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Palmitoyl Acyltransferase zD17 Mediates Neuronal
Responses in Acute Ischemic Brain Injury by Regulating
JNK Activation in a Signaling Module

Guang Yang and Max S. Cynader
Brain Research Centre, Vancouver, British Columbia, Canada, V6T 2B5

Although the palmitoyl acyltransferase (PAT) zinc-finger DHHC containing 17 (zD17) has been implicated in genetic neurological
disorders by regulating protein palmitoylation, the role of zD17 in acute brain injury remains unknown. Here, we report that zD17
contributes to acute ischemic brain injury via a mechanism independent of its PAT activity. We have found that zD17 directly interacts
with c-Jun N terminus kinase (JNK) to form a signaling module for JNK activation. Pathological stressors induce the zD17–JNK interac-
tion, which promotes downstream neuronal cell death signals. We have developed novel peptides targeting the JNK-interacting motif on
zD17 to selectively block the enhancement of the zD17–JNK interaction and the activation of JNK isoforms 2 and 3. Application of these
peptides successfully blocks JNK activation and neuronal cell death pathways, protects cultured neurons from excitotoxicity, and dra-
matically reduces brain damage and behavioral deficits in a rat model of focal ischemic stroke. Our findings indicate zD17 as a key player
in ischemic stroke and suggest the potential therapeutic value of targeting the zD17–JNK interaction for acute brain injury.

Introduction
Stroke is a leading cause of death and disability worldwide
(WHO, 2007). In acute ischemic stroke, the most common form
of stroke, the supply of blood and oxygen to a part of the brain is
reduced, which eventually causes the death of brain tissue and
forms the infarct core (Donnan et al., 2008). This irreversibly
damaged core is surrounded by a dysfunctional but potentially
viable hypoperfused region, known as the penumbra. Within a
few hours after ischemia, neurons in the penumbra are chal-
lenged by excitotoxic and inflammatory processes resulting in
delayed death (Fisher and Ratan, 2003; Bossy-Wetzel et al., 2004).

Zinc-finger DHHC containing 17 (zD17) belongs to a family
of palmitoyl acyltransferases (PATs) that catalyze protein palmi-
toylation, a posttranslational lipid modification affecting protein
trafficking and function (el-Husseini and Bredt, 2002; Singaraja
et al., 2002; Huang et al., 2004). Through its regulation of the
poly-Q-repeat mutated huntingtin (Htt) protein’s palmitoyl-
ation and aggregation, zD17 has been implicated in neurodegen-
eration in Huntington’s disease (Yanai et al., 2006). However,
whether zD17 is also involved in neuronal cell death in the ab-

sence of mutated Htt protein is not known. In addition to acting
as a PAT, zD17 seems to have other roles (Goytain et al., 2008),
including the activation of c-Jun N terminus kinase (JNK) path-
ways (Harada et al., 2003). JNK activation is broadly involved in
excitotoxicity, inflammation, and neuronal cell death in ischemic
stroke as well as other neurological diseases (Resnick and Fennell,
2004; Weston and Davis, 2007). It is thus possible that zD17 may
contribute to acute neuronal cell death, for example in ischemic
stroke, via JNK pathways, rather than via controlling Htt aggre-
gation. In our pilot studies leading to this report, we found that
zD17-induced JNK activation is independent of its PAT activity.
We thus investigate this PAT-independent role of zD17 in regu-
lating ischemic stroke-induced acute neuronal cell death.

JNK initiates both immediate and late-phase cell death events
via phosphorylation and activation of substrates in both the nu-
cleus and cytosol (Bredesen et al., 2006; Centeno et al., 2007;
Weston and Davis, 2007). Inhibitors targeting JNK have been
shown promising neuroprotection in neurological diseases, de-
spite concerns of side effects raised in clinical trials (Kuan and
Burke, 2005; Bogoyevitch, 2006; Borsello and Forloni, 2007).
Studies on the three JNK isoforms have pinpointed different roles
of JNK1, JNK2, and JNK3 in neuronal functions and neurological
diseases. Although JNK2�/�, JNK3�/� or JNK2�/�, JNK3�/�

mice show reduced vulnerability in models of ischemic stroke,
JNK1�/� animals show little protective effect (Hunot et al.,
2004). Moreover, the loss of JNK1 leads to disorganization of
neuronal microtubules and neurodegeneration (Chang et al.,
2003). These results strongly suggest that selective inhibition of
stress-responsive JNK isoforms (primarily JNK2/3) would be
beneficial for therapeutic targeting of JNK (Coffey et al., 2002;
Bogoyevitch, 2006). However, the design of JNK inhibitors with
clear isoform selectivity and the therapeutic application of these
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inhibitors in ischemic stroke have not been achieved. Here, we
report a role of zD17 in mediating ischemic neuronal death by
recruiting JNK pathways and develop a neuroprotective JNK in-
hibitor with the isoform and scenario selectivity.

Materials and Methods
Cell cultures and materials. All animal experiments were approved by the
Animal Care Committee of the University of British Columbia. Primary
cortical or hippocampal neuronal cultures were prepared from Wistar rat
(University of British Columbia Animal Care Centre, Vancouver, BC,
Canada) brains at embryonic days 18 –19. Cultures were maintained in
Neurobasal medium supplemented with B27 and 0.5 mM glutamax (In-
vitrogen) as described previously (Yang et al., 2009). For biochemical
studies, cortical neurons were seeded in six-well culture plates with a
density of 7.5 � 10 5 cells per well. For lactate dehydrogenase (LDH)
assays and cell death detection, 24-well culture plates were used with a
neuron density of 2.5 � 10 5 cells per well. Neurons of 14 –17 d in vitro
(DIV) were used for experiments. For immunostaining, hippocampal
neurons were seeded on glass coverslips in 12-well plates with a density of
1.25 � 10 5 cells per well. To assess axonal development and synapse
formation, hippocampal neurons at 0 DIV and 21 DIV, respectively, were
treated with 2 �M NIMoE (novel interaction motif E) for 3 d (media were
changed daily to maintain peptide concentration relatively constant).

HEK 293 cells were maintained in DMEM (In-
vitrogen) supplemented with 10% fetal bovine
serum and 1% penicillin/streptomycin. For
protein expression in cell lines, cells were trans-
fected with Calcium Phosphate Transfection
reagent (Promega) and used 24 h later as de-
scribed previously (Yang et al., 2009). The JNK
inhibitor L-JNKI was purchased from Alexis
Biochemicals. Thrombin was obtained from
BIOPUR. Other assay reagents without indica-
tion were obtained from Sigma.

Plasmids and antibodies. The GST-tagged
full-length and fragments of zD17 constructs
were created by cloning zD17 and fragment cDNA
sequences into a pGEX-4T-1 vector with a myc
epitope sequence at the N terminus. The GST–
JNK3 construct was cloned into the same vector.
myc-tagged fragments of zD17 were also cloned
into pcDNA3 to generate expression con-
structs. GFP–JNK1 and GFP–JNK2 expres-
sion constructs were created by cloning
cDNA sequences into pEGFP–C1 plasmids.
The vectors encoding myc–zD13, myc–zD15,
myc–zD17, myc–zD17�, myc–zD20, myc–
zD23, GFP–PSD-95, GFP–PSD-95 C3,5S, GFP–
SNAP25, and HA–SYTI were generously
provided by Dr. El-Husseini’s laboratory. The
GFP–JNK3 construct was a gift from Dr.
Vsevolod V. Gurevich (Vanderbilt University,
Nashville, TN) (Song et al., 2006). The con-
structs expressing FLAG–JNK3, FLAG–MKK3,
FLAG–MKK4, FLAG–MKK6, FLAG–
MKK7wt, and FLAG– kiMKK7 were pur-
chased from Addgene.

The primary antibodies used to detect JNK1,
activated-caspase3, and FLAG (DDDDK)
epitopes were obtained from Abcam. Anti-
zD17, anti-synaptophysin, and anti-GFP were
purchased from Sigma. Anti-GST and anti-
Tau1 were purchased from Abm and Milli-
pore, respectively. The antibody against
postsynaptic density 95 (PSD-95) was obtained
from Synaptic Systems. Purified IgG was sup-
plied by Jackson ImmunoResearch. All other
primary antibodies were purchased from
Cell Signaling Technology. Secondary anti-

bodies were HRP-conjugated anti-mouse (Cell Signaling Technology),
anti-rabbit (PerkinElmer Life and Analytical Sciences), anti-GFP (Santa
Cruz Biotechnology), and anti-myc (Invitrogen). Fluorescent Alexa
Fluor 488- and Alexa Fluor 568-conjugated anti-mouse IgG1, IgG2a, and
anti-rabbit IgG were obtained from Invitrogen.

Protein extraction and immunoblotting. The protocols for protein ex-
traction have been described previously (Yang et al., 2009). For coimmu-
noprecipitation, cultured cells were washed with ice-cold PBS, followed
by incubation with 0.5 ml of gentle lysis buffer (GLB) containing 25 mM

Tris-HCl, pH 7.4, 2 mM EDTA, 1 mM EGTA, 10 mM NaCl, 0.5% Triton
X-100, and 10% glycerol supplemented with the Complete Protease In-
hibitor Tablets (Roche Applied Science) and 1 mM PMSF. Total protein
concentration was determined with the Bio-Rad Protein Assay kit. Ly-
sates were first precleaned by incubating with protein A-Sepharose beads
(Roche Applied Science) for 1 h at 4°C, followed by incubation with
indicated antibodies (�16 h at 4°C) and protein A-Sepharose beads (2 h
at 4°C). Lysates of rat brain tissues were precleaned with IgG and protein
A beads. Immunoprecipitates were washed three times with GLB, boiled
in 2� loading buffer with 1 mM dithiothreitol (DTT) for 3 min, and
analyzed with SDS-PAGE as described previously (Yang et al., 2009). The
relative intensities of the bands on immunoblots were analyzed and
quantified using NIH Image J.

Figure 1. Identification of zD17 as a JNK-interacting protein. A, zD17 promotes JNK3 phosphorylation. Under both resting and
osmotic stress (400 mM sorbitol, 30 min) conditions, the phosphorylation level of GFP–JNK3 in heterogeneous HEK293 cells is
enhanced by coexpression of myc–zD17 but not PAT myc–zD15, zD20, or zD23. B, JNK3 activity is promoted by zD17, as assessed
by kinase assays (KA) (fold change compared with JNK3 alone; JNK3 � zD17, 4.8 � 0.2, p � 0.01; sorbitol, 12.4 � 0.2; JNK3 �
zD17 � sorbitol, 15.3 � 0.6, p � 0.01 compared with sorbitol alone). t test. Quantifications show means � SEM. C, zD17
promotes JNK3 phosphorylation in a PAT activity-independent manner. JNK3 phosphorylation is enhanced by both wild-type zD17
(fold change to JNK3 only; 9.98 � 1.00; p � 0.01) and the PAT-activity-deficient mutant zD17� (10.61 � 1.09; p � 0.01). D,
JNK3 associates with zD17 in HEK293 cells. GFP–JNK3 is present in the zD17 immunoprecipitates enriched by anti-myc antibody
but is not detected in zD15 or zD20 immunoprecipitates. E, zD17 associates with JNK3 independent of its PAT activity. Both zD17
wild-type and zD17� are capable of interacting with JNK3, as assessed by coimmunoprecipitation. F, zD17 interacts with JNK1 and
JNK2 and promotes their phosphorylation. The heterogeneously expressed PAT zD13 interacts with JNKs but fails to promote JNK
phosphorylation. G, Purified GST–JNK3 physically binds to myc–zD17 in vitro. IP, Immunoprecipitation; IB, immunoblot.
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LDH assays and cell death detection. Neuronal cultures were challenged
with indicated concentrations of NMDA for 1 h, followed by 24 h sur-
vival. The release of LDH was measured with an in vitro toxicology assay
kit (Sigma) according to the instructions of the manufacturer. Spectro-
photometric measurement was performed on a Multilabel Plate Reader
(Envision 2103; PerkinElmer Life and Analytical Sciences). The LDH
reading represents the primary absorbance at a wavelength of 490 nm
after subtraction of background absorbance at 690 nm. The cell death
level (percentage of total cell death) was quantified by dividing the LDH
readings of sample groups by the readings from cultures incubated with
1% triton for 15 min representing maximal LDH. After the LDH assay,
propidium iodide (PI) (Sigma) was added to the medium at a final con-
centration of 1 �g/ml and neurons were stained for 30 min at 30°C. After
fixation with 4% paraformaldehyde, neurons were washed with 1� PBS
and stained with Hoechst 33342 (Sigma). The fluorescence of PI and
Hoechst were examined with laser microscopy and analyzed with NIH
ImageJ.

Kinase assays. JNK activity was measured with an in vitro kinase assay
as described previously (Khatlani et al., 2007). Briefly, cell lysates were
prepared and JNK was immunoprecipitated with specific antibodies. The
immunoprecipitates were then resuspended in 1� kinase buffer (Cell
Signaling Technology) supplemented with 200 �M ATP and 250 �g/ml
GST– c-Jun (1– 89) and incubated at 30°C for 30 min. Reactions were
terminated by the addition of SDS-PAGE sample buffer. Phosphorylated
c-Jun was resolved by SDS-PAGE and detected with anti-phospho-c-Jun.

Affinity binding assay and peptide array. An affinity binding assay was
used to assess direct interaction between JNK3 and zD17. GST-fused
full-length zD17 (GST–zD17 1– 632), zD17 fragments (GST–zD17 1–310,
GST–zD17405–479, GST–D17550–632, GST–zD17125–140, GST–zD17140–190,
GST–zD17 190 –210), and JNK3 (GST–JNK3) were purified from Esche-
richia coli BL21 with glutathione Sepharose 4B (GE Healthcare). Purified
GST fusion proteins were resolved on SDS-PAGE and transferred onto
nitrocellulose membranes. To prepare bait proteins, purified GST–myc–
zD17 and GST–JNK3 were digested with thrombin overnight at room
temperature, followed by clearance with �-aminobenzamidine-agarose
(Sigma) for 1 h at 4°C. The bait proteins were then prepared in affinity
binding buffer [TBS with Triton X-100 (TBST) with 5% skim milk and
4% sucrose] at a concentration of 10 �g/ml. After blocking with affinity
binding buffer at room temperature for 4 h, the membrane was incu-
bated with bait proteins overnight at 4°C, and washed three times with
TBST. Bound bait proteins were detected with primary antibody against
myc epitope or JNK3 and HRP-conjugated secondary antibody. For
mapping detailed interaction motifs, a peptide spot array was synthesized
by PepMetric Technologies. The array contained overlapping peptides
(15-mer peptides with 5 aa shift) to cover the N-terminal cytosolic do-
main of zD17 (zD17 1–325). The array membrane was initialized by wash-
ing twice with methanol for 10 min at room temperature, followed by
three washes with TBST. The conditions for the preparation of array
membrane, incubation with purified JNK3, and detection of bound bait
protein were the same as those of the affinity binding assays.

Mitochondrial fractionation. Cultured neurons were lysed on ice for 10
min in TEEN mitochondria extraction buffer containing 20 mM Tris-
HCl, pH 7.5, 10 mM KCl, 1.5 mM MgCl2, 1 mM EGTA, 1 mM EDTA, and
1 mM DTT supplemented with the Complete Protease Inhibitor tablets.
The lysates were homogenized with a 28 1/2 gauge syringe for a total of
eight times on ice, followed by centrifugation twice at 700 � g for 10 min
at 4°C. The supernatant was then centrifuged at 10,000 � g for 30 min at
4°C to enrich mitochondria in the pellet. The cytosolic fraction was col-
lected from the supernatant after additional centrifugation at 100,000 �
g for 1 h at 4°C. One and 4� lysis buffer were added to the mitochondrial
and cytosolic fractions, respectively. Equivalent amounts of samples were
resolved by SDS-PAGE and blotted with antibodies against cytochrome c
(Cyt c) and Bax.

Immunostaining and laser microscopy. Cultured hippocampal neurons
on glass coverslips were used for immunostaining. After treatments in-
dicated in text, neurons were fixed with 2% paraformaldehyde for 3 min
at room temperature, followed by permeabilization with ice-cold meth-
anol for 10 min at �20°C. The coverslips were then washed three times
with PBS and immunostained with appropriate antibodies dissolved in

PBS for 1 h at room temperature. After washing three times with PBS,
coverslips were incubated with Alexa Fluor-labeled secondary antibodies
from Invitrogen for an additional 1 h. To assess axonal development,
hippocampal cultures were stained with anti-Tau-1 antibody and DAPI.
For mitochondrial detection, neuronal cultures were incubated at 37°C
for 30 min with 2 �M MitoTracker-TR (Invitrogen). Coverslips were
then fixed and mounted with ProLong Gold Antifade Reagent (Invitro-
gen). Fluorescence was captured using a Carl Zeiss Observer Z1 micro-
scope, and all images were analyzed with NIH ImageJ and processed
using Adobe Photoshop (Adobe Systems).

Transient ischemia in rats. Adult male Sprague Dawley rats weighing
250 –290 g were used for transient middle cerebral artery occlusion
(MCAo). Rats were anesthetized with 5% isoflurane and maintained
with 2% isoflurane in 70% N2O and 30% O2 using a face mask. Ketopro-
fen at 5 mg/kg was given before surgery to block pain. Rectal temperature
was maintained at 37°C during surgery with a homeothermic blanket
system (Harvard Apparatus). The scalp was incised at the midline and the
skull was exposed. The skull was thinned with a dental drill at a region
ipsilateral to the expected ischemia zone (2 mm posterior and 5 mm
lateral from the bregma). A laser probe of the Doppler flowmeter (Per-
imed) was placed at this location during surgery to detect cerebral blood
flow (CBF) (Nagel et al., 2011). We induced transient MCAo using a
method of intraluminal vascular occlusion described previously (Longa
et al., 1989; Belayev et al., 1996; Aarts et al., 2002). Briefly, a poly-L-lysine-
coated 3-0 monofilament nylon suture (Harvard Apparatus) with a
rounded tip was advanced from the left common carotid artery into the
internal carotid artery until a sudden drop of CBF was noted, indicating
the blockade of the origin of the MCA. The success of induction of
ischemia was confirmed by a fall of CBF to �25% of baseline level and by
neurological assessment scores during MCAo (1 h after the onset). Two
hours after MCAo, rats were reanesthetized, and the suture was removed
to allow reperfusion, confirmed by the increase of CBF at the same area.

Figure 2. Formation of the JNK–zD17–MKK7 signaling module. A, zD17 selectively interacts
with MKK7. Only FLAG–MKK7 is present in immunoprecipitates. B, zD17 interacts with MKK7
wild-type (wt) and the kinase-inactive mutant (ki). C, MKK7 contributes to the zD17-mediated
phosphorylation of JNK3. Coexpression of FLAG–MKK7ki in HEK293 cells reduces the phosphor-
ylation level of GFP–JNK3 promoted by myc–zD17 (fold change to JNK3 only; JNK3 � zD17,
2.28 � 0.23; JNK3 � zD17 � MKK7wt, 3.10 � 0.43; JNK3 � zD17 � MKK7ki, 1.48 � 0.22,
p � 0.01 compared with JNK3 � zD17). D, zD17 recruits MKK7 and JNK3 in a signaling module.
GFP–JNK3 and FLAG–MKK7 are expressed in the HEK293 cells, with or without myc–zD17. The
presence of MKK7 in the JNK3 immunoprecipitates is enhanced by coexpression of zD17 (fold
change to JNK3 � MKK7; JNK3 � zD17 � MKK7, 2.41 � 0.17, p � 0.01). IP, Immunoprecipi-
tation; IB, immunoblot.
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Peptide administration. Peptides were synthesized by PepMetric Tech-
nologies or GL Biochem. Peptides were prepared freshly in saline on the
day of experiment at a stock concentration of 1 mg/ml. Peptides at 1
mg/kg were administrated at the indicated times by a single intravenous
injection into the rat tail. Scrambled NIMoE (NIMoEscr) or short
NIMoE (NIMoEsh) were injected at 4 h after MCAo onset to randomly
chosen rats. For long-term studies, peptides were given 2 h after MCAo
onset. We injected NIMoEscr and NIMoEsh, assessed brain damage, and
performed functional evaluations in a double-blind manner. To examine
the delivery of the peptide into the brain, either 5 mg/kg FITC-labeled
NIMoE or saline was intravenously injected 1 h before perfusion. The
rats were then perfused with PBS followed by fixation solution (4% para-
formaldehyde in PBS). Brains were removed, postfixed in fixation solution
for 2 h, and then soaked in 20% sucrose–PBS buffer at 4°C for 24 h. After
rapid freezing in Tissue-Tek embedding medium (Sakura) on dry ice, 20 �m
sections were cut on a cryostat (Leica CM3050) and examined for FITC
fluorescence by laser microscopy (Carl Zeiss Axiovert 200).

Histological assessment. Rats were allowed to survive for 24 h. After
decapitation, the brains were immediately removed and serially sec-

tioned in the coronal plane at a thickness of 2
mm with a slicer matrix (Zivic). A total of eight
sections were collected and then incubated in
PBS with 1% 2,3,7-triphenyltetrazolium chlo-
ride at 37°C for 10 min. The stained slices were
then fixed in 4% paraformaldehyde and dig-
itized with a color flatbed scanner (MFC-
8860DN; Brothers). The infarct area within
each section was traced and quantified using
NIH ImageJ. The infarct volume was calcu-
lated using the following formula: V � d(A1 �
A2 �. . . � A8), where V is the infarct volume
(cubic millimeters), d is the distance between
sections, and A is the infarct area within each
section.

Functional tests. All animals were tested for
neurological function during (1 h after onset)
and 24 h after MCAo. We evaluated motor,
sensory, and coordination capacities using
modified neurological severity scores (Beder-
son et al., 1986; Watanabe et al., 2004). The
motor system tests comprised seven compo-
nents, including motor initiation test, free
activity, posture, walking, tail suspension,
hindlimb flexion, and pushing test. Somato-
sensory tests included a tactile test and fore-
limb placing test. Coordination functions were
assessed with three tests, including a foot fault
test, edge test, and balance beam. Performance
in the tests was evaluated on a cumulative scale
from 0 to 2 (10 tests), except for two tests (tail
suspension and balance beam) in which scores
ranged from 0 to 3 and 0 to 4, respectively. The
scores from each test were summed and repre-
sented as a single overall neurological score (0
to 27). The higher the score, the greater is the
functional impairment. The adhesive-removal
test (ART) was used for additional evaluation
of somatosensory deficits (Bouet et al., 2009).
An adhesive tape strip was securely wrapped
around the wrist of the right forepaw. The rat
was returned to the cage, and its behavioral
attempts to remove the tape strip by either
shaking its paws and/or bringing its paws to its
mouth was monitored and counted within to-
tal 2 min. Because an intact and correct sensory
system is required for sensing the strip, the
shorter ART time represents the sensory im-
pairment, whereas longer ART time (usually 2
min) represents a completely intact function.

Statistics. All values in text and figures are
presented as mean � SEM. Student’s t test or one-way ANOVA was
performed using Excel software (Microsoft). The limit of statistical
significance was set at a p value �0.05.

Results
JNK activation is regulated by the zD17–MKK7–JNK
signaling module
To examine the impact of PATs on JNK activation, we expressed
several neuronal PATs individually with JNK3 in HEK293 cells.
Under both resting and osmotic stress conditions, zD17 greatly
facilitated JNK3 phosphorylation, whereas other tested PATs
showed no effects (Fig. 1A). The kinase activity of JNK3 was also
enhanced by expression of zD17 (Fig. 1B). We further examined
the involvement of the PAT activity of zD17 by using a PAT
activity-deficient mutant of zD17 (zD17�) (Huang et al., 2004).
Similar to wild-type zD17, zD17� strongly enhanced JNK3 phos-
phorylation (Fig. 1C). These results indicate that zD17 is selec-

Figure 3. Regulation of the zD17–JNK3 signaling module in response to NMDA-induced excitotoxicity. A, NMDA-induced
excitotoxicity promotes zD17–JNK3 interaction in neuronal cultures. NMDA stimulation enhances the zD17–JNK interaction as-
sessed by coimmunoprecipitation (fold change compared with control; NMDA, 1.49 � 0.09, p � 0.01; NMDA � MK801, 0.96 �
0.14, p�0.78). B, The cytokines TNF-� and IL-1� enhance the zD17–JNK3 interaction in neuronal cultures. TNF-� (50 ng/ml, 6 h)
and IL-1� (10 ng/ml, 16 h) treatments induced a 1.53 � 0.11- and 1.88 � 0.23-fold increase of zD17–JNK3 interaction,
respectively. C, Glutamate and NMDA enhance the zD17 interaction with JNK isoforms 2 and 3. The enhancement on JNK2 (fold
increase compared with control; glutamate, 1.7 � 0.2; NMDA, 2.1 � 0.4) and on JNK3 (glutamate, 2.6 � 0.2; NMDA, 2.5 � 0.3)
are higher than that on JNK1 (glutamate, 1.4 � 0.1; NMDA, 1.4 � 0.1). D, Binding to PSD-95 interferes with the zD17–JNK3
interaction (fold change; PSD-95, 0.82 � 0.03, p � 0.01; PSD-95 C3,5S, 1.25 � 0.07, p � 0.05) and reduces JNK3 phosphorylation
(fold change; PSD-95, 0.64 � 0.11, p � 0.05; PSD-95 C3,5S, 1.19 � 0.21, p � 0.42) in HEK293 cells. E, In neuronal cultures,
blocking palmitoylation with 2-BrPA (100 �M, 6 h) promotes the zD17–JNK3 interaction (fold change; 2-BP, 1.59 � 0.05).
Disrupting the NR2B–PSD-95 association with NR2B9c (1 �M, 30 min before NMDA treatment) reduces the NMDA excitotoxicity-
induced zD17 interaction with JNK3, examined 15 min after NMDA challenge (fold change; NMDA, 1.64 � 0.04; NR2B9c, 1.12 �
0.1; NR2Baa, 1.48 � 0.1, p � 0.23 to NMDA). t test. *p � 0.05 and **p � 0.01. Error bars show means � SEM. IP, Immunopre-
cipitation; IB, immunoblot.
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tively involved in activating JNK in a PAT
activity-independent manner. Because
zD17 does not have a canonical kinase do-
main, we asked whether zD17 might in-
teract directly with JNK and modulate its
activity. Using coimmunoprecipitation,
we found that JNK3 associated with zD17
but not with other similar PATs (zD15
and zD20) (Fig. 1D). This association of
JNK3 was independent of the PAT activity
of zD17, because both zD17 wild-type and
zD17� immunoprecipitated JNK3 (Fig.
1E). Similar to JNK3, JNK1 and JNK2 are
able to interact with zD17 when expressed
in HEK293 cells (Fig. 1F). In vitro, puri-
fied JNK3 was capable of binding purified
myc–zD17 (Fig. 1G). Thus, zD17 is a
binding partner of JNK.

Because zD17 promoted JNK phos-
phorylation and activity (Fig. 1B), we
examined the role of several mitogen-
activated protein kinase kinases (MAP-
KKs), upstream activators of JNK, in a
potential signaling module (Weston and
Davis, 2007). When MAPKKs were ex-
pressed in HEK293 cells, zD17 was able to
coimmunoprecipitate the JNK activator
MKK7. In contrast, the JNK activator
MKK4 and the p38 activators MKK3 and
MKK6 did not associate with zD17 (Fig.
2A). To further confirm the functional in-
volvement of MKK7, we used kinase-
inactive MKK7 (MKK7ki) (Merritt et al.,
1999). Because MKK7ki interacted with
zD17 similar to MKK7 wild type (Fig. 2B),
we expressed MKK7ki as a dominant neg-
ative, resulting in attenuated JNK3 phos-
phorylation (Fig. 2C). Moreover, the
association of JNK3 and MKK7, assessed
by coimmunoprecipitation, was strongly
enhanced in the presence of zD17 (2.41 �
0.17-fold, p � 0.01) (Fig. 2D). These re-
sults indicate that zD17 recruits MKK7
and JNK to form a signaling module for
JNK activation.

Neuronal excitotoxicity promotes
formation of the zD17–JNK module
As an important transducer of stress signals in the neuron,
JNK is activated in response to various stresses such as excito-
toxicity and inflammation (Borsello and Forloni, 2007). We thus
asked whether the zD17–JNK signaling module is recruited in these
scenarios. Inflammation induced by the cytokines tumor necrosis
factor-� (TNF-�) or interleukin-1� (IL-1�), as well as excitotoxicity
induced by glutamate or NMDA stimulation robustly promoted the
zD17–JNK3 interaction in cortical neuronal cultures (Fig. 3A,B).
Moreover, compared with stress-responsive isoforms JNK2 and
JNK3, the JNK1–zD17 interaction was less sensitive to either
NMDA or glutamate treatment (Fig. 3C). Because excitotoxicity-
induced JNK activation is predominantly mediated by MKK7 (Cen-
teno et al., 2007), we focused on excitotoxicity as our cellular model
to study mechanisms underlying activation of the zD17–JNK signal-
ing module and its contribution to neuronal cell death.

We examined the activation pathways by which the zD17–
JNK signaling module is regulated by excitotoxicity. zD17 has
been shown to interact with many different substrates, and it may
be that changes in interaction of zD17 with one or more of its
substrates affects its availability for interaction with JNK3
(Huang et al., 2009). One substrate of zD17, PSD-95 is especially
relevant, because excitotoxicity has been shown to alter its palmi-
toylation and protein-interaction profile (Kornau et al., 1995;
El-Husseini et al., 2002; Kang et al., 2008). In HEK293 cells, over-
expression of PSD-95 impeded the zD17–JNK3 interaction and
JNK3 phosphorylation (Fig. 3D). This impact of PSD-95 was
completely abolished by mutating its palmitoylation sites,
which eliminated the interaction with zD17 (Huang et al.,
2009). We also used a broad-spectrum palmitoylation inhibi-
tor, 2-bromopalmitate (2-BrPA), to inhibit the zD17 interaction
with its substrates in cultured neurons (Huang et al., 2009; Yang

Figure 4. Identification of novel JNK-interacting motifs on zD17. A, JNK-interacting motifs are embedded at the N terminus of
zD17. Purified GST-tagged zD17 fragments are its cytosolic domains (CD1, zD17 1–310; CD2, zD17 405– 479; CD3, zD17 550 – 632). B,
The in vitro peptide scan of potential JNK-interacting motifs on zD17 N-terminal cytosolic domain. Interaction-positive regions are
plotted on the diagram showing the N-terminal part of zD17. Bold black lines with marks (A–F ) indicate the potential JNK-
interacting motifs from the peptide scan, and their locations on zD17 are labeled beside the lines. The ankyrin domains for protein
interaction were plotted as rounded rectangles with locations indicated. C, Two motifs located in different ankyrin domains are
critical for the zD17–JNK interaction. myc-tagged full-length zD17 (FL) and fragments of zD17 with assorted deletions are indi-
cated at bottom, and embedded potential interaction motifs (A–F ) are labeled. The interaction ability (plus or minus) of these
constructs is plotted. D, JNK3 binds to motif D and motif E on zD17. Motif D, motif E, and the third ankyrin repeat between (as shown
in diagram) were fused with GST and purified. After incubation with JNK3, only motif D and motif E bound to JNK3. E, The locations
on zD17 from which peptides NIMoD, NIMoE, and NIMoEsh are derived, shown in a simulated structure of zD17 ankyrin repeats. 3D
structure data was obtained from National Center for Biotechnology Information (Protein Data Bank accession number 3EU9) and
processed with PyMOL software (version 1.3). IP, Immunoprecipitation; IB, immunoblot.
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et al., 2009). This treatment robustly enhanced the zD17–JNK3
interaction (Fig. 3E). Excitotoxicity has been shown to mobilize
PSD-95 to NMDA receptors (NMDARs), which initiates neuro-
toxic signaling (Kornau et al., 1995; Aarts et al., 2002). A previ-
ously described peptide, NR2B9c, was applied to block the PSD-
95–NMDAR association (Aarts et al., 2002). This peptide, but not
its mutated control NR2Baa, also impeded the enhancement of
the zD17–JNK3 interaction (Fig. 3E). Together, these results
suggest that the PSD-95 contributes, at least partially, to the
regulation of the zD17–JNK interaction in response to
excitotoxicity.

Identification of JNK binding motifs on zD17
To develop blockers of the zD17–JNK interaction, we first iden-
tified two novel JNK binding motifs on zD17. We purified three
cytosolic domains (CD1, CD2, and CD3) of zD17 with a GST tag

and found that, in vitro, JNK3 binding
predominantly occurred at CD1 (Fig.
4A). To obtain additional information,
we used a peptide array containing 15-
mers with a 5 aa shift to cover CD1 and
identified regions on the membrane to
which JNK3 bound (Fig. 4B). Six poten-
tial binding regions in three categories
were detected: N terminus (motifs A–C),
ankyrin repeats (motifs D and E), and
submembrane (motif F). These zones are
merely candidate regions and may not re-
flect actual binding domains. Thus, we
generated a series of zD17 deletion mu-
tants and examined their capability of
interacting with JNK3 by coimmunopre-
cipitation (Fig. 4C). Deleting CD2 and
CD3 did not affect the zD17–JNK3 inter-
action. Deletion of motif F did not reduce,
but instead increased, the coimmunopre-
cipitation of JNK3. Removing motif E di-
minished the interaction. Strikingly,
further deleting motif D, or selectively re-
moving motifs D and E, from full-length
zD17 completely eliminated the interac-
tion (Fig. 4C), suggesting the involvement
of these two motifs in binding JNK3. Mo-
tifs D and E are located within the second
and the fourth ankyrin repeats, respec-
tively. Although zD17 contains five
ankyrin repeats, our data indicate that
JNK3 binds specifically to motifs D and E
of zD17 with a preference for motif D
(Fig. 4D).

Isoform- and scenario-selective
inhibition of JNK
We next determined whether targeting
these two motifs could inhibit the
excitotoxicity-induced zD17–JNK inter-
action and JNK activation. We synthe-
sized peptides comprising motif D
(TPLHWATRGGHLSMV; NIMoD) and
motif E (MTPLMWAAYRTHSVDP-
TRLL; NIMoE) and fused them to the cell-
membrane transduction domain of the
HIV-1 Tat protein to allow the peptides to

penetrate the cell membrane (Schwarze et al., 1999). Based on
results from the peptide array, we optimized NIMoE into a
shorter 10-mer peptide (WAAYRTHSVD, NIMoEsh) that in-
cluded primarily the loop region of motif E (zD17 196 –205) (Fig.
4E). BLAST searches showed that the sequence of NIMoE/NI-
MoEsh is found only within zD17 (data not shown), suggesting
the specificity of these peptides. Bath application of NIMoD to
neuronal cultures significantly diminished the coimmunopre-
cipitation of zD17 with JNK3, resulting in a reduction of JNK3
basal activity (Fig. 5A). NIMoE showed no effect on the baseline
of the zD17–JNK3 interaction and JNK3 activity, but NIMoE, but
not the scramble and mutated controls, selectively blocked the
enhancement of the interaction and of JNK3 activity induced by
NMDA (Fig. 5B,C,E). It also eliminated the enhancement of the
JNK2–zD17 interaction and JNK2 activity (Fig. 5D,E). In con-

Figure 5. Isoform- and scenario-selective inhibition of JNK by peptides derived from JNK binding motifs on zD17. A, NIMoE
blocks the NMDA-induced enhancement of the zD17–JNK interaction without affecting baseline interaction in neuronal cultures
(normalized to control; NMDA, 173.6 � 16.9%, p � 0.05; NMDA � NIMoE, 106.5 � 1.2%, p � 0.16; NIMoE, 103.5 � 6.2%, p �
0.64; NIMoD, 54.1�16%, p�0.01). B, The effect of peptides on JNK3 basal activity. JNK3 is immunoprecipitated from cell lysates,
followed by the detection of kinase activity with a kinase assay (KA). Pretreating cells with a known JNK inhibitor, SP600125 (10
�M), or NIMoD (1 �M) for 2 h caused a significant (fold change compared with control, 0.56 � 0.06) or partial (0.72 � 0.07)
reduction of JNK basal activity, respectively. NIMoE (1 �M) has no significant impact on basal activity of JNK3 (0.89 � 0.10, p �
0.33). C, NIMoE and NIMoEsh, but not control peptides NIMoEscr and NIMoEmut, blocks the NMDA-induced enhancement of the
zD17–JNK3 interaction (normalized to control; NMDA, 240.9 � 3.4%; NMDA � NIMoEscr, 226.4 � 27.1%, p � 0.62 compared
with NMDA; NMDA � NIMoEmut, 208.7 � 50.5%, p � 0.56; NMDA � NIMoE, 109.3 � 11.2%, p � 0.01; NMDA � NIMoEsh,
105.7 � 9.5%, p � 0.01). D, The effect of the peptide NIMoE on the zD17–JNK1/2 interaction. E, NIMoE abolishes NMDA-induced
activation of JNK2 and JNK3 but not JNK1. JNK is immunoprecipitated from the cell lysate, followed by the determination of JNK
activity by kinase assays (KA) (normalized to 0 h JNK1) (filled circle with solid line): 0.5 h, 61.0 � 5.4% and 1 h, 137.8 � 20.8%;
JNK1 � NIMoE (open circle with dotted line): 0.5 h, 104.3 � 2.6 and 1 h, 168.5 � 3.3%; JNK2 (filled diamond with solid line):
0.5 h, 164.3 � 11.5% and 1 h, 179.2 � 11.2%; JNK2 � NIMoE (open diamond with dotted line): 0.5 h, 103.7 � 5.0% and 1 h,
90.9�10.9%; JNK3 (filled square with solid line), 0.5 h, 141.7�7.8% and 1 h, 172.1�18.9%; JNK3�NIMoE (open square with
dotted line), 0.5 h, 90.6 � 5.3% and 1 h, 47.0 � 17.6%). t test. **p � 0.01. Line graphs show means � SEM. IP, Immunopre-
cipitation; IB, immunoblot.
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trast, NIMoE did not inhibit the normal
activation of JNK1 (Fig. 5E).

Because one concern with the use of
pan-JNK inhibitors as therapeutics is their
nonselective inhibition of JNK1, which is
essential for normal neuronal develop-
ment (Oliva et al., 2006), we tested the
effect of NIMoE on axonal development,
a process that is inhibited by SP600125
(anthra[1,9-cd]pyrazol-6(2H)-one). In
contrast to results with this pan-JNK in-
hibitor (Fig. 6A), axon initiation and ex-
tension were not affected by chronic
incubation with NIMoE in cultured neu-
rons (Fig. 6B).

Neurons are protected from
excitotoxicity by targeting the
zD17–JNK module
JNK activation is critical for ex-
citotoxicity-induced neuronal death
(Centeno et al., 2007). Application of ex-
citotoxic NMDA causes degeneration of
neurites, nuclear condensation, mem-
brane permeabilization, and LDH release
in neuronal cultures (Fig. 7A,B). Pre-
treatment with NIMoE or NIMoEsh effectively preserved neu-
ron morphology and significantly prevented excitotoxicity-
induced cell death as measured by LDH release and PI staining,
whereas NIMoEscr, mutant NIMoE (NIMoEmut), and a control
peptide derived from an unrelated region of zD17 ( 255NVKGE-
SALDLAKQ 267; DIPep1) showed no protective effects in neuro-
nal cultures (Fig. 7A–E). NIMoE also protected neurons against a
broad range of NMDA concentrations (10 –100 �M) (Fig. 7F).

JNK2/3 activation mediates neuronal death via two major
output pathways: by phosphorylating c-Jun to facilitate tran-
scription of pro-death genes, and by activating the mitochondrial
caspase-3 pathway to induce apoptosis (Weston and Davis,
2007). NIMoE and NIMoEsh were able to prevent NMDA-
induced c-Jun phosphorylation (Fig. 8A,B). We found, further-
more, that caspase-3 cleavage was also effectively blocked by
NIMoE and NIMoEsh, whereas control peptides had no effect
(Fig. 8C,D). JNK-mediated caspase-3 cleavage depends on trans-
location of the proapoptotic protein Bax to mitochondria and
subsequent release of Cyt c (Tsuruta et al., 2004). We found that
NMDA-induced translocation of both Bax and Cyt c was inhib-
ited by NIMoE and NIMoEsh (Fig. 8E,F).

Targeting the zD17–JNK module protects brains from
ischemic stroke
We next explored the potential of applying this strategy in vivo in
a model of transient ischemic stroke (Longa et al., 1989). Adult
male Sprague Dawley rats were subjected to left MCAo for 2 h,
followed by 22 h reperfusion (Fig. 9A). The zD17–JNK3 interac-
tion in the injured hemisphere (L) remained enhanced up to at
least 6 h after the ischemic insult, implying a broad time window
for potential intervention. Because of the consideration of its
potential for therapeutic applications, we used the shorter form
peptide NIMoEsh in our in vivo experiments. A single intrave-
nous injection of NIMoEsh 30 min before MCAo effectively at-
tenuated the enhancement of the zD17–JNK3 interaction and
dramatically reduced the total infarct size (by 	80%) (Fig. 9B–
D). We further assessed the effects of postsurgical interventions at

2 or 4 h. Compared with the infarct volume of nontreated, saline-
treated, and scramble peptide-treated groups, NIMoEsh still
showed effective protection for the ischemic brain (Fig. 9D). The
behavioral deficits, as evaluated with neurological scores (Beder-
son et al., 1986; Watanabe et al., 2004), were substantially reduced
by NIMoEsh administration (Fig. 9E). The quantitative ART fur-
ther confirmed a large preservation of somatosensory functions
in NIMoEsh-treated rats (Fig. 9F) (Bouet et al., 2009). The im-
provement of behavioral performance persisted over 14 d in isch-
emic rats injected with NIMoEsh 2 h after surgery, assessed in a
double-blind manner (Fig. 9G,H). Together, these results suggest
that targeting the zD17–JNK module to prevent JNK activation is
effective in protecting the brain from ischemic injury and in im-
proving behavioral outcomes.

Discussion
zD17 is a PAT that catalyzes a posttranslational lipid modifica-
tion known as palmitoylation. Although much is known about
the broad effects of palmitoylation on protein trafficking, stabil-
ity, and function, our understanding of the pathophysiological
roles of PATs in the nervous system remains poor (el-Husseini
and Bredt, 2002; Bijlmakers and Marsh, 2003). In addition to its
well-studied function in protein palmitoylation, we report here
that PAT zD17 possesses a novel function that appears unique in
the PAT family. Via its ankyrin domain, a domain used for pro-
tein–protein interaction and signaling, zD17 interacts with JNK
and regulates neuronal cell death in acute ischemic stroke. By
manipulating this novel zD17–JNK interaction, we provide a
therapeutic strategy for acute ischemic brain injury with high
efficacy and the potential for reduced side effects (Fig. 10).

Our in vivo and in vitro assays indicate that zD17 is a binding
partner of JNK. One of the activators of JNK, MKK7, a stress
mediator, is also selectively and functionally associated with zD17
(Figs. 1, 2). This suggests that MKK7–zD17–JNK forms a signal-
ing module for JNK activation in response to stressors, including
the ischemic stress that we report here. How are the multiple
functions of zD17 connected to contribute to neuronal cell death?

Figure 6. Axonal development with peptide application. A, Incubation with SP600125 affects axon initiation and extension.
Axons are labeled with the axon marker Tau-1. Axon initiation rate (normalized to control, SP600125, 18.2 � 4.1%, n � 3) and
axon length (control, 161.2 � 3.9; SP600125, 84.9 � 1.6%, n � 4) are shown. B, NIMoE does not block axon initiation (normal-
ized to control, NIMoE, 98.6�0.2%, n�3, p�0.69) or extension (control, 160.0�8.9; NIMoE, 161.1�13.6, n�3, p�0.96).
t test. **p � 0.01. Error bars show means � SEM. Scale bar, 100 �m.
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By studying activation mechanisms of the zD17–JNK module in
excitotoxicity, we provide some clues on this issue. Although
zD17-promoted activation of JNK is independent of PAT activ-
ity, substrate binding to zD17, which is dependent on the palmi-
toylation status of the substrates (Huang et al., 2009), regulates
the zD17–JNK module and activation of JNK. This suggests that

the different functions of zD17 are systematically connected and
may directly or indirectly contribute to the pathogenesis of neu-
rological diseases (Singaraja et al., 2002; Yanai et al., 2006;
Goytain et al., 2008). Altered palmitoylation and interaction pro-
files of zD17 substrates, as well as activation of JNK pathways,
have been noted in several neurological diseases (Kornau et al.,

Figure 7. Neuroprotection against NMDA excitotoxicity by targeting the zD17–JNK interaction. A, NMDA excitotoxicity-induced neuronal cell death is prevented by NIMoE. The phase contrast
image, PI staining, and nuclear Hoechst staining are shown as indicated. The arrowheads indicate the integrity of neurites in the top panel (phase) and the shape of nucleus in the bottom panel
(Hoechst). Scale bar, 20 �m. B, Detection of cell death with LDH assays. The cell death level was quantified by normalizing to total cell death (cultures treated with 1% Triton X-100). **p � 0.01;
#p � 0.01 compared with NMDA alone. C, Effects of MK801 and peptides on NMDA excitotoxicity-induced neuronal cell death. Scale bar, 20 �m. D, Quantification of LDH release in NIMoEsh
protected cultures. E, Dose–response of NMDA-challenged neuronal cultures to NIMoE with indicated dosages, as assessed by LDH assays. F, NIMoE protects neuronal cultures against a range of
NMDA concentrations as indicated. t test. *p � 0.05. Error bars show means � SEM.
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1995; El-Husseini et al., 2002; Yanai et al., 2006). Additional in-
vestigations on how zD17 relates to its substrates to regulate JNK
activation in different pathological conditions may lead to new
approaches to treat neurological diseases.

Similar to zD17, several JNK-interacting proteins, or JNK
scaffold proteins, have been suggested to play a role in neurolog-
ical diseases (Morrison and Davis, 2003; Weston and Davis,
2007). Using these proteins as therapeutic targets has attractive
advantages because it may inhibit JNK activation in a scenario-
selective manner and thus reduce side effects caused by global

JNK inhibition. Despite the identification of JNK-binding motifs
from several JNK scaffold proteins (Morrison and Davis, 2003),
successful manipulation of their interactions with JNK and
blockade of pathological activation of JNK has not been achieved.
In the case of the newly developed peptide inhibitor JNKI, the
JNK-binding motif on JIP, JNK-interacting protein, was de-
signed to block the JIP–JNK interaction (Borsello et al., 2003).
However, it was found to be more effective in blocking the inter-
action of JNK with its substrate c-Jun and showed no effect on
JNK activation (Borsello et al., 2003). This may be because the

Figure 8. Inhibition of downstream neuronal cell death pathways. A, NMDA-induced c-Jun phosphorylation is blocked by NIMoE treatment. Phosphorylation of c-Jun was quantified in B. C,
NMDA-induced caspase-3 cleavage is blocked by NIMoE. Caspase-3 was blotted with an antibody either recognizing both p32 and p17 (total) or only the p17 cleaved form of caspase-3 (clea.). The
p17 form is quantified in D. One-way ANOVA test. *p � 0.05 and **p � 0.01, respectively. Error bars show means � SEM. E, Translocation of Cyt c and Bax are blocked by NIMoE. Cytosolic (Cyto.)
and mitochondria (Mito.) fractions were isolated as mentioned in Materials and Methods, followed by detection of Cyt c and Bax with SDS-PAGE. F, The effects of the peptides on translocation of Bax
and Cyt c. Mitochondria were labeled with MitoTracker-TR (red). After fixation, Bax and Cyt c were detected with specific antibodies (green). Scale bar, 10 �m.
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JNK-binding motif on the scaffold protein JIP shares the same
sequence with the JNK substrate c-Jun (Borsello et al., 2003). In
contrast, the JNK-binding motifs that we have identified here
appear to be unique to zD17. As we demonstrate with the peptide
NIMoE, this provides an opportunity to manipulate JNK activa-
tion selectively under stress conditions.

Another challenge for JNK inhibition as a neuroprotective
therapy for ischemic stroke or other neurological diseases is JNK

isoform selectivity (Bogoyevitch, 2006). Al-
though the advantage of isoform-selective
JNK inhibition has long been appreciated,
the application of small-molecule inhibitors
with this feature in treating ischemic stroke
has not been reported (Resnick and Fennell,
2004; Bogoyevitch, 2006). The development
of small molecules with isoform selectivity
has proven challenging because JNK iso-
forms are highly conserved at the ATP-
binding sites. An alternative strategy is to
take advantage of JNK-interacting proteins,
some of which have been shown to have se-
lective binding preferences to JNK isoforms
(Kelkar et al., 2000; McDonald et al., 2000).
Using these proteins as targets, however, no
JNK isoform-selective inhibition has been
successfully developed as a therapeutic strat-
egy in neurological diseases.

zD17 shows several attractive attri-
butes to make it an appealing target. First,
the zD17–JNK interaction responds to
diverse neuronal stresses, including ex-
citotoxicity and inflammation (Fig. 3),
implying that the zD17–JNK signaling
module may contribute to JNK activation
at different stages in the ischemic process.
In fact, an increase of the zD17–JNK in-
teraction is detected up to at least 6 h after
ischemia onset (Fig. 9), when the stage of
excitotoxicity is already believed to be
waning (Lo, 2009). This suggests a broad
time window for therapeutic interven-
tion. Second, the activation mechanism of
the zD17–JNK signaling module suggests
a central position of zD17 in sensing up-
stream stress signals and generation of
outputs to JNK pathways. As we shown
with PSD-95, substrate binding repre-
sents one candidate mechanism that links
excitotoxicity to JNK activation via zD17
(Fig. 3). Other mechanisms may also
contribute to the regulation of zD17-
mediated JNK activation. It is interesting
that another PAT, zD13, is also able to
interact with JNK, although it is not effi-
cient as zD17 in promoting JNK phos-
phorylation (Fig. 1F). Additional studies
on the role of zD13 and other potential
regulators on JNK activation would bring
more insights on the regulatory mecha-
nism of the zD17–JNK signaling module.
Third, the stress-induced enhancement of
the zD17–JNK module shows a marked
preference for JNK isoforms 2 and 3.

Fourth, activation of JNK2/3 and downstream cell death path-
ways are primarily mediated by the zD17–JNK module, and fi-
nally, a specific JNK-binding motif on zD17 (motif E) is
selectively recruited to enhance the zD17–JNK interaction under
stress conditions.

By targeting zD17 with peptides derived from motif E
(NIMoE/NIMoEsh), we show the following: (1) JNK can be in-
hibited with selectivity to isoforms JNK2/3; (2) inhibition of JNK

Figure 9. Blocking the JNK–zD17 interaction with NIMoEsh protects from ischemic brain injury in rats. A, The diagram shows
the procedures for MCAo experiments. SD rats received sham (control), saline, NIMoEscr, or NIMoEsh by a single intravenous
injection at the indicated time before or after the onset of ischemia. B, Ischemia induces an enhancement of the zD17–JNK3
interaction, which is blocked by NIMoEsh. Peptide administration 30 min before the ischemic insult significantly blocked the
enhancement of interaction induced by MCAo in the injured ipsilateral hemisphere (fold change normalized to the contralateral
side; MCAo, 1.64 � 0.13, p � 0.05; MCAo � NIMoEsh, 0.85 � 0.15, p � 0.33). t test. C, Representative TTC (2,3,7-
triphenyltetrazolium chloride)-stained brain sections from saline- and NIMoEsh-treated (30 min before MCAo onset) groups. D,
Quantification of total infarct size and volume (inset bar chart). NIMoEsh treatments (�0.5 h, 43.43 � 9.82, n � 7; �2 h,
41.95 � 8.22, n � 10; �4 h, 78.74 � 28.50, n � 6; F � 20.71, p � 0.01 compared with control groups) dramatically reduced
total infarct volume, whereas saline or NIMoEscr had little effect (control, 240.70 � 35.67, n � 9; saline, 268.89 � 40.47, n � 4;
NIMoEscr, 212.60 � 37.6, n � 5; F � 0.38, p � 0.69). One-way ANOVA test. E, Neurological scores indicate an improved
behavioral outcome in ischemic rats treated with NIMoEsh. Neurological functions were examined 22 h after the onset of MCAo.
Saline- or NIMoEscr-treated groups showed similar deficits (control, 16.43 � 0.95, n � 7; saline, 18.00 � 1.35, n � 4; NIMoEscr,
18.60 � 1.24, n � 5; F � 1.65, p � 0.23). Administration of NIMoEsh significantly reduced neurological scores (�0.5 h, 8.00 �
0.72, n � 7; �2 h, 8.50 � 0.75, n � 10; �4 h, 11.20 � 1.49, n � 6; F � 21.98, p � 0.01 compared with control groups).
One-way ANOVA test. F, NIMoE treatment improves somatosensory functions as assessed with the ART. MCAo eliminates responses
on the contralateral side in control, saline-treated, and NIMoEscr-treated animals (control, 13.57 � 4.30 s, n � 7; saline, 7.42 �
3.21 s, n � 4; NIMoEscr, 10.80 � 2.06 s, n � 5; F � 0.64, p � 0.54). Pretreatment or posttreatment infusion of NIMoE led to an
improvement in somatosensory functions (�0.5 h, 48.62 � 8.24 s, n � 7; �2 h, 62.1 � 8.60 s, n � 10; �4 h, 60.83 � 8.13 s,
n�6; F�11.28, p�0.01). One-way ANOVA test. G, H, Functional tests show improved behavioral outcomes in NIMoEsh-treated
animals after MCAo injury. NIMoEscr or NIMoEsh were given 4 h after the MCAo onset. Neurological scores (NIMoEscr, n � 8; day
1, 19.25 � 0.80; day 3, 13.63 � 1.03; day 7, 7.13 � 0.58; day 14, 4.38 � 0.50; NIMoEsh, n � 7; day 1, 11.43 � 1.96; day 3,
5.86 � 1.14; day 7, 1.71 � 0.47; day 14, 0.85 � 0.34) and ART (NIMoEscr, n � 8; day 1, 12.63 � 3.14; day 3, 34.13 � 6.88; day
7, 59.13 � 5.67; day 14, 81.88 � 4.44; NIMoEsh, n � 7; day 1, 52.57 � 6.82; day 3, 73.86 � 9.63; day 7, 94.86 � 7.33; day 14,
101.43 � 3.35). t test. **p � 0.01. Error bars show means � SEM. IP, Immunoprecipitation; IB, immunoblot.
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is only effective when the zD17–JNK in-
teraction is enhanced under stress condi-
tions; (3) normal functions of JNK
pathways are preserved, as we assessed
with studies of axonal growth; (4)
excitotoxicity-induced neuronal cell
death is markedly prevented in cultured
neurons; and (5) brain damage and be-
havioral deficits in rats subjected to isch-
emia are substantially reduced over a
broad time window. These studies estab-
lish the zD17–JNK3 interaction as a can-
didate target with reduced side effects
for ischemic stroke. However, several
additional steps, such as recruitment of
additional stroke models and different an-
imal species, are still required to more
fully validate the therapeutic potential of
this new target (Stroke Therapy Academic
Industry Roundtable, 1999).
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