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Opposite Regulation of Oligodendrocyte Apoptosis by JNK3
and Pinl after Spinal Cord Injury
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Although oligodendrocytes undergo apoptosis after spinal cord injury, molecular mechanisms responsible for their death have been
unknown. We report that oligodendrocyte apoptosis is regulated oppositely by c-Jun N-terminal kinase 3 (JNK3) and protein interacting
with the mitotic kinase, never in mitosis A I (Pin1), the actions of which converge on myeloid cell leukemia sequence-1 (Mcl-1). Activated
after injury, JNK3 induces cytochrome c release by facilitating the degradation of Mcl-1, the stability of which is maintained in part by
Pinl. Pinl binds Mcl-1 at its constitutively phosphorylated site, Thr '®*Pro, and stabilizes it by inhibiting ubiquitination. After injury
JNK3 phosphorylates Mcl-1 at Ser '*'Pro, facilitating the dissociation of Pinl from Mcl-1. JNK3 thus induces Mcl-1 degradation by
counteracting the protective binding of Pin1. These results are confirmed by the opposing phenotypes observed between JNK3 '~ and
Pinl ~'~ mice: oligodendrocyte apoptosis and cytochrome c release are reduced in JNK3 ~/~ but elevated in Pin1 ~'~ mice. This report
thus unveils a mechanism by which cytochrome crelease is under the opposite control of JNK3 and Pin1, regulators for which the activities

are intricately coupled.
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Introduction
After spinal cord injury a large portion of proximal oligodendro-
cytes undergoes apoptotic death during an extended period of
time, with up to one-half of the population ultimately lost from
the immediate area of injury (Crowe et al., 1997; Beattie et al.,
2002). The result of this process is chronic demyelination (Totoiu
and Keirstead, 2005). The mechanism by which oligodendrocytes
die is, however, still not clear. Some of the extracellular signals
that are known to regulate oligodendrocyte apoptosis in vivo in-
clude Fas, proform of nerve growth factor (proNGF), and tumor
necrosis factor a (TNFa) (Kim et al., 2001; Beattie et al., 2002;
Demjen et al., 2004). These three ligands all activate the c-Jun
N-terminal kinase (JNK) pathway as part of their apoptotic sig-
nals when they bind their cognate receptors, at least in culture.
The JNK pathways typically are activated by proinflammatory
as well as various stress signals in the nervous system (Shaulian
and Karin, 2002). Under these conditions in which JNK proteins
induce apoptosis, their main action appears to be phosphorylat-
ing the activator protein (AP) I family of key transcription fac-
tors, such as c-Jun, thereby affecting the expression of their target
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genes (Kallunki et al., 1996; Behrens et al., 1999; Yoshida et al.,
2002). In addition, JNK also can regulate the mitochondrial ap-
optotic pathway directly by facilitating cytochrome ¢ (cytC) re-
lease after stress in culture (Tournier et al., 2000).

The physiological conditions that activate the JNK pathway,
however, do not always result in an apoptotic response in vivo,
suggesting that JNK proteins play diverse roles during develop-
ment as well as in the adult nervous system (Kuan et al., 1999).
Although this may be the case for JNK1 and JNK2, a certain
degree of specificity has been observed for JNK3. For instance,
JNK3 expression is restricted primarily to the nervous system
(Mohit et al., 1995), and knock-out analyses indicate that JNK3
initiates the apoptotic program under a wide range of patholog-
ical conditions, such as ischemia (Kuan et al., 2003; Okuno et al.,
2004), axotomy (Herdegen et al.,, 1998; Kenney and Kocsis,
1998), and seizure (Yang et al., 1997) and in animal models of
neurodegenerative diseases (Hunot et al., 2004; Brecht et al.,
2005). Of the three apoptotic receptors that play roles in oligo-
dendrocyte apoptosis after spinal cord injury, p75, in particular,
has been shown to activate JNK3 in oligodendrocyte cultures
(Harrington et al., 2002). Whether JNK3 regulates mitochondrial
homeostasis in the nervous system and which proteins are the
physiological targets involved in cytC release, however, have re-
mained unknown. The goal of the present study was, therefore, to
identify the key JNK3 targets and elucidate the mechanisms by
which JNK3 regulates these targets to induce apoptosis in vivo.

As a member of the mitogen-activated protein (MAP) kinase
family, JNK3 recognizes and phosphorylates serine/threonine
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JINK3 is the major kinase activated after spinal cord injury. 4, B, INK3 and JNK1/2 activity was measured in immunoprecipitation/kinase assays by using GST-c-Jun as the substrate. For

the specificity of INK3 immunoprecipitation, see supplemental Figure 1 (available at www.jneurosci.org as supplemental material). Note that JNK1/2 activities are at least 500-fold lower than JNK3
activity, based on the radioactivity counts on GST-c-Jun. n = 3. The error bars represent the range of the disintegrations per minute counts. (, The p-c-Jun immunoreactivity, a measure of JNK
activation, was detected in oligodendrocytes and neurons after injury. Arrows point to p-c-Jun * cells. Scale bar, 30 um.

(Ser/Thr) in SerPro and ThrPro motifs. These consensus sites are
also the potential binding sites for Pinl, a phosphorylation-
specific propyl isomerase never in mitosis gene a (NIMA) 1 (Yaffe
et al.,, 1997). Pinl is known to regulate the stability of many
important MAP kinase substrates, including p53, B-catenin, and
p65, a nuclear factor-kB (NF-kB) subunit, thereby affecting the
proliferation of tumor cells (Wulf et al., 2005). In the nervous
system Pinl action appears to be neuroprotective, blocking tau
fibrillization by binding it directly (Lu et al., 1999). The data from
Pinl /" mice also support this view, in which the mice develop
progressive neuropathy and tau hyperphosphorylation/fibrilliza-
tion when Pinl is deleted (Liou et al., 2002). Recently, however, it
has been shown that Pinl binds BimEL [B-cell lymphoma-2-
interacting (Bcl-2-interacting) mediator of cell death, extra large]
and JNK-interacting protein 3 (JIP3), a neuronal form of JIP, in
cultured neurons and promotes apoptosis (Becker and Bonni,
2006). In a spinal cord injury paradigm, on the other hand, we
find that Pinl plays a mainly anti-apoptotic role, maintaining
cytC in the mitochondria in part by binding and stabilizing my-
eloid cell leukemia sequence-1 (Mcl-1) in the cytosol. Being ac-
tivated after injury, JNK3 then perturbs this interaction by phos-
phorylating Mcl-1, thereby promoting its rapid decay and
subsequent cytC release.

Materials and Methods

Construction of plasmids. The Ser '*! (S*2') and Thr'*® (T'%?) residues in
Mcl-1 were mutated to Ala (A) individually and together, using a hybrid
PCR strategy (Zhong and Bajaj, 1993). The PCR products were placed
into a pCR-II vector (Invitrogen, Carlsbad, CA) and sequenced for any
errors. The Mcl-1 fragments containing single and double mutations
were digested with Kpnl/Notl and were used to replace the corresponding
fragments in p3XFLAG-CMV-10-Mcl-1. For glutathione S-transferase-
Mcl-1 (GST-Mcl-1) constructs with the wild-type and mutant Mcl-1, the
residues from 31 to 229 in Mcl-1 were excised by PCR with BamHI and
Sall-containing primers, verified by sequencing, and placed into BamHI/
Sall sites in pGEX4T1 (Amersham Biosciences, Arlington Heights, IL).
For the Pin1 construct the cDNA was excised from pEGFP-Pin1 by PCR,
using primers with Bg/II and Sall sites, sequenced, and placed into BgIIl/
Sall in BamHI/Sall in pGEX4T1.

JNK3 and Pinl mouse breeding. JNK3 +/* and JNK3 /™ mice were
obtained from breeding JNK3 ™/~ mice, originally generated in Dr. Rich-
ard Flavell’s laboratory. The genotype was determined by PCR. Pinl */*
and Pinl ~/~ mice also were obtained from breeding Pin1 "/~ mice.

Spinal cord injury and processing of the cord. Mice were anesthetized

with ketamine/xylazine and subjected to hemisection at the thoracic 8 -9
level, using mini-Vannas scissors. The control laminectomized mice un-
derwent the same procedure, except for the hemisection. All procedures
were approved by the Institutional Laboratory Animal Care and Use
Committee and followed National Institutes of Health guidelines for the
proper use and care of laboratory animals. For the processing of the cord
for proteins, a 6-mm-spinal-cord tissue block (3 mm rostral and 3 mm
caudal regions of the injury epicenter) was dissected quickly and frozen
inliquid N2 at the indicated times. The cords were homogenized in a lysis
buffer containing the following (in mwm): 20 Tris, pH 8.0, 137 NaCl, 1
MgClL,, 0.5 EDTA, 10 Na-pyrophosphate, 10 Na,P,0,, 10 NaF, 1 vana-
date, 1 phenylmethylfulfonyl fluoride, plus 1% NP-40, 1 ug/ml aproti-
nin, 10 pg/ml leupeptin, and 10% glycerol. The resulting lysates were
used in Western analyses as described below. For processing of the cord
for immunohistochemistry, the mice were perfused with 3% paraformal-
dehyde in 0.1 M phosphate buffer transcardially, and a 6 mm segment of
the cord that centered on the injury epicenter was removed and cryopro-
tected in 20% sucrose in 0.1 M phosphate buffer. The spinal cord was cut
in the horizontal or coronal plane in 20 wm thicknesses and processed for
immunostaining.

Terminal deoxynucleotidyl transferase-mediated biotinylated UTP nick
end labeling and quantification. For terminal deoxynucleotidyl
transferase-mediated biotinylated UTP nick end labeling (TUNEL) as-
says a 6 mm segment of the cord that centered on the injury epicenter was
cut in 20 wm thicknesses in the coronal plane and mounted onto slides
that were precoated with 0.15% gelatin and 0.2 mg/ml poly-p-lysine. To
access the nuclei for TUNEL labeling, we boiled the sections in Antigen
Retrieval Citra solution (BioGenex, San Ramon, CA) for 2 min at full
power and for 15 min at 10% power, using a microwave oven. TUNEL
reaction was performed by using the Roche (Palo Alto, CA) TUNEL kit
and were counterstained for oligodendrocytes and neurons. For quanti-
fication, every fourth section was processed and counted.

JNK immunoprecipitation/kinase assays. At the indicated times the spi-
nal cord lysates were prepared and subjected to immunoprecipitation,
using JNK1/2 and JNK3 antibodies. The immune complexes were used in
kinase reactions with *’P-y-ATP in the presence of GST-c-Jun as an
exogenous substrate. The kinase reaction was separated on SDS-PAGE
and autoradiographed.

Immunoprecipitation/kinase assays. The lysates from the spinal cord or
293T cells were subjected to immunoprecipitation with appropriate an-
tibodies, and the immune complexes were used in in vitro kinase assays as
described in the JNK procedure, except that GST-Mcl-1 wild-type and
mutant proteins were used as substrates.

Mitochondprial fractionation. Mitochondria were prepared by sucrose
density gradients (Marchenko et al., 2000; Liu et al., 2004). Briefly, the
6-mm-spinal-cord tissue blocs were homogenized by using a Dounce
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Figure2.  JNK3 is necessary for mitochondria-mediated apoptosis of oligodendrocytes after spinal cord injury. A, Reduction in the number of p-c-Jun ™ cells among CC1 * oligodendrocytes in
INK3 /" mice as compared with the number in JNK3 */* mice. p-c-Jun immunoreactivity among CC1 * cells was quantified in JNK3 */* and JNK3 ~/~ mice. The error bars represent SEM.
Asterisks represent the time points at which the two genotypes showed statistical difference (Student’s t test, p << 0.05). B, Top, Oligodendrocyte apoptosis after spinal cord injury is attenuated in
INK3 ™/~ mice compared with JNK3 */* mice. Adult INK3 ™/ and JNK3 ~/ mice were subjected to T9 hemisection. At the indicated time every fourth coronal section was processed for TUNEL
and CCTimmunostaining; cells that were positive for both stainings were counted ( p values, Student’s t test). The error bars represent SEM. B, Bottom, A representative picture of TUNEL */CCT ™"
cells. Arrowheads point to TUNEL */CC1 ™ cells. Scale bar, 30 wm. €, Top, JNK3 is necessary for cytC release from the mitochondria after spinal cord injury. The spinal cord lysates were processed for
mitochondrial fractionation by using sucrose gradients. C, Bottom, As controls for fractionation, the mitochondrial, $100, and nuclear fractions were analyzed in a Western blot with a mitochondrial
marker, COX-IV, a cytosolic marker, RhoGDI, and a nuclear marker, c-Jun. D, Quantification of the cytC levels in the S100 fraction from JNK3 /% and INK3 ~/~ mice. Asterisks represent the time

points at which the two genotypes showed statistical difference (Student’s ¢ test; p << 0.02).

homogenizer in 5 vol of MS buffer as follows (in mm): 210 mannitol, 70
sucrose, 5 EDTA, 5 Tris, pH 7.5, 10 NaF, 1 vanadate, 1 phenylmethylful-
fonyl fluoride, plus 1 ug/ml aprotinin, 10 pg/ml leupeptin. Nuclei were
collected after centrifugation at 2500 rpm for 10 min at 4°C, and the
resulting supernatants were spun at 15,000 rpm for 10 min at 4°C. The
supernatants were subjected to a 1 h spin at 100,000 X g to obtain the
S100 fraction while the crude mitochondrial pellet was resuspended in
MS buffer and overlaid onto a step gradient of 1 and 1.5 M sucrose. The
gradient was centrifuged for 30 min at 85,000 X g. The mitochondrial
band at the interface was pulled, diluted in 2 vol of MS bulffer, and spun
for 10 min at 15,000 rpm.

Immunoprecipitation/Western blot analyses. The procedures for West-
ern blot analyses are as described previously (Beattie et al., 2002). The
antibodies used in the study include JNK1, cytochrome ¢, mouse Mcl-1
(PharMingen, San Diego, CA), JNK2, rabbit Mcl-1, ubiquitin, actin, Bcl-
2-associated X protein (Bax), and Bcl-2 homology-interacting domain

death agonist (Bid; Santa Cruz Biotechnology, Santa Cruz, CA), polyp-
osis coli clone 1 (CC1; Oncogene Science, Uniondale, NY), Pinl, p-c-Jun
(S63), c-Jun, Bcl-xL, p-Thr-Pro, p-GSK-3f, and active caspase 3 (Cell
Signaling Technology, Beverly, MA), hemagglutinin (HA; Covance,
Princeton, NJ), neuronal marker (NeuN; Chemicon, Temecula, CA),
cytochrome ¢ oxidase (COX-IV; Invitrogen), and Flag and Rho GDP
dissociation inhibitor (RhoGDI; Sigma, St. Louis, MO).

Phospho-S*?!-specific Mcl-1 antibody production. The sequence of the
phospho-peptide used to generate phospho-S'*'-Mcl-1 antibody was
EEMAASAAAAIV(pS)PEEELDGCEPEAIG. The peptide was synthe-
sized by Tufts University Core Facility, coupled to keyhole hemocyanin,
and injected into rabbits at Pocono Rabbit Farm (Canadensis, PA). Se-
rum was affinity purified by SulfoLink coupling gel (Pierce, Rockford,
IL) to which the phospho-peptide was coupled.

Two-dimensional electrophoresis. The lysates either were untreated or
were treated with calf intestinal phosphatase (CIP) at 37°C for 1 h and
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regulated under pathological conditions,
we established a standard set of conditions,
based on spinal cord injury. Mice were
subjected to either laminectomy (control)
or lateral hemisection at thoracic level 89
as reported previously (Beattie et al.,
2002), and lysates were prepared at suit-
able intervals. To measure JNK3 activity
specifically, we performed immunopre-
cipitation/kinase reactions by using JNK3-
specific antibody (JNK3 antibody fails to detect proteins from
JNK3 '~ mice) (supplemental Fig. 1A, available at www.
jneurosci.org as supplemental material). JNK1/2 activities also
were measured in parallel by using JNK1/2 antibodies in immu-
noprecipitation/kinase assays. Beginning 1 h after injury, we de-
tected a 3- to 3.5-fold increase in JNK3 activity, which was sus-
tained in a prolonged manner until several days after injury (Fig.
1A, B). The JNK1/2 activities showed a transient increase at I-4 h
time points, but their peak activities were 500-fold lower than
that of JNK3 (Fig. 1) (supplemental Fig. 1 B, available at www.
jneurosci.org as supplemental material), suggesting that JNK3 is
the major kinase for which the activity is regulated in a prolonged
manner after spinal cord injury.

We next asked which types of cells activate JNK in vivo by
performing immunohistochemistry with p-c-Jun®* antibody
and cell type-specific antibodies. p-c-Jun immunoreactivity was
not detected in the control mice, but beginning 1 d after injury
(dpi), it was detected mainly among NeuN * neurons in the gray
matter and CC1 * oligodendrocytes in the white matter (Fig. 1C).
p-c-Jun immunoreactivity was not detected among GFAP * as-
trocytes or OX42 * microglia, and the c-Jun immunoreactivity
was detected at the same extent in both the control and injured
mice (data not shown). Quantification demonstrates that the
number of p-c-Jun™ cells increased over time both among
NeuN " and CC1 ™ cells (Fig. 2A) (supplemental Fig. 2 A, avail-
able at www.jneurosci.org as supplemental material). The num-
ber of p-c-Jun"/CC1™ cells, however, dropped by threefold in
JNK3 ™/~ as compared with that in JNK3 ** mice (Fig. 2A, as-
terisks) ( p = 0.02 and 0.01 at 3 and 5 dpi, respectively; Student’s
t test; n = 3), suggesting that JNK3 is the major kinase that is
activated and phosphorylating c-Jun after injury among oligo-
dendrocytes. The number of p-c-Jun/NeuN " cells also de-

in JNK3 /™ mice, coinciding with cytC release. In JNK3 /™ mice, the Mcl-1 levels remain elevated. Actin control is shown; the
control for fractionation is shown in Figure 2C. B, Quantification of the relative Mcl-1 levels at different time points after injury.
Asterisks represent the time points at which the two genotypes show statistical difference (Student's t test, p << 0.05). €, INK3
phosphorylates Mcl-1 in vitro. JNK1, 2, or 3 was immunoprecipitated from 293T cells and subjected to kinase assays, using
GST-Mcl-1 as the substrate. The asterisks in the stained gel represent IgG. As a control, the same lysates were subjected to
immunoprecipitation and blotted for INK Western. The experiments were repeated three to four times with similar results. D,
INK3 phosphorylates Mcl-1 at both S ''P and T 6P, whereas ERK phosphorylates Mcl-1 at T3P in vitro. GST-Mdl-1 proteins
bearing single and double mutations as indicated were used as substrates in kinase reactions. The bottom panels show the
amount of GST-Mdl-1 protein in each lane as Coomassie-stained controls. The asterisk in the stained gel represents lgG. The
experiments were repeated three to four times with similar results.

creased in JNK3 ~/7, but the difference between JNK3 ~/~ and
JNK3 */* mice was not statistically significant (supplemental Fig.
2 A, available at www.jneurosci.org as supplemental material).

Oligodendrocytes previously were reported to undergo apo-
ptosis after spinal cord injury in rodents as well as in monkeys
(Crowe et al., 1997), typically resulting in 50% loss of oligoden-
drocytes (Beattie et al., 2002). We therefore asked whether JNK3
played a role in oligodendrocyte apoptosis by quantifying the
number of TUNEL " apoptotic oligodendrocytes. The number of
TUNEL * cells among CC1 ™ cells decreased by twofold to three-
fold in JNK3 ~/~ mice as compared with JNK3 +/* littermates
(Fig. 2 B), whereas the number of TUNEL */NeuN * cells did not
differ greatly between the two genotypes (supplemental Fig. 2 B,
available at www.jneurosci.org as supplemental material). The
total JNK protein levels did not vary significantly between
JNK3 '~ and JNK3 *'* mice (supplemental Fig. 1 A, available at
www.jneurosci.org as supplemental material), in agreement with
a previous report (Kuan et al., 2003). These results suggest that
JNK3 is the key kinase for which activation plays a critical role in
the injury-induced apoptosis of oligodendrocytes.

JNK3 is necessary for cytochrome c release

JNK1 and JNK2 were shown to induce cytC release from the
mitochondria in embryonic fibroblast cultures after UV irradia-
tion (Tournier etal., 2000). We therefore tested whether cytC was
released after injury and whether JNK3 regulated cytC release.
For these experiments the injury lysates were subjected to a su-
crose gradient to isolate the pure mitochondrial fraction (March-
enko et al., 2000; Liu et al., 2004). In parallel, S100 and nuclear
fractions were prepared also. The purity of each fraction obtained
in a typical fractionation is demonstrated in Figure 2C (bottom
panel). In JNK3 ™" mice cytC was released into the $100 fraction
with a concomitant decrease occurring in the mitochondria be-
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ginning 4 h after injury (Fig. 2C), a time A
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JNK3 '~ mice (Fig. 2C,D). These results

suggest that JNK3 activity is involved in
regulating injury-mediated cytC release,

the initial step that is necessary for activat-

ing the caspase cascade (Liu et al., 1996).
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volved in regulating cytC release from the
mitochondria (Gross et al., 1999), we -
screened for the Bcl-2 family member for

which the expression is regulated by JNK3

and for which the expression levels also -
change in accordance with cytC release ki- -
netics. Of the Bcl-2 family members that
were screened (supplemental Fig. 3, avail-
able at www.jneurosci.org as supplemental
material), Mcl-1 and Bcl-2 fit both criteria.
Of the two anti-apoptotic Bcl-2 family
members, Mcl-1 recently was reported as
the critical cytosolic inhibitor having a
short 40 min half-life, which regulates
cytC release from the mitochondria under
various apoptotic stimuli (Nijhawan et al.,
2003; Zhong et al., 2005). Increasing Mcl-1
levels experimentally blocked cytC release
after UV irradiation (Nijhawan et al.,
2003), and inhibiting Mcl-1 ubiquitina-
tion by downregulating its ubiquitin ligase
E3 (Mule) also resulted in increased cell
survival when DNA-damaging agents
were applied to cells (Zhong et al., 2005).
These results suggest that the degradation
of Mcl-1 is a prerequisite for cytC release
and subsequent activation of the caspase
cascade (Nijhawan et al., 2003). We there-
fore focused on Mcl-1 as a potential sub-
strate for JNK3 that can regulate cytC re-
lease. In agreement with these culture data,
Mcl-1 protein levels began to decrease 4 h
after spinal cord injury in JNK3 ™/ mice,
which coincides in a time-lapse period with the initial cytC re-
lease (Fig. 3A,B). In JNK3 ~/~ mice, however, Mcl-1 protein lev-
els remained significantly elevated when compared with those in
the wild type (Fig. 3 A, B), suggesting that JNK3 regulates Mcl-1
stability.

JNK3 phosphorylates Mcl-1 at S'*! after injury

Mcl-1 has two MAP kinase phosphorylation sites, S'*'P and
T '%*P. It was shown in culture that extracellular signal-regulated
kinase (ERK) phosphorylates Mcl-1 at T'®’P in the basal state
(Domina et al., 2004) and JNK phosphorylates Mcl-1 at $'*! and
T!% in response to H,O, treatment (Inoshita et al., 2002). In
agreement with these data, we found that Mcl-1 can be phosphor-
ylated by ERK as well as by p38, JNK1, and JNK3 in vitro (supple-
mental Fig. 4A, available at www.jneurosci.org as supplemental
material). Of these MAP kinases, JNK and ERK are the only ones

+ Anisomycin
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W: p-JNK

JNK3++ JNK3--
IWENEN O GS\<§’

W: pSi21
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W: Mcl-1

Figure4.  INK3 phosphorylates Mcl-1at S ™" in vivo after injury. A, Mcl-1was phosphorylated at T"*P in the uninjured spinal
cord regardless of JNK3 genotype. The uninjured lysates were subjected to immunoprecipitation with the control IgG or Mcl-1
antibody and probed in a Western blot with pThr-Pro antibody. The same blot was stripped and reprobed for Mcl-1as a control. B,
INK3 phosphorylated Mcl-1 at an additional site after injury in vivo. Injury lysates collected at 1 dpi were subjected to two-
dimensional electrophoresis and subsequent Western blot with Mcl-1, with and without CIP treatment. Note that Mcl-1 has two
additional phosphorylated bands in JNK3 */* but not in JNK3 ~/~ mice without CIP treatment (asterisks), and the distance
between unphosphorylated and partially phosphorylated Mcl-1is greaterin JNK3 */* thanin JNK3 ~/~ mice after CIP treatment
(compare the distance between i and ii). €, D, Specificity of the pS '?'P-Mcl-1 antibody. 293T cells were transfected with Mcl-1°*
and Mcl-1*" mutants (C) or not (D). To phosphorylate the endogenous Mcl-1 or the mutants, we treated 293T cells with 50 ng/ml
anisomycin for 30 min or 2 h. To inhibit degradation of phosphorylated Mcl-1, we also added 10 v MG132 to cells before
anisomycin treatment. Note that pS 2'P-Mcl-1 antibody detected Mcl-1°, but not the Mcl-1*" mutant, and only when JNK was
activated (C) and, similarly, the endogenous Mcl-1 only after anisomycin treatment (D). E, JNK3 phosphorylated Mcl-1at S '>'P
after injury. The injury lysates were subjected to immunoprecipitation with the control IgG or Mcl-1 antibody and probed in
Westerns with the pS '>'P-Mcl-1 antibody. As controls, direct Western blots with pS'>'P-Mdl-1 and Mcl-1 antibodies also are
shown. All of the experiments were repeated two to three times with similar results.

for which the activities become induced after spinal cord injury;
the peak JNK1/2 activity is very low, the activation is transient,
and p38 activity does not increase with injury until 3 dpi (supple-
mental Figs. 1, 4 B, available at www.jneurosci.org as supplemen-
tal material). It should be pointed out that, although both JNK3
and ERK activities are induced by injury, ERK differs from JNK3
by remaining active in the basal state without injury, based on
p-ERK/ERK Westerns (supplemental Fig. 4C, available at www.
jneurosci.org as supplemental material). Among JNK proteins
JNK1 and JNK3 appear to phosphorylate Mcl-1 better than
JNK2, at least in vitro (Fig. 3C).

We next determined which of the two sites is phosphorylated
by ERK and JNK3 in vitro and in vivo. For in vitro experiments
293T cells were treated with epidermal growth factor (EGF) or
transfected with JNK3 cDNA, and the resulting lysates were sub-
jected to immunoprecipitation/kinase reactions by using GST-
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Figure 5.

Pin1 binding to Mcl-1 inhibits ubiquitination and degradation of Mcl-1. 4, Pin1 binds Mcl-1 at T '63P. 2937 cells were transfected with Mcl-1 wild type and mutants and were treated

with 50 ng/ml anisomycin for 30 min to activate the endogenous JNK pathway. Lysates then were subjected to pulldown assays with GST or GST-Pin1. The Mcl-1input controls are shown also. B, Pin1
binds Mcl-1in vivo, and its binding to Mcl-1 decreases with injury more rapidly in the wild-type mice as compared with JNK3 ~/~ mice. The lysates were immunoprecipitated with Mcl-1 or the
control IgG, and the bound Pin1 was probed. The levels of Pin1and Mcl-1 are shown as controls. €, Quantification of the amount of Pin1 bound to Mcl-1 (n = 3). Asterisks represent the time points
at which the two genotypes showed a statistical difference (Student’s t test, p << 0.05). The difference at 1 h after injury was p = 0.08 (Student’s ¢ test).

Mcl-1-S'*'A (AT), T'%°A (SA), and S"'A/T'**A (AA) mutants
in addition to Mcl-1"* (wild type) as substrates. The results indi-
cate that JNK3 phosphorylates Mcl-1 at both S$'*'P and T'®°P
sites, whereas ERK mainly phosphorylates T'®* (Fig. 3C). The
observation that ERK preferentially phosphorylates Mcl-1 at
T'*P and that ERK remains active in the spinal cord without
injury suggests that Mcl-1 should remain phosphorylated at that
site in the basal state. Indeed, Mcl-1 was found to be phosphory-
lated at T'®’P in the uninjured spinal cord, based on the pT-
P-specific immunoreactivity detected from the immunopre-
cipitated Mcl-1 (Fig. 4A). This basal phosphorylation was inde-
pendent of the JNK3 genotype. These data together suggest that
ERK is most likely to be responsible for phosphorylating Mcl-1 in
the basal state, in agreement with the published data from culture
studies (Inoshita et al., 2002; Domina et al., 2004). It also should
be noted that pT '**P recently was discovered to be a part of a
glycogen synthase kinase (GSK) target site, S "*’LPST '®*, where T
typically remains constitutively phosphorylated as a priming site
for GSK, which phosphorylates Mcl-1 at S '*° (Cohen and Frame,
2001; Maurer et al., 2006).

Because JNK3 is necessary for Mcl-1 degradation after injury,
we believed it was highly likely that JNK3 is responsible for phos-
phorylating Mcl-1 at S'*'P after injury in vivo. Two different
approaches were taken to address whether JNK3 phosphorylates
Mcl-1 at S'*'P after injury. First, in Western analyses of the in-
jured lysates after two-dimensional gel electrophoresis, Mcl-1
protein yielded two additional phosphorylated bands in
JNK3 */*, but notin JNK3 ~'~ (Fig. 4 B, two asterisks), suggesting
that Mcl-1 is phosphorylated in a greater degree in INK3 ™/ than
in JNK3 ™/~ mice. In agreement with these data, a CIP treatment
of the same lysates revealed that the distance between unphos-
phorylated Mcl-1 (Fig. 4 B, band i) and the partially phosphory-
lated Mcl-1 (Fig. 4 B, band ii) is greater in JNK3 "" when com-
pared with that in JNK3 /7. These data together suggest that
Mcl-1 phosphorylation is attenuated in the absence of JNK3.

For the second approach we generated a phosphorylation-
specific antibody against the peptide sequence around pS'*'P in
Mcl-1 (the peptide sequences are shown in Materials and Meth-
ods). The antibody detected Mcl-1 only when S '*' was phosphor-
ylated in vitro (Fig. 4C,D), suggesting that the antibody is indeed
specific to pS'*'-Mcl-1. We next subjected the injury lysates to
immunoprecipitation with Mcl-1 antibody and Westerns with

the pS'2'-Mcl-1 antibody. The intensity of pS '*'-specific immu-
noreactivity increased at 1 h after injury in JNK3 */*, whereas it
was reduced significantly in JNK3 ~/~ mice (Fig. 4E). A similar
increase in pS'*'-specific signal from the wild-type but not in
the knock-out mice also was observed in a direct Western with
the pS'*'-specific antibody (Fig. 4F). These results together
suggest that JNK3 phosphorylates Mcl-1 at S'*' after spinal
cord injury in vivo.

Mcl-1 recently was reported to be phosphorylated by GSK at
the time of interleukin-3 withdrawal in culture (Maurer et al.,
2006). We, on the other hand, found that GSK-3 activities de-
crease with injury independently of the JNK3 genotype (supple-
mental Fig. 5, available at www.jneurosci.org as supplemental
material). We interpret these results as suggesting that GSK is not
likely to participate in Mcl-1 phosphorylation/ubiquitination in
the spinal cord. What is regulated by the injury, however, is S '
phosphorylation by JNK3, and this phosphorylation is critical for
Mcl-1 stability in vivo.

Mcl-1 recruits Pinl at its constitutively phosphorylated

site T'®P

The phosphorylation sites in Mcl-1, S'*'P and T'®P, are the
potential binding sites for Pinl, a phosphorylation-specific pro-
pyl isomerase (Yaffe et al., 1997). We therefore addressed
whether Pinl is involved in regulating Mcl-1 stability after injury,
first by examining whether Pinl binds Mcl-1 and which of the
two putative sites is involved, using two Mcl-1 mutants, S'*'A
(AT) and T'®’A (SA). To facilitate the phosphorylation of S'*'P
and T'*°P, we transfected 293T cells with the Mcl-1 wild type and
mutants, and we treated them with 50 ng/ml anisomycin for 30
min to activate the endogenous JNK1/2. In subsequent GST-
Pinl pulldown assays, Pinl bound Mcl-1 at pT'®’P and not
pS'*'P (Fig. 5A). Because Mcl-1 is phosphorylated at T '°*P in
the basal state, it could be deduced that Pinl must bind Mcl-1
at pT '*’P in the absence of injury. Indeed, Pin1 interacted with
Mcl-1 in the basal state, and its interaction decreased after
injury in the wild-type mice, whereas the extent of its decrease
was reduced in JNK3 ~/~ mice (Fig. 5B, C). These results sug-
gest that Pinl may protect Mcl-1 from being degraded in the
absence of injury.
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Figure 7. Pin1 inhibits ubiquitination of Mcl-1. A, Pin1 inhibits the extent of Mcl-1 ubiquitination in a dose-dependent
manner. At 1d after transfection, 293T cells were treated with 10 M MG132 to stop Mcl-1 degradation; 6 h later the lysates were
subjected toimmunoprecipitation with Mcl-1and probed for ubiquitin with HA antibody. Ub-Mcl-1indicates ubiquitinated Mcl-1.
As controls, Mcl-1 and Pin1 Westerns are shown also. B, Pin1 binding requlates Mcl-1 ubiquitination. The T '3A mutant that no
longer binds Pin1 becomes ubiquitinated even in the presence of an increasing amount of Pin1. The experiments were performed
similarly to those in A. €, Mcl-1 degradation after cycloheximide treatment is delayed in the presence of excess Pin1. 2937 cells
were transfected with the indicated constructs and treated with 50 tug/ml cycloheximide for the indicated amount of time. All of
the experiments were repeated three to four times with similar results.

Pinl action is anti-apoptotic in vivo

after injury (Fig. 6 A, B). In addition, overall
Mcl-1 levels were reduced at all time points,
but the decay kinetics was similar to that in
Pinl *'* mice (Fig. 6A,C). When the apo-
ptotic profile was examined, however, there
were no TUNEL" cells in the uninjured
Pinl ~/~ mice despite the fact that cytC re-
lease was constitutive (Fig. 6 D). Only with
injury, the overall extent of apoptosis in-
creased threefold to fivefold in oligodendro-
cytes in the absence of Pinl. These results
suggest that cytC release alone is not suffi-
cient to induce apoptosis, and an injury-
induced signal is necessary for oligodendro-
cytes to die. The opposing phenotypes that
are observed between JNK3 7/~ and
Pinl ™~ mice suggest that JNK3 is at least
one of the critical signals that initiate the ap-
optotic cascade in spinal cord injury models.

Pin1 binding inhibits

Mcl-1 ubiquitination

We hypothesized that one of the mecha-
nisms by which Pinl protects Mcl-1 from
degradation is to interfere with Mcl-1
ubiquitination. To test this hypothesis, we
transfected 293T cells with increasing
amounts of Pinl plus HA-Ubc and treated

If the neuroprotective action of Pin1 includes promoting the stability
of Mcl-1, a cytosolic regulator of cytC release, one would expect cytC
release to increase in the absence of Pinl, opposite of what we ob-
served in JNK3 ~/~ mice. In Pinl ~/~ mice cytC was released consti-
tutively and remained elevated to levels higher than in the wild type

them with benzyloxycarbonyl-leucyl-leucyl-leucinal (MG132), a
proteasome inhibitor, to block Mcl-1 degradation after ubiquiti-
nation. In the absence of added Pin1, Mcl-1 underwent ubiquiti-
nation, which was attenuated considerably by Pinl addition in a
dose-dependent manner (Fig. 7A). To test next whether this in-
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hibitory effect was attributable to Pinl binding to Mcl-1, we
transfected the wild-type Mcl-1 or the mutant Mcl-1 in which the
Pinl binding site, T 163p was mutated to A '®°P (Fig. 7B, SA mu-
tant). Although the increasing amount of Pinl protected the
wild-type Mcl-1 from being ubiquitinated, it failed to do so with
the A'®P (SA) mutant (Fig. 7B). These results together suggest
that direct Pin1 binding protects Mcl-1 from degradation by in-
terfering with its ubiquitination under normal conditions. As
predicted from this notion, a simple overexpression of Pinl in
293T cells delayed the Mcl-1 decay after cycloheximide treatment
(Fig. 7C). Because Pinl binds Mcl-1 in vivo via the constitutively
phosphorylated pT '*°P site, we interpret these results as suggest-
ing that JNK3 activity counteracts Pinl action toward Mcl-1 as it
phosphorylates Mcl-1 at S'*! after injury.

JNK3 phosphorylation at $'*' is necessary for Pinl to
dissociate from Mcl-1

What are the mechanisms by which JNK3 counteracts the pro-
tective action of Pin1? One of the consequences of S '*' phosphor-
ylation may be to facilitate Pinl to dissociate from Mcl-1. Un-
leashed from Pin1, Mcl-1 would undergo a conformational shift,
which could allow subsequent ubiquitination. Our effort to dis-
tinguish Mcl-1 that is phosphorylated at $'*! from other forms
that are not was difficult in vivo. We therefore turn to 293T cells,
in which we can ask directly whether JNK3 phosphorylation of
12t g necessary for Pinl to dissociate from Mcl-1. If JNK3-
dependent phosphorylation of S'*' were indeed necessary for
Pin1 to dissociate, one would expect that rendering S '*' unavail-
able for JNK activation would allow Pin to remain bound to
Mcl-1. For these experiments 293T cells were transfected with
Pin1 plus Mcl-1°F or Mcl-1*F mutants and were subjected to 250
ng/ml anisomycin. At this concentration anisomycin not only
inhibits protein synthesis but also activates the endogenous JNK
pathway, which leads to phosphorylation of both $'*' and T'®* in
293T cells (supplemental Fig. 4 A, available at www.jneurosci.org
as supplemental material) (data not shown). We also mutated T '*
to a pseudo-phosphorylation site, E ', to allow S to be the only
site being targeted by JNK. After anisomycin treatment the amount
of Pinl bound to Mcl-1° decreased, whereas the amount of Pinl
bound to Mcl-1¥ did not (Fig. 8 A). Accordingly, the degradation of
Mdl-1%Fwas delayed when compared with that of Mcl-1° (Fig. 8 B).
It should be added that we obtained similar results with A/S'*'T'%?
as we did with A/S'*'E"'®? (data not shown). These results together
suggest that $'*' phosphorylation is necessary for Pinl to dissociate
from Mcl-1.

Discussion

We report here that JNK3 activation is critical for apoptosis of
oligodendrocytes after spinal cord injury. JNK3 activity itself is
induced by the injury, regulating cytC release by phosphorylating
Mcl-1 at $'*', a pro-survival member of the BclII family. The
outcome of this phosphorylation is to facilitate proteasome-
mediated degradation of Mcl-1. Our data suggest that Mcl-1 deg-
radation normally is inhibited in part by Pin1, which binds Mcl-1
at pT'*’P. Because Pinl fails to dissociate from Mcl-1 mutant
(S™'A) even after JNK is activated, we conclude that the phos-
phorylation of Mcl-1 at $'*' by JNK3 is necessary for displacing
Pinl from Mcl-1 after injury. Loss of Pinl leads to Mcl-1 ubig-
uitination, probably by Mule, and subsequent degradation,
which ultimately results in cytC release. In agreement with the
protective role of Pinl, cytC release remains constitutive and
apoptosis increases dramatically after injury in Pinl ~'~ mice. A
model depicting our data is shown in Figure 9.
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and Mdl-1*€ mutants were introduced to 2937 cells, which subsequently were subjected to 250
ng/ml anisomycin treatment. Anisomycin blocks protein synthesis and activates JNK at that
concentration. The amount of bound Pin1 to Mcl-1 mutants was assessed. Controls for JNK
activation after anisomycin treatment are shown as p-JNK Western blots along with Mcl-1and
Pin1input controls. B, Anisomycin-induced Mcl-1degradation is delayed in the Mcl-1*€ mutant
when compared with the Mcl-1F mutant. 293T cells were transfected with the indicated con-
structs and treated with 250 ng/ml anisomycin for the indicated period of time. All of the
experiments were repeated four to five times with similar results.
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Figure9. A model of INK3 action in vivo. In the absence of injury, Mcl-1 is maintained in its
phosphorylated state at TP, which recruits Pin1 to bind. Pin1 binding inhibits Mcl-1 ubiq-
uitination and degradation. With the Mcl-1 protein level elevated, cytC remains in the mito-
chondria (mito). With injury (SCI), however, JNK3 is activated and phosphorylates Mcl-1 at
S '2P, which results in a conformational shift in Mcl-1, thereby facilitating Pin1 to dissociate.
With Pin1 removed from Mcl-1, Mcl-1 undergoes ubiquitination and subsequent degradation.
Degradation of Mcl-1leads to changes in the dynamics of Bcl-2 molecule interactions, leading to
cytCrelease into the cytosol.
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Activation of the caspase pathways initiated by cytC release is
a fundamental aspect of the apoptotic process (Liu et al., 1996),
observed in many pathological conditions (Benn and Woolf,
2004). For cytC to be released under pathological stimuli, Mcl-1
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must be degraded (Nijhawan et al., 2003; Maurer et al., 2006).
Our results are in agreement with the above report; when Mcl-1
levels were elevated in JNK3 ™/~ mice, cytC release was attenu-
ated and oligodendrocyte survival was enhanced. The mecha-
nism by which Mcl-1 stability is regulated, however, has re-
mained unknown, except for the fact that it is ubiquitinated
(Zhong et al., 2005). Here, we document that Pin1 is involved in
maintaining Mcl-1 stability by inhibiting its ubiquitination.
Without Pinl the Mcl-1 levels were reduced, and cytC release
remained constitutive in the absence of injury.

As a phosphorylation-specific propyl isomerase, Pinl regu-
lates the protein turnover of some of the key transcriptional fac-
tors that are critical for proliferation as well as cytosolic proteins,
such as tau, that are involved in neurodegeneration (Wulf et al.,
2005). Indeed, Pinl ~/~ mice develop tau filament formation
over time (Liou et al., 2003), suggesting that Pin1 in the cytosol
plays a pro-survival function in the CNS. Our results here provide
the evidence for an additional mechanism by which Pinl acts to
promote cell survival in the cytoplasm, that is, via maintaining
normal mitochondrial homeostasis by protecting Mcl-1 from be-
ing ubiquitinated and degraded unless an apoptotic signal is ini-
tiated. Because mitochondrial dysfunction is observed in many of
the neurodegenerative diseases, it is tempting to speculate that a
similar opposite regulation between JNK3 and Pin1 plays a role
toward maintaining mitochondrial homeostasis.

It was surprising that, although cytC was constitutively re-
leased in uninjured Pinl ~/~ mice at significantly higher levels
than the levels found in the injured wild-type mice, apoptosis was
not observed until injury was performed. These data suggest that
cytC release alone is not sufficient to induce apoptosis in vivo.
This conclusion is in complete agreement with a previous report
in which the injection of cytC was insufficient to induce apoptosis
in neuronal cultures that were maintained in NGF (Deshmukh
and Johnson, 1998). Clearly, an additional event or events initi-
ated by spinal cord injury are necessary to trigger the apoptotic
cascade. Our data indicate that JNK3 activation is one such event
that is necessary to initiate the apoptotic cascade under patholog-
ical conditions, disengaging the pro-survival function of Pinl
toward Mcl-1.

Another surprising finding in our study is that, although neu-
rons activate the JNK pathway on the basis of p-c-Jun staining,
the extent of their apoptosis was not affected by JNK3 genotype. A
simple explanation may be that neurons activate JNK1/2 pre-
dominantly and not JNK3 after spinal cord injury. We consider
this scenario unlikely, because JNK3 is expressed in both neurons
and oligodendrocytes (data not shown), and the counts of p-c-
Jun™ cells among neurons were reduced in the absence of JNK3,
albeit it was not statistically significant (supplemental Fig. 24,
available at www.jneurosci.org as supplemental material). In-
stead, it is likely that JNK3 is activated among neurons after in-
jury, but it plays a role other than inducing apoptosis. A potential
role for JNK3 in neurons is regulating some aspects of autophagic
death. Our preliminary data support this possibility, because
beclin-1 (myosin-like Bcl-2-interacting) protein levels are af-
fected in JNK3 ~/~ mice (our unpublished results). Alternatively,
JNK3 may not regulate cell death but may play roles in relaying
the injury signals back to the cell bodies for possible regeneration
programs, as suggested by Cavalli and colleagues (2005).
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