig. 9B). Intracerebroventricu-
lar injection of the PKD inhibitor CID755673 blocked the phos-
phorylation of both PKD (Fig. 9C) and HSP27 at Ser15 and Ser82
(Fig. 9D). Additionally, inhibition of ASK1 activity by overexpres-
sion of HSP27 was abolished by infusion of the PKD inhibitor CID
(Fig. 9E). However, PKD inhibition had no effect on suppression of
ASKI1 activity in the phosphomimetic HSP27-D transgenic. Thus,
mimicking the phosphorylation of HSP27 by HSP27-D decouples
PKD from ASK1 inhibition.

Finally, inhibition of PKD significantly decreased the neuro-
protection against tFCI afforded by HSP27 transgene overexpres-
sion, as measured by both infarct volume and neurofunctional
outcomes (Fig. 9F). Again, the effects of PKD inhibition were
absent in the presence of the phosphomimetic HSP27-D. To-
gether, these data demonstrate that PKD is required for phos-
phorylation of wild-type HSP27 and that, through this pathway,
ASK1 activity is inhibited, leading to suppression of ischemic
neuronal injury.
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Figure9.  PKD inhibition in vivo abrogates HSP27-mediated neuroprotection and suppression of ASK1 following tFCl. 4, Time course of PKD phosphorylation following tFCl and reperfusion. PKD
phosphorylation at Ser916 [p-PKD(Ser916)] is closely associated with its kinase activity and is markedly increased within 2 h following post-tFCl reperfusion. B, Representative double-label
immunofluorescence images of cerebral cortex at 2 h following post-tFCl reperfusion show colocalization of p-PKD (Ser916) and p-HSP27 (Ser15) in HSP27 transgenic mice (d-f; high-power
magnification, m— o), but not in HSP27-A transgenic mice (j—/). Inhibition of PKD with intracerebroventricular infusion of (ID755673 attenuated the immunofluorescence of both p-PKD and
p-HSP27 (g—i). C, Western blots demonstrate that CID755673 infusion significantly decreased PKD phosphorylation (both Ser744 and Ser916) at 2— 8 h after tFCl. D, Western blots demonstrate that
(ID755673 infusion significantly decreased HSP27 phosphorylation (both Ser15 and Ser82) in Tg-HSP27 mice at 2— 8 h after tFCI. E, CID755673 infusion abolished HSP27-afforded suppression of
ASK1 activity following tFCl. HSP27-D retains its inhibitory effects on ASKT activity, as it is a phosphomimetic structure that does not necessitate phosphorylation. F, Improved histological and
neurofunctional outcomes observed in HSP27 (wild-type) transgenic mice were abrogated by (ID755673 infusion. HSP27-D transgenic mice showed improved outcomes even in the presence of PKD
inhibitor. Infarct volume was measured on TTC-stained brain sections at 24 h after tFCl; neurofunctional outcomes were assessed using corner test and cyclinder test. Data are presented as mean *
SEM, with n = 4/group (C—E) and n = 8/group (F). *p << 0.05 and **p << 0.01 compared with vehicle ((—E), sham controls (F), or as indicated in the graphs (F). The blots at the bottom for ASK1
input or actin were used to demonstrate equal loading and were not used in the semiquantification.

Discussion

The data presented here detail the mechanistic actions required for
and leading to the neuroprotection afforded by HSP27 against neu-
ral ischemic injury. In particular, overexpression of HSP27 itself re-
quires serine phosphorylation to suppress ASK1-mediated cell death
signaling and neuroprotection against ischemic injury. Further-

more, we have identified PKD as the primary kinase present in isch-
emic neurons responsible for phosphorylation of HSP27, and have
presented data to indicate that the endogenous activation of PKD is
necessary for neuroprotection afforded by exogenous HSP27 over-
expression. These data provide a sound basis for targeting an inher-
ent regulatory mechanism of HSP27 for use as a therapeutic
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molecule and open the role of PKD in sup-
porting neuroprotection against ischemic
injury.

The observation that phosphorylation
of HSP27 is required for neuroprotection
is novel, which differentiates the effects of
HSP27 under neuronal ischemic condi-
tions from other cellular systems. Previ-
ous studies in non-neuronal systems have
indicated that HSP27 possesses several
roles in the cellular context, primarily
based on two major functions associated
with differential phosphorylation and
oligomerization states. In the high-molecu-
lar-weight oligomeric, nonphosphorylated
form, HSP27 functions primarily as a chap-
erone (Knauf et al., 1994) and has been best
characterized in the targeting of aberrantly
folded proteins to inhibit aggregate forma-
tion (Jakob et al., 1993). However, upon
phosphorylation and dissociation to lower-
molecular-weight oligomers, HSP27 can
function as an inhibitor of cell death, target-
ing both upstream and downstream of
mitochondrial signaling. Although the pres-
ence of the high-molecular-weight, non-
phosphorylated form of HSP27 appears to
be necessary for cellular protection against
cardiac ischemia/reperfusion (Hollander et
al., 2004) and under some neural contexts,
such as neurite outgrowth (Williams and Mearow, 2011) or against
tau fibril formation (Abisambra et al., 2010), differences in cellular
phenotype and environment may affect the necessity for the phos-
phorylated state of HSP27. Given the complex pathogenesis of isch-
emic injury (Lo et al., 2003), and our previous finding that HSP27
effectively inhibited ASK1 activity in the neural ischemic context,
our data are consistent with previous findings that phosphorylation
of HSP27 is required for suppression of cell death signaling in neural
ischemia. Further studies comparing and contrasting different cellu-
lar contexts might further elucidate (and predict) the regulation and
actions of HSP27.

Determination of the upstream effectors controlling HSP27
function is critical in developing therapeutic strategies. Several
serine/threonine kinases, including PKC, p38, PI3K/Akt, and
PKD, are capable of phosphorylating HSP27 but appear to vary
widely based on cell phenotype and environment. Under neuro-
nal ischemic conditions, many of these kinases have been dem-
onstrated to be activated and contribute to outcomes (Aronowski
et al., 2000; Irving and Bamford, 2002); thus, any could feasibly
regulate the oligomeric state and subsequent function of HSP27.
However, PKD is a particularly attractive candidate. Although
PKD has not been investigated in cerebral ischemia models,
HSP27 has been identified as a substrate of PKD (Doppler et al.,
2005), and PKD specifically phosphorylates HSP27 in a number
of non-neuronal systems, including pancreatic cancer cells (Yuan
and Rozengurt, 2008) and endothelial cells (Evans et al., 2008). In
aneuronal cell line (SH5Y5), several kinases including PKD were
found to be capable of phosphorylating HSP27 in the presence of
different agonists (Dokas et al., 2011). The current finding that
the endogenous neuronal PKD is required for the phosphoryla-
tion—and hence neuroprotection—afforded by HSP27 not only
identifies an endogenous regulator of HSP27 in neural settings

PKD

Figure 10.
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but also opens the field for further investigation into the role of
PKD in protection against cerebral ischemia.

Stemming from our observations that (1) immunoprecipi-
tated PKD1/3 from ischemic lysates phosphorylated recombi-
nant HSP27 in a cell-free system, (2) only the inhibitor of PKD
(CID755673) had a significant effect on blocking HSP27 phos-
phorylation at critical serine residues, and (3) knockdown of
PKD1/3 blocked both HSP27 phosphorylation and its neuropro-
tective effects, we conclude that PKD is the primary kinase re-
sponsible for mediating the neuroprotective function of HSP27
via phosphorylation. This finding is novel, as a role for PKD in
neuronal ischemia has not before been identified. Interestingly,
we further demonstrated that PKD and HSP27 associate in an
immunocomplex, implying that the interaction between the ki-
nase and its substrate should be fairly direct. When PKD was
immunoprecipitated from HEK293 cell lysates and incubated
with HSP27 in the presence of radiolabeled ATP in a purified
assay, HSP27 was phosphorylated. These data indicate a close
physical interaction between the two proteins. However, the pos-
sibility cannot be excluded that other components may have been
inadvertently immunoprecipitated with PKD and may also be
required to facilitate phosphorylation of HSP27. However, given
that the pulldown of the dominant-negative PKD and incubation
of ischemic cultures with the PKD inhibitor CID755673 effec-
tively abrogated the in vitro phosphorylation of recombinant
HSP27, we conclude that PKD is the critical kinase involved in the
directed phosphorylation of HSP27 at critical serine residues.

Identification of Ser15 and Ser82 as critical residues in HSP27-
mediated neuroprotection may allow for structural screening of
small peptides in the search for potential therapeutic agents.
Ser82 lies directly within the oligomeric interacting surface and
appears to be the critical residue that shifts the oligomeric state of
HSP27 (Thériault et al., 2004). Thus, phosphorylation at Ser82
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would likely be the main “effector” step of the shift from the
large-molecular-weight multimers to the differentially functional
oligomers by incorporating a large negative charge at the face of
the dimer surface. Ser15, on the other hand, is localized in the
WDPF domain in the N-terminal region of HSP27. Its function is
less defined, but it is thought to facilitate the full activity of HSP27
in binding to substrates (Thériault et al., 2004). Although our
data suggest that phosphorylation of both of these residues is
critical to the full neuroprotective effect of HSP27 against isch-
emia, it was unclear whether the two residues were phosphory-
lated by the same upstream kinase. Consistent with the data
demonstrating that pharmacological inhibition of PKD did not
completely block phosphorylation of HSP27 at Ser15, targeted
knockdown of PKD1 and PKD3 also did not completely abrogate
HSP27 phosphorylation at Serl5. Therefore, it is possible that
another kinase may play an initial role in the process of HSP27
phosphorylation at Serl5, which could contribute to the full
phosphorylation state of HSP27. As opposed to Ser15 and Ser82,
Ser78 appears to play an insignificant role in the neuroprotective
effects of HSP27 under neuronal ischemia. However, it is possible
that the lack of perceived involvement of Ser78 may be due to the
absence of this residue in the murine HSP25 (Kostenko and
Moens, 2009). In this case, the endogenous murine mechanisms
explored in our model systems may not target or require Ser78 in
exogenously expressed human HSP27. Alternatively, the up-
stream kinase responsible for Ser78 phosphorylation may not be
activated following ischemic injury. The regions surrounding
Ser15 and Ser82 contain putative PKD consensus phosphoryla-
tion motifs (Kostenko and Moens, 2009) not present around
Ser78. Consistently, in vitro PKD activity assays using recombi-
nant HSP27 mutated only at Ser78 did not appear to affect the
ability of PKD1 to phosphorylate HSP27. Thus, the activation of
PKD may preferentially target these two serine residues over
Ser78.

Our data reveal that a very small amount of endogenous
HSP25 exists in both neuronal cultures and brain, and that this
endogenous HSP25 is phosphorylated by endogenous PKD. This
observation then leads to several interesting questions. First,
given that the endogenous HSP25 interacts with PKD and can be
phosphorylated, we hypothesize that the stoichiometric ratio of
endogenous phosphorylated HSP25 to ischemic-activated ASK1
is insufficient to overcome activation of cell death signaling. In
this scenario, overexpression of exogenous HSP27 would allow
enough HSP27 substrate for PKD to phosphorylate and thus in-
hibit ASK1-mediated cell death signaling. Second, the failure of
neurons to induce endogenous HSP25 expression under isch-
emic conditions is not understood; however, it is possible that the
rapidity of the injury is insufficient to induce enough protein to
mount a protective response. Indeed, several studies have identi-
fied upregulation of HSP27 in retinal ischemic preconditioning
(Whitlock et al., 2005) or in glial cells, which are more resistant to
cerebral ischemia (Kato et al., 1994; Nishino and Nowak, 2004).
Further investigation into the control of endogenous HSP25 gene
induction is necessary to better understand the limited availabil-
ity of endogenous HSP25 in neurons.

Together, our data describe a newly identified endogenous
mechanism for the regulation of HSP27 in conferring neuropro-
tection against cerebral ischemia (Fig. 10). The presence of
HSP27 in its nonphosphorylatable form was insufficient to con-
fer protection or to suppress ASK1-mediated cell death signaling.
Instead, we identified the endogenous PKD-directed phosphor-
ylation of HSP27 as a critical upstream step for the subsequent
interaction between HSP27 and ASK1 and suppression of down-
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stream cell death signaling. In particular, ischemia-induced
phosphorylated PKD directly associates with HSP27, leading to
phosphorylation at Ser15 and Ser82. The phosphorylated HSP27
can then associate with ischemia-activated (phosphorylated)
ASK1 and inhibit its kinase activity, leading to suppression of
MKK4/7 cell death signaling and subsequent cell death. These
findings present a discernible model of HSP27-mediated neuro-
protection, which should contribute significantly to the identifi-
cation of small-molecule therapeutics geared toward ischemic
neuroprotection.
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