localization of tau (Fig. 1A, B, high mag-
nification). The recognition of these neu-
rons by MC-1 also reflects pathological
changes in tau conformation as seen in
human AD brains. These findings were
specific to the hippocampus, as the stria-
tum and cortex did not display CP13- or
MC-1-positive neurons in any of the ge-
notypes tested (supplemental Figure S2,
available at www.jneurosci.org as supple-
mental material).

Western blotting of dissected hippocam-
pus from 6-month-old mice revealed an in-
crease in immunoreactivity for AT8, which
recognizes phosphorylation of serine 202
and threonine 205, and PHF-1, which de-
tects phosphorylated serine 396 and 404, in
PS ¢cDKO;WtTau animals (Fig. 1C). Similar
experiments performed in dissected septum
did not reveal differences between geno-
types, most likely due to the small number
of CP13- and MC-1-positive neurons in
that area (data not shown). The AT8 results
corroborate our findings that CP13 immu-
noreactivity, and therefore ser202 phos-
phorylation, is increased in the dentate
gyrus of these mice. Increased PHF-1 site
phosphorylation suggests a progression to-
ward paired-helical filament development
and represents the furthest degree of tau pa-
thology detected in our studies. Consistent
with this assessment, Campbell-Switzer sil-
ver stain did not reveal any neurofibrillary
tangles in any of the genotypes at this age
(data not shown), indicating that late-stage
pathology is not yet present.

CP13

PS2 KO

WiTau

The expression of WtTau in PS cDKO
mice leads to a reductionin

anterograde axonal transport rates
Because tau hyperphosphorylation can
impair axonal trafficking, we used Mn*"
enhanced magnetic resonance imaging
(MEMRI) to measure the efficiency of fast
axonal transport. This method takes ad-
vantage of multiple useful features of
manganese: 1) Mn*" ions are paramag-
netic and thus can serve as contrast agents
for MRI; 2) as a calcium (Ca®") analog,
Mn?>* exploits the cellular machinery re-
sponsible for uptake and vesicular packaging of Ca*" to be effec-
tively introduced to the neuron and its transport system; and 3)
Mn?** moves anterogradely along microtubules via fast axonal
transport, allowing measurements of its synaptic accumulation
to reflect overall transport rates (Mendonga-Dias et al., 1983;
Burnett et al., 1984; Geraldes et al., 1986; Cory et al., 1987; For-
nasiero et al., 1987; Sloot and Gramsbergen, 1994; Tindemans et
al., 2003; Cross et al., 2008; Minoshima and Cross, 2008). We
chose to measure trafficking in the olfactory system because it pro-
vides a convenient and pathologically relevant site for measurement
of Mn** transport; ions can be administered noninvasively via nasal
lavage and olfactory deficits have been well documented in patients
with Alzheimer’s disease (Mesholam et al., 1998; Peters etal., 2003).
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Tau pathology in 6-month-old PS cDKO;WtTau mice. 4, Representative images from the dentate gyrus showing CP13
(left) and MC-1 (right) immunostaining of PS2 KO, WtTau, PS <DKO, and PS cDKO;WtTau mice. B, Representative images of (P13
and MC-1immunostaining of a region including both the dorsolateral septal nucleus (upper right of each panel) and the medial
septum (lower left of each panel). High-magnification insets show characteristic somatodendritic immunoreactivity in PS cDKO;
WiTau neurons. Scale bars, 10 wm for inset images, 50 um for all others. €, Representative Western blots of phosphorylated
(PHF-1and AT8) and total (Tau 5) tau in hippocampal tissue homogenates dissected from 6-month-old mice show increased tau
phosphorylation in PS <DKO;WtTau animals. H, human transgenic tau; M, mouse endogenous tau.

Figure 2A shows representative images from 6-month-old
PS2 KO and PS ¢DKO;WtTau mice at the first and last time
points with outlined areas emphasizing signal enhancement. We
tested PS2 KO, WtTau, PS cDKO, and PS cDKO;WtTau mice at 2
and 6 months of age and found that mice of all genotypes exhib-
ited normal rates of transport at the younger age, indicating that
the system is not developmentally impaired (Fig. 2B). At 6
months, however, PS ¢cDKO;WtTau mice displayed a reduction
(~50%, p < 0.001) in the rate of axonal transport compared with
controls (Fig. 2C). This reduced rate was remarkably consistent
between PS ¢DKO;WtTau animals (Fig. 2D). Interestingly, nei-
ther WtTau nor PS cDKO mice showed deficits at this age, providing
evidence for a genetic interaction between presenilin and tau.
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Figure 2.  Age-dependent reduction in axonal transport rates of PS cDKO;WtTau mice. A, Representative MEMRI color map
images from PS2 KO controls and PS <DKO;WtTau mice at 6 months of age showing signal enhancement (emphasized by rectan-
gular outline) between the first image (left) and the last image (right) of the series. B, Axonal transport rates are normal in
2-month-old PS2 KO, WtTau, PS cDKO, and PS cDKO; Wt Tau mice. €, Axonal transport rates at 6 months are selectively reduced in PS
¢DKO;WtTau mice. B, Linear regression of all data points from each genotype of 6-month-old mice. Given slopes are graphically
represented and statistically analyzed in €). ASI/t = change in normalized signal intensity over time = rate of axonal transport.

loading control for the synaptosome frac-
tion and a separate confirmation of the spe-
cific change in BDNF synaptic localization.
The quality of synaptosomal fractionation
was determined by Western blots for en-
richment of the synaptic proteins PSD-95

%y < 0,001, and NMDA receptor 1 (supplemental Fig.
§3, available at www.jneurosci.org as sup-
plemental material).
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bl S PCyl pathways (supplemental Fig. S4,

Figure 3. Decreased synaptosomal BDNF levels and Erk1/2 activation in the hippocampus of 6-month-old PS (OKO;WtTau  available at www jneurosci.org as supple-

animals. A, Representative Western blots of total BONF and BDNF from synaptosome fractions (BDNF). B, Quantification of nor-
malized BDNF band densities relative to control (PS2 K0). €, Representative Western blots of total and phospho-Erk1/2. B, Quan-
tification of normalized Erk1/2 band densities relative to control. Loading controls were as follows: synaptotagmin (Syt) for

synaptosomal BDNF and -y-tubulin for all others. *p << 0.05, **p << 0.01.

PS cDKO;WtTau mice exhibit reductions in synaptic
brain-derived neurotrophic factor levels and Erk activation
To investigate the consequences of decreased axonal transport,
we next examined brain-derived neurotrophic factor (BDNF)
levels in the hippocampus. BDNF synthesis and anterograde traf-
ficking occur within the hippocampus, but some hippocampal
BDNF is also received anterogradely from the entorhinal cortex
(Conner etal., 1997; Caleo and Cenni, 2004). BDNF is reduced in
the brains of patients with AD, and recent work has shown that

mental material), but the possibility of al-
tered signaling cannot be excluded. These
data suggest that impaired transport of
BDNF to the synapse leads to reduced
downstream signaling through Erk.

Additional expression of WtTau worsens contextual memory
deficits in PS cDKO mice at 6 months of age

Because of Erk’s well established role in learning and memory, we
used the conditioned fear paradigm to test associative memory in
6-month-old mice. Impairments in contextual memory have
been reported in PS cDKO mice as early as 2 months of age, and
cued learning deficits have also been observed in these animals at
12 months of age (Saura et al., 2004; Chen et al., 2008). The
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Presynaptic alteration underlies
impaired Schaffer collateral LTP

in PS cDKO;WtTau mice

In addition to being important modula-
tors of learning and memory, BDNF and
Erk play critical roles in LTP (Ying et al.,
2002). We therefore examined field Schaf-
fer collateral LTP in hippocampal brain
slices of 6-month-old PS2 KO, PS ¢<DKO
and PS cDKO;WtTau mice. Potentiation
induced by theta-burst stimulation (TBS)
was significantly reduced and remained
lower in PS cDKO;W1Tau mice compared with PS2 KO controls
( p < 0.01), but we found no significant differences between PS
¢DKO and PS2 KO animals (Fig. 4 B). In contrast, the difference
in LTP induction and maintenance between PS cDKO;WtTau
and PS ¢cDKO mice only reached significance during the first
three and last 40 min (p < 0.05). To determine whether the
deficit in LTP was related to presynaptic or postsynaptic defects,
we conducted a paired-pulse protocol in which the ratio between
the mean amplitudes of the second fEPSP over the first fEPSP
(P2/P1 ratio) is inversely related to the initial release probability
(Dobrunz and Stevens, 1997). In general, the smaller the proba-
bility of release to the first pulse, the more facilitated the response
to the second pulse. We observed a significantly increased paired-
pulse ratio in PS ¢cDKO;WtTau mice compared with PS2 KO
controls at the shortest interpulse intervals tested (Fig. 4C, p <
0.05), suggesting a reduced initial release probability in the PS
c¢DKO;WtTau animals. Thus, altered presynaptic function may
underlie the impaired Schaffer collateral LTP observed in PS
c¢DKO;WtTau mice.

Expression of WtTau exacerbates cortical neurodegeneration
in PS cDKO mice

PS ¢cDKO mice are known to exhibit atrophy of the cerebral cor-
tex by 6 months of age (Feng et al., 2004; Saura et al., 2004; Chen
et al., 2008). Given our findings that the addition of WtTau can
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Figure4. Hippocampal-dependent memory and synaptic plasticity impairmentsin PS cDKO;WtTau mice at 6 monthsof age. 4,
Freezing behaviors during various phases of fear conditioning. Immediate freezing occurs during the initial exploratory period of
training. Context test freezing represents the amount of time the mice froze during second exposure to the training chamber 24 h
after training. Normalized cued test freezing is the difference between freezing during second exposure to the conditioned
stimulus (CS) and freezing before (S in a novel chamber 24 h after training. 8, Following 10 min of basefine recording, theta burst
stimulation (TBS) was delivered to the Schaffer collateral pathway. When compared with PS2 KO controls, PS cDKO;WtTau mice demon-
stratesignificantly impaired L TP induction and maintenance at alltime points tested; however, the difference between PS cDKO; WtTauand
PS DKO mice reaches significance only at the initial 3 and last 40 min. No significant difference is observed between PS DKO and PS2KO
mice. Insets {a— ), Example fEPSP traces taken before and after TBS from PS2 KO, PS cDKO, and PS cDKO;WtTau mice, respectively (cali-
bration, 1 mV, 5 ms). €, Increased paired-pulse ratio in PS (DKO;WtTau mice at 10 and 20 ms interpulse intervals indicating altered
presynaptic function in the hippoampus of PS cDKO;WtTau mice. *p << 0.05, **p < 0.01,***p < 0.001.

impair axonal transport, neurotrophin signaling, contextual mem-
ory, and LTP in PS cDKO mice, we hypothesized that these deficits
could impact neuronal survival in this mouse model with proven
susceptibility to cellular insults. We chose three-dimensional mag-
netic resonance imaging (3D MRI) to evaluate neurodegeneration
because this method presents an opportunity to measure the volume
of entire brain regions in vivo, eliminating the inconsistencies asso-
ciated with histological processing. While our primary region of
interest was the cerebral cortex, we also looked for the compen-
satory enlargement of ventricles that accompanies loss of cortical
tissue. The volume of the cerebellum was analyzed as a negative
control. Because no neuronal loss has been observed in WtTau
mice up to 22 months of age, we elected to omit this group
(Kimura et al., 2007). The other three genotypes were studied at 2
months of age to control for developmental differences in brain
volumes and at 6 months to determine whether the aforemen-
tioned impairments at this age have an effect on neuron loss.

As expected, the volumes of all brain regions were comparable
across genotypes at 2 months of age, demonstrating normal brain
development in the absence of postnatal presenilin expression
(Fig. 5A). As previously reported, PS ¢<DKO mice exhibited a
reduction in cortical volume at 6 months of age, which was ac-
companied by a compensatory increase in ventricular volume
(Fig. 5B). Interestingly, PS ¢DKO;WtTau mice displayed even
greater cortical atrophy at this age, supporting a role for tau in
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Figure5.  Increased cortical neurodegeneration in PS cDKO;WtTau compared with PS (DKO mice. 4, Volumes of cerebellum, cerebral cortex, and ventrides are normal in 2-month-old PS2 KO, PS
<DKO, and PS cDKO;WtTau mice. Quantification of volumes (left) and representative 3D MRl images (right) show no ohvious differencesin structures between genotypes. B, Cerebral cortical atrophy
of PS (DKO mice is exacerbated in PS cDKO;WtTau animals at 6 months. Quantification of volumes (left) and representative 3D MRI images (right) show a decrease in cortical volume with
compensatory increase in ventricular volume {top) in PS cDKO mice and, to a further degree, in PS cDKO;WtTau mice. No change in cerebellar volumes was detected (bottom). €, Representative
images from cresyl violet (Nissl)-stained frozen brain sections demonstrate cortical atrophy in 6-month-old PS cDKO and PS cDKO;WtTau mice as quantified in panel 5B. Vertical lines are provided
to assist with visual assessment of cortical thickness at sites that are comparable between sections. Scale bar, 500 um, ***p < 0.001.

this neurodegenerative phenotype (Fig. 5B, C). At both ages, cer-
ebellar volumes remained stable across genotypes, indicating that
changes in cortical and ventricular volumes resulted specifically
from the CaMKIlIa-regulated genetic modifications in PS cDKO
and PS ¢cDKO;WtTau mice.

Discussion

Although a large body of evidence supports some level of inter-
action between presenilin and tau in AD pathogenesis, the precise
contributions of each have yet to be fully ascertained. Specifically,
the role of wild-type human tau has been largely passed over in
favor of study of mutant tau-expressing mouse models, which
more readily develop tau pathology but do not accurately reflect
the genetics of tau in AD. Here we have shown that expression of
WiTau in PS cDKO mice can impair multiple cellular functions
that are significant to the development of AD (Fig. 6). In these
mice, tau hyperphosphorylation and pathological conformation
were detected as early as 6 months of age in neurons of the septal
nuclei of the basal forebrain and the dentate gyrus of the hip-
pocampus. We determined that anterograde axonal transport

was impaired specifically in PS ¢DKO;WtTau mice at this time
point, suggesting a role for tau hyperphosphorylation and/or ag-
gregation in this deficit. In the hippocampus, reduced synapto-
somal BDNF in the context of normal levels of total BDNF
provided additional support for the hypothesis that axonal trans-
port is impaired in areas with tau pathology. The finding that Erk
activation was also diminished in the hippocampus of PS cDKO;
WtTau mice implied that this level of synaptic BDNF reduction
was sufficient to decrease its downstream signaling. Deficient
BDNF/Erk signaling had important consequences for contextual
learning and memory, and long-term potentiation as well, as
impairments in both were observed to a greater degree in PS
¢DKO mice expressing WtTau. Finally, the combination of these
deficits led to an increase in cortical atrophy in PS cDKO;WtTau
mice when compared with PS ¢cDKO mice, suggesting that mul-
tiple mechanisms underlie the neurodegeneration in these mice,
and possibly in AD.

The presence of tau pathology in the septal nuclei and dentate
gyrus of PS cDKO;WtTau mice could have several implications
for neuronal function in the hippocampus. Septal neurons are



known to project to the dentate gyrus in
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treatment with acetylcholinesterase inhibi- activation localization of BDNF
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nificantlys lesser degree than global inhibi-
tion of cholinergic signating. This limited
tau phosphorylation also explains our in-
ability to detect with Western blots the tau
pathology observed with immunohisto-
chemistry. Ultimately, the finding that in-
terruption of cholinergic signaling can
lead to reductions in downstream BDNF
levels provides support for our model that
disruption of septchippocampal signaling
through tau hyperphosphorylation leads to reduced synaptic
BDNF in the hippocampus. Furthermore, strong involvement of
this pathway in hippocampal-dependent learning and memory
implies a potential mechanism for the specific contextual mem-
ory deficit we observed in PS cDKO;WtTau mice.

The development of tau pathology and impaired axonal trans-
port in PS ¢cDKO;W1Tau mice are likely mediated by changes in
the activity of tan kinases. Levels of p25, a potent activator of the
tau kinase Cdk5, have been shown to increase in PS ¢DKO mice
by 9 months of age (Saura et al,, 2004). Interestingly, loss of
presenilin has also been shown to increase GSK3 g kinase activity,
leading to GSK38-mediated phosphorylation of the motor pro-
tein kinesin to promote its release from its membrane-bound
cargoes during anterograde axonal transport (Morfini et al,,
2002; Pigino et al., 2003). GSK3B misregulation due to presenilin
loss could also lead to tau phospherylation, suggesting two pos-
sible mechanisms for kinase-mediated axonal transport defectsin
PS ¢cDKO mice: directly through kinesin phosphorylation, and/or
indirectly through tau phosphorylation. Because PS cDKO mice
did not demonstrate impairment of axonal transport in our stud-
ies, tau phosphorylation appears to exert a more profound effect
on frafficking than kinesin phosphorylation. Other kinases that
phosphorylate tau could also be involved, and it is possible that a
combination of small increases in multiple kinases, rather than
large increases in a single kinase’s activity, could be responsible
for the tau phenotypes observed in our study.

While most neurotrophins undergo primarily retrograde ax-
onal transport from the synapse to the cell body, anterograde
transport of BDNF is seen in multiple pathways within the brain,

Figure 6. Model of neuronal dysfunction and neurodegeneration in PS (DKO;WtTau mice. Presenilin loss has been shown
previously to increase tau phosphorylation, reduce TrkB receptor maturation and synaptic localization, and result in defective
Ca** homeostasis (dotted lines; see Discussion for references). In combination with presenilin loss, expression of WtTau acceler-
ates tau hyperphosphorylation, leading to impaired anterograde axonal transport of synaptic proteins such as BDNF. This decrease
inBDNF at the synapse reduces downstream signaling, which, along with loss of presenilin, can directly affect neuronal survival. In
addition, specific reduction of Erk phospharylation/activation impairs hippocampal-dependent memory and long-term potentia-
tion, phenotypes to which presenilin loss likely contributes through mechanisms outside the scope of this study. Boxed resuits were
obtained from in vivo studies, with the exception of LTP.

including septal and cortical projections to the hippocampus and
intrahippocampal circuits (for review, see Schindowski et al.,
2008). Along with our observation that synaptic localization of
BDNF is reduced, this supports the hypothesis that the defects in
axonal transport detected in the olfactory system of PS ¢cDKO;
WitTau mice might extend to other brain regions, notably the
hippocampus. Decreased Erk signaling in the hippocampus and
functional deficits in hippocampal-dependent memory and syn-
aptic plasticity in PS cDKO;WtTau animals further support this
notion. In addition to a role for impaired axonal transport in
reduced BDNF/Erk signaling, presenilin loss may contribute to
this phenotype through other mechanisms. Loss of presenilin in
primary neurons results in decreased maturation and membrane
localization of TrkB, the primary receptor for BDNF (Naruse et
al., 1998). This reduction in mature TrkB at the synaptic mem-
brane could exacerbate an Erk signaling impairment caused by
reduced synaptic BDNF. Although PS cDKO mice did not exhibit
a statistically significant reducticn in Erk activation, a downward
trend was observed in these mice, supporting the existence of
more than one mechanism underlying this phenotype. In fact,
this could be the case with each of the phenotypes exhibited by PS
¢DKO mice that were exacerbated in PS ¢DKO;WtTau animals
(i.e., contextual memory deficits and neurodegeneration).
Although LTP defects were not clearly demonstrated in PS
<DKO mice, a trend toward reduced potentiation did exist. As
with Erk signaling, other effects of presenilin loss could be con-
tributing to this phenotype. LTP and other measures of synaptic
plasticity require Ca’* signaling, which is regulated by presenilin
and is defective in familial AD mutants or PS-deficient mice (for



review, see Mattson, 2010). A recent study genetically and phar-
macologically dissected the role of presenilin in Schaffer collat-
eral neurotransmitter release and found that presynaptic loss of
presenilin impairs theta-burst-induced LTP through impairment
of calcium release {Zhang et al., 2009). This corresponds with our
observation that in addition to LTP, paired-pulse facilitation is
altered in PS cDKO;WtTau mice, indicating a presynaptic defect.
Although these alterations in Ca** release could also affect
Mn?2*, our administration of saturating doses of MnCl, and the
lack of axonal transport impairment in PS ¢cDKO mice make it
unlikely that such a phenomenon occurred in our study. Our
inability to detect LTP deficits in PS ¢cDKQO mice could be ex-
plained by differences in experimental setup or variation in
mouse strains and transgenes between our study and previous
reports. Because of the trend toward a decrease in PS cDKO vs
PS2 KO mice in our present study, however, it is possible that a
statistically significant difference would be observed with an in-
creased sample size or a modified stimulation protocol.
Together, our data support a combined role for presenilin and
tau in AD pathogenesis. Substantial evidence supports the notion
that familial AD mutations in presenilin genes primarily result in
PS loss of function, particularly with regard to y-secretase cleav-
age of Notch, cadherins, and APP (Chen et al., 2002; Moehlmann
etal., 2002; Wiley et al., 2005). In PS mutants, the cleavage of APP
generates B-amyloid species in a ratio that favors the pathogenic
APBA42 over AB40, but this could result from decreased production
of AB40, not excess AB42 (for review, see De Strooper, 2007).
Presenilin mutations can also impair y-secretase-independent
functions, leading to defects in Wnt signaling and Ca** ho-
meostasis (for review, see Shen and Kelleher, 2007). This evi-
dence supports the use of PS ¢cDKO mice to study the roles of
presenilin and tau in AD pathogenesis. We have established that
loss of presenilin alone results in a phenotype that can be en-
hanced and even expanded by the presence of wild-type human
tau, leading to impairment of axonal trafficking, neurotrophin
signaling, learning and memory, and synaptic plasticity, all of
which culminate in neurodegeneration. These findings provide
evidence for the convergence of multiple pathways in the pro-
gression of AD and indicate that subtle differences in protein
composition (i.e., human vs mouse tau) can dramatically affect
cellular processes governing neuronal function and survival.
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Neurofibrillary tangle-bearing neurons, a pathological hallmark of Alzheimer's disease, are mostly
devoid of normal microtubule (MT) structure and instead have paired helical filaments that are
composed of abnormal hyperphosphorylated tau. However, a causal relationship between tau phos-
phorylation and MT disruption has not been clarified. To examine whether MT disruption induces
tau phosphorylation, stathmin, an MT-disrupting protein, was co-expressed with tau in COS-7 cells.
Stathmin expression induced apparent MT catastrophe and tau hyperphosphorylation at Thr-181,
Ser-202, Thr-205, and Thr-231 sites. In contrast, c-Jun N-terminal kinase activation, or phosphatase
inhibition, led to significant tau phosphorylation without affecting MT structure. These findings sug-
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1. Introduction

Tubulin heterodimers, o~ and B-tubulin, assemble into microtu-
bules (MTs), which are in a dynamic equilibrium with the non-
polymerized form. Filamentous structures provide intracellular
cytoskeleton in various cells and are especially enriched in neurons
[1-4]. The extent of MT assembly is regulated by many factors such
as temperature, protein-modification of tubulin, small molecules
like taxol, and some MT-interacting proteins [5-7]. Because MTs
have significant roles in a broad range of biological functions,
including shaping the neuronal structure and transporting intra-
cellular cargoes, it is reasonable to speculate that MT disruption,
if any, profoundly affects neuronal architecture and function
[8-11].

Tau proteins were identified as a factor promoting MT assembly
and stabilization. MT assemblies are thought to be negatively
regulated by tau phosphorylation [12,13]. To date, more than 40
serine (Ser) and threonine (Thr) residues have been identified as

Abbreviations: NFT, neurofibrillary tangle; AD, Alzheimer's disease; MT, micro-
tubule; GSK38, glycogen synthase kinase 3 beta; JNK, c-Jun N-terminal kinase;
MEKK, mitogen-activated protein kinase/extracellular signal-regulated kinase
kinase kinase; DMEM, Dulbecco’s modified eagle’s medium; FBS, fetal bovine
serum; MOI, multiplicities of infection
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possible phosphorylation sites on tau [14). Although the biological
significance of individual phosphorylation sites is not known, it has
been known that phosphorylation of Ser-262 (numbered according
to the 441-residue tau) has a profound effect on its interaction
with MTs [15].

Neurofibrillary tangles (NFTs) are a major neuropathological
hallmark in brains affected by Alzheimer’s disease (AD) and related
diseases. The central nervous system diseases in which NFT forma-
tion is predominant are categorized as tauopathies. Because the
areas in the brain that form NFTs often exhibit neuronal loss, the
formation of these filamentous structures is assumed to be the cru-
cial event in neuronal degeneration [16]. Abnormally phosphory-
lated tau is a major component of NFTs [17-19], which raises a
possible link between phospho-tau accumulation and neurodegen-
eration and has led us to investigate their causal relationship. NFT-
bearing neurons often accompany loss of MTs and tubulin [20-22].
This inverse relation can be observed across various animal models
for tauopathy [23,24]. It remains unclear why MTs or tubulin are
lost in the affected neurons. MT loss has also been found even in
non-NFT-bearing neurons in the AD brain [22], suggesting that
MT loss may precede tau phosphorylation and accumulation in
brains affected by tauopathy. Therefore, we aimed to elucidate
the possible link between MT loss and phospho-tau accumulation.
The effects of drug-inducing MT depolymerization on expressed
tau have been studied [25], which showed that the tau was
dephosphorylated at specific sites. However, the impacts of cell-
intrinsic MT-disrupter on tau phosphorylation have never been
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addressed. Stathmin is a factor acting on MT disruption and/or a
tubulin sequestration and is ubiquitously expressed in many cell
types, including neurons {26,27]. Furthermore, SCG10, a neuron-
specific homolog of stathmin, is known to increase in the brains
of AD patients [28]. To study whether physiological MT disruption
affects tau phosphorylation, tau and stathmin were co-expressed
in COS-7 cells using adenovirus-mediated transfection.

2. Materials and methods
2.1. Materials

Anti-stathmin antisera against N- and C-terminal positions,
STN1 (ASSDIQVKELEKRA) and STC1 (RKNKESKDPADETEAD) were
raised against synthetic peptides conjugated with KLH. The anti-
tau antibodies used were tau-c, which reacts with pan-tau {29}];
AT270, AT8, and AT180, which react with phospho-Thr181, phos-
pho-Ser202 and -Thr205, and phospho-Thr231 and -Ser235,
respectively (Innogenetics, Gent, Belgium); PHF-1, which reacts
with phospho-Ser396 and -Ser404 (a generous gift from P. Davies)
[30]; and PS422 (BioSource International, Camarillo, CA). Anti-o.-
tubulin (DM1A) and anti-acetylated-a-tubulin (6-11B1) were pur-
chased from Sigma (St. Louis, MO). Okadaic acid was purchased
from Roche Diagnostics (Basel, Switzerland).

2.2. DNA constructs and expression in COS cells

Generation of recombinant adenovirus was performed as previ-
ously described [29]. Briefly, stathmin cDNA encoding amino acids
1-145 was amplified and inserted between the Hindlll and Xbal
sites of the pFLAG-CMV2 vector. The FLAG tagged-stathmin open
reading frame was inserted into the pAxCAwt vector (Takara) at
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the Swal site (designated pAxCA-F-stathmin) and the resulting cos-
mid was used to generate recombinant adenoviruses (designated
AXCA-F-stathmin) by the COS-TPC method following the manufac-
turer's instructions. Adenoviruses containing cDNA of the longest
isoform of human brain tau (AXCA-Tau4RWT), LacZ (AxCAi-LacZ),
c-Jun N-terminal kinase {JNK) 3 (AxCA-JNK3), and A mitogen-acti-
vated protein kinase/extracellular signal-regulated kinase kinase
kinase (MEKK) (AXCA-AMEKK) were also used [29]. COS-7 cells
were maintained in Dulbecco’s modified eagle’s medium (DMEM)
containing 10% fetal bovine serum (FBS) in a 5% CO/air chamber.
For adenoviral expression, COS-7 cells were cultured in a six-well
dish and exposed to recombinant viruses at various multiplicities
of infection (MOI) in DMEM containing 5% FBS.

2.3. Cell fraction and Western blotting

COS-7 cells were gently washed with phosphate buffered saline
3 days after infection and lysed in Laemmli’s sample buffer. Each of
the fractions having equal start-cell counts were separated by 8%
SDS-PAGE and electroblotted onto nylon membranes for immuno-
blot analyses as previously described [29]. MT-bound and -un-
bound tau were prepared as described previously [25]. Okadaic
acid was added 1 day after infection of AXCA-Tau4RWT, and cells
were lysed 24 h after treatment.

2.4. Immunocytochemistry

Cells were fixed with 4% paraformaldehyde for 10 min and per-
meabilized by 0.5% Triton X-100, followed by incubation with pri-
mary antibodies. Bound antibodies were visualized with Alexa
dye-conjugated secondary antibodies (Molecular Probes) and ob-
served with a confocal laser scanning microscope (Radiance 2000
KR3; Bio-Rad).

Fig. 1. Adenoviral induction of stathmin induces MT catastrophe in COS-7 cells. MT stability of COS-7 cells infected with AxCA-F-stathmin was analyzed by biochemical and
immunocytochemical procedures. (A) Three days after infection with AxCA-F-stathmin (St) or AxCAi-LacZ (LZ) cDNA at the indicated MOL the total amount of stathmin was
evaluated by STC1 (a). Free (b) and polymerized tubulin (c) were fractioned as described in Section 2 and quantified by Western blotting using the anti-x-tubulin antibody,
DM1A. The lower panel shows quantitative analyses of free (closed) or polymerized (open) tubulin in COS-7 cells. Each data point represents the means and standard error
(S.E.) for three independent experiments. (B) 50 MOI of AXxCA-F-stathmin-infected COS-7 cells (a-f) were co-labeled with STC1 (green) and DM1A (red), and observed by
confocal laser scanning microscopy. It should be noted that the low level of stathmin expression induced mild MT disruption (arrow); however, high levels of stathmin
expression caused cell to shrink (arrowhead). These abnormal cells were not observed in AXCAi-LacZ-infected cells (g-i). Merged images are shown in ¢, f, and i. Scale bars:

a-c, 100 pm; d-i, 25 pm.



3. Results
3.1. Overexpression of stathmin induces MT catastrophe in COS-7 cell

In native neuronal cells, >90% of tau is bound to MTs [31]. How-
ever, excess exogenous tau generated by conventional transfection
is not bound to MT (data not shown). To maintain the tau expres-
sion at relatively low levels and avoid undesired liberation of tau
from MTs, we used an adenoviral-mediated transfection system
in which about 80% of the expressed tau was held on MTs at five
MOI of AXxCA-Tau4RWT (data not shown).

The stathmin family is expressed in a wide variety of cells,
including neurons. It binds to the ends of tubulin protofilament

and induces MT catastrophe and/or tubulin sequestration [32-
35]. In this study, we used stathmin to induce MT disruption in
cells, and evaluated the effect of MT destruction on tau phosphor-
ylation under physiological conditions. We first examined the ef-
fects of stathmin on MT structure in COS-7 cells. Three days after
infection with AxCA-F-stathmin, FLAG-tagged stathmin expressed
in an MOI-dependent manner (Fig. 1A, a). Along with increasing
stathmin expression, the amount of polymerized tubulin decreased
and that of soluble-free tubulin increased (Fig. 1A, b and c). The
fraction of polymerized tubulin was greatly reduced in the cells in-
fected with 50 MOI of AxCA-F-stathmin (Fig. 1A). To morphologi-
cally investigate MT catastrophe, COS-7 cells infected with 50
MOI of AxCAi-LacZ or AxCA-F-stathmin were double-labeled with
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Fig. 2. Selective phosphorylation of tau induced by stathmin expression in MT-unbound fractions. COS-7 cells were co-infected with AXCA-Tau4RWT and AXCA-F-stathmin
and the extent of tau phosphorylation was estimated by Western blotting using site-specific anti-phosphotau antibodies. (A) Total cell lysates from AXCA-Tau4RWT- and
AxCA-F-stathmin-infected cells at the indicated MOI were separated by SDS-PAGE, and total (tau-c) and phosphorylated tau (AT270, AT8, AT180, PHF1, and PS422) were
labeled by immunoblotting. (B) Quantitative analyses of tau phosphorylation in cells with (closed) or without (open) 50 MO! of AxCA-F-stathmin infection are shown. The
intensities of the bands labeled with the indicated antibodies were normalized to those of total tau (tau-c). Data represent the means t S.E. for three independent
experiments. Statistical significance was evaluated using a Student’s t-test (*P < 0.05). (C) MT-unbound and MT-bound fractions from AxCA-Tau4RWT and AxCA-F-stathmin-
infected cells were subjected to Western blotting with the indicated antibodies. (D) MT-free tau from AxCAi-LacZ (LZ)- or AxCA-F-stathmin (St) infected cells (input) was
remixed with cell lysate from naive COS-7 cells, and fractioned according to MT binding. Each fraction was subjected to Western blotting using tau-c and DM1A (a-tubulin).
The arrows and asterisks indicate slow migrating and faster migrating tau species, respectively.



anti-a-tubulin and anti-FLAG antibodies (Fig. 1B). Although the
expression levels were slightly variable among cells, about 90% of
the cells were labeled by the anti-FLAG antibody (data not shown).
Moderate levels of stathmin expression resulted in decreased o-
tubulin staining in COS-7 cells compared to naive cells (Fig. 1B,
d-f). High stathmin expression induced irregularly shrunken-
shaped cells and destroyed MT structures in the cells (Fig. 1B, a-
f). This was not observed in AxCAi-LacZ-infected cells (Fig. 1B, g-i).

3.2. Co-expression of stathmin enhances phosphorylation of tau
associated with MT destruction

To examine the effects of stathmin on tau phosphorylation,
COS-7 cells were co-infected with AxCA-Tau4RWT plus AxCAi-LacZ
or AXCA-F-stathmin at different MOI, and the total cell lysates ob-
tained were subjected to Western blotting using various anti-tau
antibodies (Fig. 2A). Although the total amount of tau was not al-
tered, the extent of phosphorylation of tau labeled by AT270
(Thr-181), AT8 (Ser-202 and Thr-205), and AT180 (Thr-231) in-
creased along with increasing expression of stathmin in a MOI-
dependent manner. There was statistical significance in the extent
of tau phosphorylation between 0 and 50 MOI of AXCA-F-stathmin
(Fig. 2B). The immunoreactivities with PHF-1 (phospho-Ser396 and
-Ser404) and PS422 (phospho-Ser422) tended to slightly (but not
significantly) increase. Thus, stathmin expression induced a higher
extent of tau phosphorylation.

The ability of the MT-binding of tau in cells can be estimated by
the fraction of the lysates under the presence of taxol [25]. In this
procedure, MT-bound tau is co-fractioned into a pellet with taxol-
‘stabilized MT, but MT-unbound tau is recovered in the superna-
tant. The total lysates from tau- and stathmin-expressing COS-7
cells were further fractioned by MT binding, and the phosphoryla-
tion of tau was analyzed by Western blotting. Along with MT dis-
ruption, the amount of MT-unbound tau increased. As seen in
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Fig. 2C, the MT-unbound tau migrated more slowly than MT-bound
tau, indicating a higher phosphorylation of MT-unbound tau. This
result was further confirmed by Western blotting using anti-phos-
pho-tau antibodies, which showed that the phosphorylated tau oc-
curred predominantly in the MT-unbound fraction (Fig. 2C).

One possible explanation for the predominance of tau in the
MT-unbound fraction would be that the stathmin causes tau to lib-
erate from MT via accelerating tau phosphorylation and reducing
its affinity to MT. To determine whether tau was phosphorylated
after being liberated from MTs, MT-unbound fractions from cells
expressing AXCA-Tau4RWT plus AxCAi-LacZ or AxCA-F-stathmin
(input in Fig. 2D) were remixed with cell homogenates from naive
COS-7 cells and subjected to the MT binding assay (Fig. 2D). If the
tau in the MT-unbound fraction from stathmin-expressing cells
were phosphorylated after being liberated from MTs, there would
still have been some less phosphorylated tau, which can bind on
taxol-stabilized MTs. Western blotting of total tau in the MT-un-
bound fraction from stathmin-expressing cells showed that soluble
tau largely consisted of slow-migrating species and additional fast-
migrating one. This finding suggested that a fraction of soluble tau
contains relatively less phosphorylated tau species. Predictably,
the slower migrating species did not bind to MTs, but the faster
migrating tau species were still able to bind to MTs (Fig. 2D). The
presence of tau having an MT-binding capacity in the MT-unbound
fraction suggests that the tau was phosphorylated after being lib-

- erated from MT. Thus, stathmin expression induces tau liberation
and its subsequent phosphorylation in parallel with MT disruption.

3.3. Stathmin expression induces activation of JNK

To examine whether certain protein kinases were activated by
stathmin, total lysates from infected cells were subjected to
Western blotting using antibodies that distinguish activated and
inactivated forms of protein kinase (Fig. 3). Among the kinases
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Fig. 3. Activation of NK in stathmin-expressing cells. Effects of stathmin expression on the activity of GSK3p (A), MAPK (B), and JNK (C) were verified by Western blotting
using specific antibodies labeled for the activated or inactivated form of each kinase. Total lysates were prepared from COS-7 cells co-infected with AxCA-Tau4RWT and
AXCA-F-stathmin at the indicated MO, and subjected to Western blotting using antibodies for total GSK3, phospho-Tyr216 (PY216), phospho-Ser9 (PS9), total MAPK (p42/
p44), phospho-Thr202/Tyr204 (p-MAPK), total JNK (p46/p54), and phospho-Thr183/Tyr185 (p-JNK). (D) Quantitative analyses of fold kinase activation in cells with (closed) or
without (open) 50 MOI of AXCA-F-stathmin infection are shown. Data represent the means t S.E. for three independent experiments. Statistical significance was evaluated

using a Student's t-test (*P < 0.05).
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Fig. 4. Overexpression of JNK or inhibition of phosphatases induces tau phosphor-
ylation but not MT disruption. (A) MT-unbound and -bound fractions from COS-7
cells co-infected with five MOI of AXCA-Tau4RWT and AxCAi-LacZ (110 MOI; a),
AxCA-Tau4RWT and AxCA-F-stathmin (50 MOI; b), or AXCA-Tau4RWT and AxCA-
JNK3 plus AMEKK (10 +100 MOI; c) were subjected to Western blotting using
DM1A (anti-a-tubulin), tau-c, and AT8. (B) Tau-expressing COS-7 cells were treated
with or without 50 nM of okadaic acid and subjected to an MT-binding assay
combined with Western blotting.

examined, JNKs (SAPK+]JNK) were significantly activated and
MAPK was left inactivated in the cells of the AxCA-F-stathmin
infection as compared to those of the AxCAi-LacZ infection. The
activity of glycogen synthase kinase 3 beta (GSK3p) was not altered
throughout the experiment.

3.4. Activation of kinases or phosphatase inhibition induces tau
phosphorylation but not MT disruption

The above data led us to presume that stathmin induces MT dis-
ruption and tau phosphorylation via JNK activation. To test this
assumption, MT binding assays were performed in COS-7 cells
expressing JNK3 and its activator AMEKK. As previously reported,
AxCA-JNK3 plus AXCA-AMEKK infection increased tau phosphory-
lation at the AT8 sites; however, MT catastrophe was not observed
(Fig. 4A). This result indicates that the activation of JNK can only
induce tau phosphorylation but not MT disruption, and raises the
idea that tau phosphorylation and MT disruption may be
dissociated.

The extent of tau phosphorylation is also negatively regulated
by phosphatases [36-39]. To probe whether the phosphatase inhi-
bition induces MT disruption via tau phosphorylation, tau-express-
ing cells were treated with okadaic acid, a protein phosphatase-1
and -2A inhibitor. Although a high dose (250 nM) of okadaic acid
induced both tau phosphorylation and MT disruption (data not
shown), 50 nM okadaic acid solely induced tau phosphorylation
without MT disassembly (Fig. 4B). Thus, enhanced tau phosphory-
lation by phosphatase inhibition cannot induce MT disruption. Ta-
ken together, our data indicate that tau phesphorylation is not
sufficient for MT disruption.

4. Discussion

To our knowledge, this is the first report to demonstrate that
MT disruption can induce subsequent tau phosphorylation. The ex-
tent of phosphorylation in MT-unbound tau produced by stathmin
expression is higher than those of MT-bound tau. Given that JNK is
activated by stathmin expression, it is possible that tau proteins
were phosphorylated by JNK after being liberated from MTs. How-
ever, tau phosphorylation selectively occurred in the MT-unbound
fraction (Fig. 2C), suggesting that the phosphorylation state of tau
is more likely dependent on whether the expressed tau is bound
with MT and that MT-unbound tau is a preferential substrate for
kinases. Given that the stoichiometry of tubulin relative to tau is
far greater than in healthy neurons, the amount of MT-unbound
tau would be negligible under physiological conditions [31]. How-
ever, under abnormal conditions, such as the aberrant overproduc-
tion of tau and decreased expression or denaturation of tubulin,
MT-unbound tau might be generated and be immediately
hyperphosphorylated. )

The effects of drug-induced MT disruption on tau phosphoryla-
tion have been reported previously; however, the results were in
conflict with the present study [25}. This discrepancy may depend
on MT-breaking-agents used in the study. Stathmin can seques-
trate tubulin dimer(s) after MT destruction, and soluble tubulin di-
mer(s) likely remain to be bound to stathmin [27]. Although the
physiological significance of soluble tubulin dimer is not known,
it is conceivable that the numerous cellular factors can interact
with them. Formation of stable tubulin-stathmin complex may
interfere the interaction between tubulin dimers and such mole-
cules including kinases, phosphatases, and tau. This may be that
the concentrations of tubulin dimers were reduced similarly as in
the neurons affected by tauopathy. In contrast, a small compound
like nocodazole may not affect the binding between soluble tubu-
lin dimers and other factors, and induce an increment in the solu-
ble tubulin dimers. In this way, the amount of soluble tubulin
dimers available for interaction with other molecules would be
critical for tau phosphorylation.

In contrast to MT destruction inducing tau phosphorylation, MT
destruction was not induced by the activation of certain kinases or
by phosphatase inactivation, both of which can increase tau phos-
phorylation. Similar findings have been reported in anesthetized
mice [40]. Therefore, these results suggest that tau phosphoryla-
tion, which may lead to the liberation of tau from MTs, does not
have a profound effect on the stabilization of MTs, although the
long-term effects of tau phosphorylation on MTs are remain un-
known. Our results are also supported by recent findings that no
differences exist between wild type and pseudo-phosphorylated
tau in transgenic animals [41,42]. Taken together, tau phosphory-
lation alone may not be sufficient to induce MTs destruction and
subsequent neurodegeneration.

This view can be readily applied to the pathogenesis of tauopa-
thy, because the MT structure always disappear in affected neurons
in the brains of AD patients [19,22]. Most neurons remain through-
out a human lifetime, and MT disruption that leads to MT loss and/
or tubulin degeneration can accidentally occur in aged neurons
[21,22,43]. Newly expressed tau, which cannot bind to MTs, is then
phosphorylated and accumulate in the neuronal cell body. If such
an abnormality would be sustained over a long period, the accu-
mulated tau may form NFT, which accompanies complete MT dis-
ruption as seen in brains affected by tauopathy. In fact, MT loss has
also been found in non-NFT-bearing neurons in the brains of AD
patients [22], and phosphorylated tau may gradually accumulate
in the neuronal cell body for months [44].

The mechanisms inducing MT disruption in aged neurons re-
main obscure. Tubulin is a very unstable protein and easily loses



its potency at 37 °C for GTP/GDP exchange without GTP and pro-
tein-stabilizing compounds that have multiple hydroxyl groups
[45]. Thus, it is possible that a reduced tubulin turnover rate
and/or the reduced expression of factors required for tubulin main-
tenance can decrease the amount of MTs or tubulin in normal
aging neurons [46]. Dysregulation of stathmin families could be
other possible causes of MT dysregulation in aged or diseased neu-
rons [28,47]. Furthermore, amyloid deposition, which is the other
pathological hallmark of AD, may also lead to MT destabilization
[48], suggesting that MT loss may be an intermediate between
amyloid beta deposition and NFT formation in AD.
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Promotion of CHIP-Mediated p5S3 Degradation Protects the
Heart From Ischemic Injury

Atsuhiko T. Naito, Sho Okada, Tohru Minamino, Koji Iwanaga, Mei-Lan Liu, Tomokazu Sumida,
Seitaro Nomura, Naruhiko Sahara, Tatsuya Mizoroki, Akihiko Takashima, Hiroshi Akazawa,
Toshio Nagai, Ichiro Shiojima, Issei Komuro

Rationale: The number of patients with coronary heart disease, including myocardial infarction, is increasing and
novel therapeutic strategy is awaited. Tumor suppressor protein p53 accumulates in the myocardium after
myocardial infarction, causes apoptosis of cardiomyocytes, and plays an important role in the progression into

heart failure.

Objectives: We investigated the molecular mechanisms of pS3 accumulation in the heart after myocardial infarction
and tested whether anti-p53 approach would be effective against myocardial infarction.

Methods and Results: Through expression screening, we found that CHIP (carboxyl terminus of Hsp70-interacting
protein) is an endogenous p53 antagonist in the heart. CHIP suppressed p53 level by ubiquitinating and inducing
proteasomal degradation. CHIP transcription was downregulated after hypoxic stress and restoration of CHIP
protein level prevented p53 accumulation after hypoxic stress. CHIP overexpression in vivo prevented p53
accumulation and cardiomyocyte apoptosis after myocardial infarction. Promotion of CHIP function by heat
shock protein (Hsp)90 inhibitor, 17-allylamino-17-demethoxy geldanamycin (17-AAG), also prevented p53
accumulation and cardiomyocyte apoptosis both in vitro and in vivo. CHIP-mediated p53 degradation was at

least one of the cardioprotective effects of 17-AAG.

Conclusions: We found that downregulation of CHIP level by hypoxia was responsible for p53 accumulation in the
heart after myocardial infarction. Decreasing the amount of p53 prevented myocardial apoptesis and amelio-
rated ventricular remodeling after myocardial infarction. We conclude that anti-p53 approach would be effective
to treat myocardial infarction. (Circ Res. 2010;106:1692-1702.)

Key Words: myocardial infarction m CHIP m p53 m hypoxia

he number of patients with coronary heart disease has

been increasing and cardiovascular diseases are the
leading cause of deaths in the Western world. Despite the
development of pharmacological and nonpharmacological
interventions, 33% of the men and 43% of the women die
within 5 years after myocardial infarction (MI).! Therefore, a
novel therapeutic approach against coronary heart disease is
awaited.

Apoptosis of cardiomyocytes is accompanied with acute
coronary occlusion.? Because apoptotic loss of cardiomyo-
cytes causes heart failure,® inhibition of apoptosis has been
suggested as an additional therapeutic approach to coronary
heart disease.* In mice, overexpression of antiapoptotic
Bcl-2 protein or genetic deletion of proapoptotic Bax
protein have been reported to prevent apoptosis and reduce

infarct size,’-% implicating that antiapoptotic approach is
effective for prevention of ventricular remodeling after
myocardial infarction.

The tumor suppressor p53 is an important transcription
factor that regulates cell cycle progression, cellular senes-
cence, and apoptosis. Under physiological condition, p53
protein level is maintained low, but is elevated when cells
are stressed or damaged.® The mechanism for keeping p53
protein level low involves several E3 ubiquitin ligases
such as MDM2,10-1t COP1,'? and Pirh2.'* Importantly, the
expression of these proteins were positively regulated by
p53. suggesting the role for negative-feedback loop against
p53 elevation.

Protein level of p53 is also kept low in the heart but it is
elevated when cardiac cells are exposed to hypoxia.'4-'¢
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We have recently reported that elevation of p53 causes the
development of pressure overload-induced heart failure.'®
We have also observed the elevation of p53 protein levels
after myocardial infarction and shown that p53 gene
deletion improved cardiac function after myocardial in-
farction,'s suggesting that the inhibition of p53 might
become a novel therapeutic strategy for ischemic heart
diseases.

As an initial approach for the investigation of anti-p53
therapy, we searched for an endogenous p53 antagonist in the
heart. Through expression screening, we found that CHIP
(carboxyl terminus of Hsp70-interacting protein) is an endog-
enous p53 antagonist that keeps p53 level low in the heart.
We also found that CHIP downregulation is involved in the
mechanism of p53 accumulation in the heart after myocar-
dial infarction. Facilitating CHIP-mediated p53 degrada-
tion prevented apoptosis of cardiomyocytes and amelio-
rated ventricular remodeling in the postinfarct heart. The
present study revealed the mechanism of p53 accumulation
in the heart after myocardial ischemia and suggested that
anti-p53 approach would be effective to treat myocardial
infarction.

Methods

Expression Cloning

Expression cloning was performed as described previously!” using
PG13-Luc (kind gift from B. Vogelstein, Ludwig Center for Cancer
Genetics and Therapeutics, Howard Hughes Medical Institute, and
Sidney Kimmel Cancer Center, Johns Hopkins Medical Institutions,
Baltimore, Md) as a reporter plasmid. Initially, cDNA expression
library from human heart (Invitrogen) was separated into small pools
that contain ~100 clones each. cDNA clones that downregulate
PG13 activity were isolated by sib-selection.

Cell Culture

COS7 and HEK293 cells are from ATCC and cultured in DMEM
containing 10% FBS (Invitrogen). Neonatal rat cardiomyocytes were
isolated from I-day-old Wistar rats and cultured as described
previously.'® Cardiomyocytes were exposed to hypoxic stress by
culturing under CoCl, or by culturing in hypoxic chamber (<1% O;
Po,, 18 to ~20 mm Hg).

Animals

All protocols were approved by Chiba University review board.
CHIP knockout mice and cardiac-specific inducible hypoxia-
inducible factor (HIF)-1 knockout mice were described.!s:1920 Het-
erozygous CHIP knockout mice were used in this study because
homozygous knockout mice were perinatally lethal.?° Cardiac-
specific CHIP transgenic mice were generated by pronuclear injec-
tion of aMHC-HA-CHIP transgene construct. Coronary artery liga-
tion was performed on [0-week old male mice as described
previously.?!

Statistical Analysis

Data are expressed as means*SE. The significance of differences
among means was evaluated using analysis of variance (ANOVA),
followed by Fisher’s protected least significant difference test and
Dunnett’s test for multiple comparisons. Significant differences were
defined as P<<0.05.

Results

Identification of CHIP As a Novel p53 Antagonist
From Heart ¢cDNA Library

To elucidate novel p53 antagonists in the heart, we performed
expression screening by expressing cDNA pools in COS7

Non-standard Abbreviations and Acronyms

17-AAG  17-allylamino-17-demethoxy geldanamycin
CHIP carboxyl terminus of Hsp70-interacting protein
HIF hypoxia-inducible factor

HRE hypoxia-responsive element

Hsp heat shock protein

HW/BW  heart weight/body weight

Mi myacardial infarction

PARP poly(ADP-ribose)polymerase
SiRNA small interfering RNA

cells together with a reporter plasmid, PGI3-luciferase,
which contains 13 copies of p53 binding site upstream of
luciferase gene and responsive to wild-type p53 dependent
transcription. From the screening of 500 cDNA pools, each
containing around 100 individual cDNA clones obtained
from human heart cDNA library, we found 5 pools that
suppress the PG13 activity. Individual cDNA clone that
downregulates the PGI3 activity was identified by sib-
selection. One of the molecules that was highly expressed in
the heart (Figure I, A, in the Online Data Supplement,
available at http://circres.ahajournals.org) was CHIP (also
called STUBI1 [Stipl homology and U-box containing pro-
tein]), a chaperone-interacting protein with E3 ubiquitin
ligase activity.?? Transfection of CHIP suppressed endoge-
nous and exogenous (by overexpression of p53) PG13 activ-
ity (Figure 1A) and decreased the protein levels of p53
(Figure 1B) in a plasmid dose-dependent manner in COS7
cells. Direct interaction between CHIP and p53 was con-
firmed both at the exogenous level in COS7 cells (Online
Figure I, B) and at the endogenous level in cardiomyocytes
(Online Figure I, C). Western blotting using anti-ubiquitin
antibody after immunoprecipitation with p53 revealed that
overexpression of CHIP increased poly-ubiquitinated p53
(which appears as a smear) (Online Figure I, D). The
proteasomal inhibitor MG132 restored p53 protein level
that was suppressed by CHIP (Online Figure I, E), indi-
cating that CHIP directs p53 for proteasome-mediated
degradation. When CHIP was knocked down in cardio-
myocytes using small interfering (si)RNA, p53 expression
was upregulated (Figure 1C), and p53 protein levels
following CHIP knockdown were comparable to those
induced by the knockdown of MDM2, a well known E3
ubiquitin ligase for p53 (Figure 1D). CHIP protein level
was not changed by knockdown of MDM2 (Figure 1D).
p53 protein levels were also markedly elevated in the heart
of CHIP heterozygous mice (Figure IE). These results
suggest that CHIP induces degradation of wild-type p53
protein in cardiomyocytes, which is consistent with previ-
ous reports in other cells (H1299 cells and U20S
cells).2*24 In addition, we revealed that CHIP is a crucial
negative regulator that keeps p53 protein levels low in the
heart under physiological conditions.
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Figure 1. CHIP is a crucial negative regulator of p53 expression in the heart. A, Transfection of CHIP expressing plasmid sup-
pressed endogenous (left) and exogenous {right) p53 transcriptional activity. *P<0.01 vs control; n=5. B, CHIP decreases p53 protein
levels in COS7 cells. IB indicates immunoblot. €, p53 expression is upregulated by CHIP knockdown in cardiomyocytes. siRNAs spe-
cific to CHIP (CHIP-1 and CHIP-2), or control siRNA were transfected into cultured cardiomyocytes and protein levels of CHIP and p53
were examined by Western blotting. CHIP-1 and CHIP-2 represent 2 different siRNAs against CHIP. Control-1 is a commercially avail-
able control RNA, and control-2 is a scrambled control RNA. D, p53 upregulation is also observed by MDM2 knockdown. siRNAs spe-
cific to MDM2 (MDM2-1 and MDM2-2) or control SiRNA were transfected into cultured cardiomyocytes, and protein levels of CHIP,
p53, and MDM2 were examined by Western blotting. The extent of p53 upregulation by MDM2 knockdown was comparable to that
induced by CHIP knockdown. E, Total protein of wild-type and CHIP heterozygous mice were analyzed by Western blotting. p53

expression is upregulated in the heart of CHIP heterozygous mice.

Molecular Mechanisms of Hypoxia-Induced

p53 Accumulation

As CHIP regulates p53 status in the heart, we speculated that
CHIP might be involved in the molecular mechanism of
hypoxia-induced p53 accumulation in the heart. Cobalt chlo-
ride (CoCl,) increases HIF-1 activity through preventing
HIF-1« protein degradation and is widely used as a hypoxia
mimicking reagent.2>2¢ Treatment of cardiomyocytes with
CoCl, (250 mmol/L) increased p53 protein level with a
marked downregulation of CHIP protein level (Figure 2A).
Notably, the expression of MDM2 was rather increased in
this experimental condition. Because transcriptional regula-
tion of MDM2 is known to be upregulated by p53 as a part of
negative-feedback loop, increased MDM?2 expression after
.CoCl, treatment may possibly be attributable to this feedback
system against p53 elevation. Accumulation of p53 and
downregulation of CHIP were also observed when cardio-
myocytes were cultured in hypoxic chamber for 24 hours
(Online Figure I, F). We confirmed that both treatments
increased nuclear HIF-la protein that binds to HIF-la
binding oligonucleotide by commercially available ELISA
system (Online Figure I, G). We also analyzed the expression
of p53 and CHIP in the heart after MI. p53 protein levels were
increased on day 1 after MI and remained upregulated
thereafter, whereas expression levels of CHIP were markedly
downregulated on day 1, and remained at lower levels than

those of controls (Figure 2B and analyzed in Online Figure II,
A and B). In contrast, MDM2 protein levels were slightly
increased after MI (Figure 2B). The inverse correlation
between CHIP and p5S3 protein level implies the possible
involvement of CHIP downregulation in the initiation of p53
accumulation after acute hypoxic stress. Other E3 ubiquitin
ligases whose transcription is regulated by p53, such as
MDM2, might work to reverse p53 level after initial accu-
mulation of p53 as a feedback system to prevent further
detrimental effects that might be elicited by chronic p53
elevation. ‘

To investigate why CHIP is downregulated after hypoxic
insult, we tested whether HIF-1 mediates hypoxia-induced
downregulation of CHIP, because HIF-1 is known to down-
regulate some of its target genes through hypoxia-responsive
element (HRE).?-* Human CHIP promoter (from —329
bases upstream of transcription start site to +39 bases
downstream of transcription start site) that contains a con-
served HRE at —49 (Figure 2C) was cloned upstream of
luciferase reporter gene (pGLA4-CHIP). pGL4-CHIP activity
was significantly suppressed by both CoCl, treatment (24
hours) and HIF-la overexpression in COS7 cells (Figure
2D). When a mutation was introduced into HRE at —49
(pGL4-CHIP-mutHRE), the luciferase activity was no longer
responsive to hypoxic stress or HIF-1a overexpression (Fig-
ure 2D), suggesting that CHIP gene expression is downregu-
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moter activity is downregulated by CoCl, treatment and HIF-1a overexpression, and mutations (CACGTG to CTGGCG) introduced into
HRE at —49 abrogated this response. CHIP promoter sequence from human genomic DNA (—329 to +39 from transcription start site)
was cloned upstream of luciferase gene. Mutation was introduced using a kit from Stratagene. Luciferase assay was performed 24
hours after CoCl, treatment or HIF-1a overexpression. *P<0.05, **P<0.01, **P=NS vs control; n=>5. E, Real-time PCR analysis
revealed mRNA level of CHIP was also downregulated by hypoxic stress (Co) and HIF-1a overexpression. RNA was extracted 24 hours

after CoCl, treatment or HIF-1a overexpression. *P<0.01.

lated by HIF-1 at the transcriptional level through HRE.
Real-time PCR analysis revealed that exposure of cardiomyo-
cytes to CoCl, (24 hours) and adenoviral overexpression of
constitutively active HIF- I« led to marked downregulation of
CHIP mRNA levels (Figure 2E), further supporting our data
that hypoxic stress downregulates CHIP levels. HIF-1« gene
is both required and sufficient for hypoxic stress-induced
CHIP downregulation and p53 accumulation because knock-
down of HIF-1a attenuated the effects of CoCl, treatment on
expressions of p53 and CHIP (Online Figure III, A), and

overexpression of constitutively active HIF-1a suppressed |

CHIP expression and increased p53 expression in cardiomyo-
cytes (Online Figure III, B). Furthermore, downregulation of
CHIP protein levels after MI was attenuated in cardiac-
specific inducible HIF-1a conditional knockout mice'® (On-
line Figure IlI, C). Collectively, these findings suggest that
CHIP transcription is directly downregulated by hypoxia
through HIF-1.

CHIP Protects Cardiomyocytes From
Hypoxia-Induced p53-Mediated Apoptosis

of Cardiomyocytes

Because hypoxia or p53 overexpression induces apoptotic
cell death in cultured cardiomyocytes,'* we next examined
whether hypoxia-induced cardiomyocyte apoptosis is medi-
ated by the HIF-1-CHIP-p53 pathway. CoCl, treatment (24
hours) induced p53 accumulation and promoted apoptosis of
cardiomyocytes as assessed by cleaved poly (ADP-ribose)
polymerase (PARP) expression (Figure 3A), Annexin V
staining (Figure 3B and 3C), and caspase-3 activity (Figure
3D). CoCl,-induced apoptosis was p53-dependent, because
knockdown of p53 in CoCl,-treated cardiomyocytes attenu-
ated hypoxia-induced cell death (Figure 3A through 3D). We
next assessed whether overexpression of CHIP could rescue
CoCly-induced apoptosis. Adenovirus-mediated overexpres-
sion of CHIP in cardiomyocytes markedly downregulated
p53 expression and attenuated apoptosis in CoCl,-treated
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cardiomyocytes (Figure 4A through 4C). These results un-
derscore our hypothesis that downregulation of CHIP is
responsible for pS3 accumulation after hypoxic stress. More-
over, forced expression of CHIP prevented hypoxia-induced
cardiomyocyte apoptosis by inducing degradation of p53,
suggesting that CHIP-mediated p53 degradation is a potential
therapeutic target.

17-AAG Protects Cardiomyocytes From
Hypoxia-Induced Apoptosis
Inhibitors for heat shock protein (Hsp)90 have been shown to
promote proteasomal degradation of CHIP client proteins and
to be effective for the diseases caused by the accumulation of
CHIP suobstrates.?!-32 We therefore examined whether an
Hsp90 inhibitor 17-allylamino-17-demethoxy geldanamycin
(17-AAG) induces degradation of p53 protein and protects
cardiomyocytes from hypoxic stress. In cardiomyocytes
treated with CoCl,, 17-AAG downregulated p53 expression
(Figure 4D). 17-AAG treatment also suppressed hypoxia-
induced cardiomyocyte apoptosis in a CHIP-dependent man-
ner, because CHIP knockdown attenuated the protective
effects of 17-AAG (Figure 4E through 4G). These results
suggest that 17-AAG protects cardiomyocytes from hypoxic
stress by promoting CHIP-mediated p53 degradation.
Interestingly, protein level of CHIP was increased by
17-AAG treatment (Figure 4E). As mRNA level of CHIP was
not changed by 17-AAG treatment (Online Figure IV, A), we
speculated that protein stability was affected by 17-AAG
treatment. When protein translation was inhibited by cyclo-
heximide, 17-AAG treatment dramatically extended the pro-
tein half-life of CHIP (Online Figure IV, B and C). 17-AAG
also upregulated the protein stability of other proteins, Hsp70

and HSF-1 (Online Figure IV, B and C). Because 17-AAG
exerted some antiapoptotic effects even in the cells of
negligible CHIP protein level (Figure 4E and 4F), upregula-
tion of these cardioprotective proteins*** might mediate part
of the effects of 17-AAG. It remains to be determined how
17-AAG prolongs protein half-life of certain kinds of
proteins.

CHIP and 17-AAG Prevent Apoptosis and
Ventricular Remodeling After

Myocardial Infarction

We next examined whether promotion of CHIP-mediated p53
degradation could attenuate ischemic cardiac injury also in
vivo. For this purpose, transgenic mice which overexpress
CHIP specifically in the heart (CHIP-Tg) (Figure 5A) were
subjected to permanent coronary artery ligation. In CHIP-Tg
mice, elevation of p53 protein levels (Figure 5B) and apo-
ptotic cardiomyocyte death in the border zone of the infarct
area (Figure 5B and 5C) were attenuated compared to
wild-type littermates at 24 hours after the MI operation.
Apoptotic death of the cardiomyocytes in the remote zone of
the infarct was not changed between littermates (data not
shown). We next examined whether this decrease in apoptotic
cell death leads to attenuation of cardiac ventricular remod-
eling. At day 14, CHIP-Tg mice exhibited smaller heart
weight/body weight (HW/BW) ratio, better contractility and
less ventricular remodeling (Figure 5D and 5E) compared to
wild-type littermates. These results provides an evidence for
our hypothesis that CHIP downregulation is responsible for
p53 accumulation after myocardial infarction, and suggests
that CHIP overexpression is protective for the heart by
preventing p53 accumulation and cardiomyocyte apoptosis
after myocardial infarction.
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Figure 4. Promoting CHIP-mediated p53 degradation is protective against hypoxic stress. A through C, Overexpression of CHIP
attenuates CoCl,-induced p53 accumulation (A) and apoptosis in cardiomyocytes. Cardiomyocytes were infected with adenovirus har-
boring green fluorescent protein (GFP) or CHIP. Twenty-four hours later, culture medium was changed and the cells were treated with
CoCl,. Apoptosis was assessed by cleaved PARP expression (A), Annexin V staining (B}, and caspase-3 activity {C). *P<0.01 vs con-
trot (Con)+AdGFP; “*P<0.01 vs Co+AdGFP; n=>5. D, 17-AAG downregulates p53 expression in cardiomyocytes. Neonatal rat cardio-
myocytes were treated with CoCl, with or without 17-AAG at the indicated concentration. E through G, 17-AAG inhibits CoCl,-induced
p53 accumulation (E} and apoptosis in cardiomyocytes, which is abrogated by CHIP knockdown. Neonatal rat cardiomyocytes were
transfected with control siRNA or siRNA against CHIP. Twenty-four hours later, medium was changed and the cells were treated with
CoCl, and/or 17-AAG. Apoptosis is assessed by cleaved PARP expression (E), Annexin V staining (F), and caspase-3 activity (G).

*P<0.01 vs Co; *"P<0.05 vs Co +17-AAG; n=3.

We also examined whether treatment with 17-AAG exerts
similar cardioprotective effects. 17-AAG (10 mg/kg) or vehicle
was intraperitoneally injected immediately after permanent cor-
onary artery ligation. This single injection of 17-AAG effec-
tively suppressed the elevation of p53 protein levels and apo-
ptotic cell death in the border zone of the infarct area at 24 hours

after the operation (Figure 6A and 6B). As p53 protein level was
kept elevated even 4 and 7 days after MI (Figure 2B), 17-AAG
was injected every other days and we assessed whether 17-AAG
treatment also leads to attenuation of ventricular remodeling, as
observed in CHIP-Tg mice. At day 14, mice treated with
17-AAG exhibited smaller HW/BW ratio, better contractility,



