American Journal of Pathology, Vol. 163, No. 3, September 2003
Copyright © American Society for Investigative Pathology

Activation of the ERK and JNK Signaling Pathways
Caused by Neuron-Specific Inhibition of PP2A in

Transgenic Mice

Stefan Kins, Pascal Kurosinski, Roger M. Nitsch,
and Jurgen Gotz

From the Division of Psychiatry Research, University of Ziirich,
Ziirich, Switzerland

A reduced activity of protein phosphatase 2A (PP2A)
has been shown in brains of patients with Alzhei-
mer’s disease (AD), a neurodegenerative disorder
characterized histopathologically by amyloid plaques
and neurofibrillary tangles. Tau, as the principal
component of neurofibrillary tangles, can be hyper-
phosphorylated by a reduced activity of PP2A in vitro
and by pharmacological approaches, suggesting a
crucial role of PP2A in tangle formation. To dissect
the role of PP2A in vivo, we previously generated
transgenic mice with chronically reduced PP2A activ-
ity by expressing a dominant-negative mutant form of
the PP2A catalytic subunit Ca, L199P, under the con-
trol of a neuron-specific promoter. In these mice,
endogenous tau is phosphorylated at the epitopes
Ser202/Thr205 and Ser422. In vitro, these tau phos-
pho-epitopes can be phosphorylated by the kinases
ERK and JNK, and the kinases themselves are nega-
tively regulated by PP2A. In this study, we show that
chronic inhibition of PP2A activity in L199P trans-
genic mice causes the activation of ERK and JNK as
demonstrated by the phosphorylation and nuclear
accumulation of the ERK and JNK substrates, Elk-1
and c-Jun. TUNEL staining revealed that activated JNK
signaling was not associated with cell death. Our find-
ings imply that PP2A is a negative regulator of the ERK
and JNK signaling pathways in vivo, suggesting that
in AD, tau hyperphosphorylation may be caused in
part by PP2A dysfunction. (Am J Pathol 2003,
163:833—-843)

Protein phosphatase 2A (PP2A) is a serine/threonine-
specific protein phosphatase with important roles in de-
velopment, cell growth, and transformation. It accounts
for a significant portion of the total phosphatase activity in
many tissues and cell types.' All PP2A holoenzymes
have a 36-kd catalytic subunit (C) and a 65-kd structural
scaffolding subunit (A) in common. These core subunits
assemble with regulatory and targeting subunits (B) of

various sizes to form functionally distinct heterotrimers
which are likely to have different functions in the cell.*3

More than 30 protein kinase activities are modulated
by PP2A in vitro, and several kinases form stable com-
plexes with PP2A.* Even if only a subset of these turn out
to be physiological substrates, PP2A must play a major
role in kinase regulation: extensive biochemical, pharma-
cological, and genetic evidence suggests that PP2A con-
trols the activities of several major protein kinase families
in the cell, including the mitogen-activated protein kinase
(MAPK) cascades.*”” MAPKs include the extracellular
signal-related kinases (ERKs), that are activated by mi-
togenic stimuli including growth factors, the c-Jun N-
terminal kinases (JNKs), and p38 MAPKs, that are acti-
vated by multiple stimuli, including cellular stress and
apoptotic signals.

Numerous observations in vitro suggest that PP2A
plays a major role in the down-regulation of the ERK
pathway, and that PP2A may be active at several levels of
the signaling cascade.* MAPK dephosphorylation has
been attributed to PP2A, in addition to a unique family of
dual specificity phosphatases called MAP kinase phos-
phatases (MKPs).2~'2 In addition, genetic evidence also
implicates PP2A in positive and negative regulation of the
ERK/MAPK pathway during Drosophila photoreceptor
development.® Finally, treatment of cells with PP2A-inhib-
iting toxins, such as okadaic acid (OA), lead to the acti-
vation of ERK and JNK."3'* |n agreement with this, acti-
vation of PP2A inhibited JNK activity. JNK co-precipitated
with the PP2A structural subunit A, supporting the con-
clusion that PP2A is a key regulator of JNK.'® However,
as several PP2A-like phosphatases are also targets of
OA, distinguishing these enzymes from PP2A by the use
of OA alone is difficult in studies of intact cells.
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PP2A was implicated in pathological processes includ-
ing human neurodegenerative diseases:'® '8 the activity
of PP2A is reduced in Alzheimer’s disease (AD) brains,
and PP2A mRNA expression is decreased.?'®2° Neuro-
fibrillary tangles in AD are mainly composed of the mi-
crotubule-associated protein tau, which is a substrate of
PP2A in vitro. In tangles, tau is phosphorylated at a higher
degree at physiological sites and at additional patholog-
ical sites.®"*? Tau hyperphosphorylation may precede
tangle formation in the disease process. As phosphory-
lated tau binds less well to microtubules, its soluble levels
increase, possibly an initial event in the assembly of
abnormal tau filaments.?324 In experimental systems, de-
phosphorylation of tau can be blocked acutely by OA.
Experimental attempts to analyze the effects of chroni-
cally reduced PP2A activity in vivo by gene targeting were
complicated by embryonic lethality of the null mu-
tant.2526 Therefore, we generated transgenic mice that
express a dominant-negative mutant form of the catalytic
subunit Ca of PP2A; L199P, in neurons resulting in a
chronic reduction of PP2A activity in total brain homoge-
nates.?” In these mice, endogenous murine tau protein
was hyperphosphorylated at two distinct epitopes, the
physiological site Ser-202/Thr-205 and the pathologi-
cal site Ser-422. Here, we show an activation of the
ERK and JNK signaling pathway in L199P transgenic
mice, suggesting an additional, indirect role of PP2A in
tau hyperphosphorylation, besides the direct dephos-
phorylation of tau by PP2A.

Materials and Methods

Transgenic Mice

To determine the role of PP2A in tau phosphorylation, we
previously generated transgenic mice expressing a dom-
inant-negative mutant form of PP2AC«, L199P, under
control of a neuron-specific promoter.2” The cDNA of the
human PP2A Ca mutant L199P was fused to a single
hemagglutinin (HA) epitope located immediately down-
stream of the start codon, and subcloned into the neuron-
specific murine Thy1.2 expression vector. Transgenic
mice were produced by pronuclear microinjection of
B6D2F1 X B6D2F1 embryos, and founder animals
were intercrossed with C57BL/6 mice to establish lines.
The L199P transgenic mice showed a chronic reduc-
tion of PP2A activity to 66%. Endogenous tau protein
was hyperphosphorylated at the AT8 epitope Ser-202/
Thr-205, as determined by immunohistochemistry, and
at the pS*?? epitope, as shown by Western blotting,
whereas other phospho-epitopes of tau were not phos-
phorylated. Tau accumulated in the cell bodies and
dendrites of cortical neurons and cerebellar Purkinje
cells.?’

Antibodies

For detection of the hemagglutinin-epitope by immuno-
histochemistry (IH), two monoclonal anti-HA antibodies
(Roche, Rotkreuz, Switzerland; IH 1:200, WB (Western

blotting) 1:1000, and Santa Cruz Inc., Santa Cruz, CA; IH
1:100) and a polyclonal anti-HA antibody (Santa Cruz; IH
1:500) were used.?®

Rabbit antiserum MEK1 (Transduction Laboratories,
BD Biosciences, San Diego, CA; phosphorylation-state
independent, IH 1:100, WB 1:200) detects MEK1 and
MEK2,2° whereas the phospho-MEK1/2 antiserum de-
tects MEK only when phosphorylated at Ser-217/Ser-221
(Cell Signaling Technology, Beverly, MA; IH 1:1000, WB
1:1000);3° antiserum ERK1 (K-23) (Santa Cruz; IH 1:100,
WB 1:200) and monoclonal antibody A5 (Gibco BRL,
Invitrogen, Carlsbad, CA; IH 1:100) detect ERK1 and
ERK2;®" monoclonal antibody E-4 detects ERK1 and
ERK2 phosphorylated at Tyr-204 (Santa Cruz; WB
1:100);%2 Elk-1 antiserum (Cell Signaling Technology; IH
1:50, WB 1:1000) detects total, phosphorylation-state in-
dependent levels of Elk-1;%® and mouse monoclonal an-
tibody sc-8406 (Santa Cruz; IH 1:50, WB 1:100) reacts
with Elk-1 phosphorylated at Ser-383.3

Rabbit antiserum JNK1 (C-17;sc-474) (Santa Cruz; IH
1:100, WB 1:200) detects JNK1 p46 and JNK3,%° mouse
monoclonal P-JNK (G-7;sc-6254) (Santa Cruz; IH 1:40,
WB 1:100) reacts with phosphorylated JNK1, JNK2, and
JNKS, and does not cross-react with ERK1, ERK2, or
p38:36:37 rabbit antiserum sc-45 (Santa Cruz; IH 1:50, WB
1:200) detects c-Jun and does not cross-react with Jun B
or Jun D;*¥:3° and mouse monoclonal P-c-Jun (KM-1;
sc-822) (Santa Cruz; IH 1:50, WB 1:100) reacts with c-Jun
phosphorylated at Ser-63.4°

Monoclonal anti-calbindin-D-28K (Sigma, Buchs, Swit-
zerland; IH 1:1000, WB 1:3000) detects calbindin; mono-
clonal antibody AC-15 detects B-actin (Abcam Limited,
Cambridge, UK; WB 1:1000); rabbit antiserum A8717
was raised against the carboxy-terminal portion of the
amyloid precursor protein, APP (Sigma; IH 1:1000); phos-
pho-APP (Thr-668) polyclonal antiserum (Cell Signaling
Technology; IH 1:50) detects different isoforms of the amy-
loid precursor protein (APP) only when phosphorylated at
Thr668; and the cleaved caspase-3 (Asp-175) antiserum
detects the large fragment of activated caspase-3 that
results from cleavage after Asp-175 (Cell Signaling Tech-
nology; IH 1:50).

Secondary Antibodies

For peroxidase/3-3’'-diaminobenzidine (DAB) stainings,
secondary antibodies (Vectastain ABC kits PK-6101 and
PK-6102) were obtained from Vector Laboratories (Bur-
lingame, CA) and Santa Cruz Inc. (biotin-labeled anti-
goat 1gG, 1:500). For immunofluorescence, secondary
Cy3-conjugated rabbit antibodies (1:500) and Cy2-
conjugated mouse antibodies (1:500) were obtained
from Jackson ImmunoResearch Laboratories (Balti-
more, PA).

Immunohistochemistry

Brains from three 12-month-old transgenic and three
control mice were transcardially perfused with 4%
(w/v) paraformaldehyde. Immunohistochemical and



immunofluorescence stainings were done on 4-um
parasaggital paraffin sections, by using standard pub-
lished procedures.*’ In addition, 40-um parasaggital
vibratome sections were permeabilized with 0.1% (v/v)
NP-40 (Calbiochem, San Diego, CA). Some of the sec-
tions were pretreated with 5 wg/ml proteinase K in
phosphate-buffered saline (PBS) at 37°C for 2.5 min-
utes for signal enhancement. Sections were dehy-
drated in an ascending series of ethanol and flat-
embedded between glass slides and cover-slips in
Eukitt (Kindler, Freiburg, Germany) or Mowiol 4-88
(Roche) containing 2.5% (w/v) diazabicyclo[2.2.2]octane
(Sigma). For all stainings, controls were included in which
the primary antibody was omitted. Specificity of the com-
mercial antibodies and antisera was confirmed by immuno-
blot analysis (see below).

Densitometric quantification of the immunohisto-
chemical analysis was performed with the Image
Gauge 3.45 Science Lab 99 program (Fuji Foto Film
Ltd. and Koshin Graphic Systems). The area of single
immunopositive cells was selected and the immunoreac-
tivity per area determined. Each measurement was per-
formed with more than 20 cells and the mean and SD were
calculated.

TUNEL Stainings

To detect cells undergoing apoptosis, the POD in situ cell
death detection kit (Roche) was used as described.?* In
brief, paraffin-embedded sections were rehydrated,
treated with 5 ug/ml proteinase K in PBS for 10 minutes at
37°C, washed with ice-cold PBS four times, incubated in
3% H,0, in methanol for 5 minutes at room temperature,
and washed again. For a positive control, sections were
incubated in 100 wg/ml DNase | (Roche) in 20 mmol/L
TrisHCI pH 8.0/10 mmol/L MgCl, for 10 minutes at room
temperature. Then, the labeling solution containing the
enzyme terminal deoxynucleotidyl transferase (POD Kit)
was diluted 1:10 and added to the sections for 30 min-
utes at 37°C. For a negative control, the enzyme was
omitted from the labeling solution. Sample sections were
washed, blocked with 2% (w/v) bovine serum albumin
(BSA), and incubated with convert solution (POD Kit),
washed again, and incubated in 1:10 diluted DAB solu-
tion (Pierce, Perbio Science, Helsingborg, Sweden) for
10 minutes at room temperature to visualize the frag-
mented DNA. Sections were dehydrated and mounted in
Eukitt.

Immunoprecipitations and Immunoblots

To analyze protein levels, total cerebellar extracts were
prepared and normalized for protein contents by using
the DC Protein Assay (Bio-Rad, Hercules, CA), as de-
scribed.?” To obtain nuclear extracts, cerebelli were
dounce homogenized in a hypotonic buffer (10 mmol/L
Hepes, 10 mmol/L KCI, 5 mmol/L MgCl,, 1 mmol/L DL-
dithiothreitol (DTT), 1 mmol/L phenylmethanesulfonyl flu-
oride (PMSF), 50 mmol/L NaF, 1 mmol/L sodium vana-
date, 10 wmol/L ammonium molybdate, supplemented
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with Complete protease inhibitors (Roche)) and incu-
bated on ice for 15 minutes. All subsequent steps were
done at 4°C. After centrifugation for 10 minutes at
850 Xg, the pellet was resuspended in 1 ml hypotonic
buffer and sheared with a 22-gauge syringe. Next, the
homogenate was adjusted to 0.25 mol/L sucrose,
sheared again, and centrifuged for 5 minutes at 500 Xg.
The supernatant (“fraction A”) was saved. The pellet was
washed three times with a buffer containing 0.25 mol/L
sucrose, 6 mmol/L MgCl,, 10 mmol/L Tris-HCI (pH 7.4),
0.1% (v/v) Triton X-100, 1 mmol/L PMSF, 50 mmol/L NaF,
1 mmol/L sodium vanadate, and 10 wmol/L ammonium
molybdate in the presence of Complete protease inhibi-
tors for 5 minutes at 500 Xg to obtain the “nuclear frac-
tion.” The supernatant from the first wash was pooled with
“fraction A” to obtain the “cytosolic fraction.”*? Extracts
were separated by polyacrylamide gel electrophoresis,
followed by electrophoretic transfer onto a nitrocellulose
membrane (Hybond-ECL, Amersham, Buckinghamshire,
England). Ponceau stainings were included to confirm
loading of comparable amounts of protein. The mem-
branes were blocked and reacted with primary and
horseradish peroxidase (HRP)-conjugated secondary
antibodies as described.?”

For immunoprecipitations, cerebelli were homoge-
nized in lysis buffer (50 mmol/L Tris (pH 8.0), 150 mmol/L
NaCl, 1 mmol/L EDTA, 10 wmol/L ammonium molybdate,
50 mmol/L NaF, 1 mmol/L sodium vanadate, and 1% (v/v)
Triton-X-100) in the presence of protease inhibitors (Com-
plete, Roche), and centrifuged at 5000 Xg, followed by a
centrifugation step at 20000 Xg. The supernatant frac-
tions were used for the subsequent incubations. Antibod-
ies (specific for calbindin, c-Jun, and phospho-c-Jun)
were bound to Protein A/Protein G-Sepharose (Amer-
sham) overnight at 4°C, followed by five washes with lysis
buffer, and incubated with lysates normalized for equal
protein content overnight at 4°C. A no-lysate control was
included. After five washes, the Protein A/Protein
G-Sepharose beads were eluted with sample buffer at
70°C. Samples were separated on a 10% NuPage gel
(Novex, Invitrogen, Basel, Switzerland), and transferred
onto a nitrocellulose membrane. Residual protein-binding
sites were blocked by incubation with 5% semi-fat dried
milk in Tris-buffered saline (TBS) with 0.1% (v/v)
Tween-20 for 1 hour at room temperature, followed by a
3-hour incubation at room temperature with the primary
antibody in TBS with 0.1% Tween-20, 1% (w/v) semi-fat
fried milk, and 0.02% sodium azide. Antibodies specific
for c-dun, phospho-c-Jun, and calbindin were used at
1:500, 1:500, and 1:3000 dilutions, respectively. Follow-
ing four washes for a total of 30 minutes in TBS, the
membranes were incubated with an HRP-linked sheep
anti-rabbit antibody (Amersham, NA931) at 1:4000 dilutions
for 1 hour at room temperature, followed by a 30-minute
wash in TBS. Then, the membrane was incubated for 1
minute in ECL reagent (Vector Laboratories), excess liquid
was removed, and the membrane was exposed to X-ray
films. For re-use, membranes were stripped for 30 minutes
at 50°C in 100 mmol/L 2-mercaptoethanol, and 2% (w/v)
SDS in 62.5 mmol/L Tris (pH 6.8).
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Figure 1. Mutant PP2A Ca L199P expression in cerebellar Purkinje cells.
Parasaggital vibratome sections of PP2A Ca L199P transgenic mice (A and B)
and age-matched wild-type littermate controls (C) were stained with an
antibody directed against the HA tag fused to the Ca L199P protein. Highest
expression of Ca L199P was found in Purkinje cells of transgenic mice, and
was absent in the control. In addition to Purkinje cells, L199P is expressed in
additional cell types including cortical neurons, the brain stem, and, to a much
lesser extent, the hippocampus.?” Bar, 150 um (A); and 50 um (B and C).

Results

Colocalization of Hyperphosphorylated Tau with
JNK and MEK in PP2A Ca L199P Mutant Mice

PP2ACa L199P dominant-negative mutant mice express
the transgene in hippocampal neurons at low levels and
in cortical and cerebellar neurons at high levels (Figure
1). Transgenic Purkinje cells tend to be smaller as com-
pared with Purkinje cells in controls. A functional conse-
quence of the chronic reduction of PP2A activity in these
mice is the hyperphosphorylation of tau at the AT8
epitope.?” To determine whether kinases known to be
regulated by PP2A in vitro are also affected in vivo in these
cells, we co-stained transgenic and control brain sec-
tions with the mouse monoclonal antibody AT8 and rabbit
antisera specific for INK and MEK, respectively (Figure
2). Immunohistochemical stainings revealed that in AT8-
positive transgenic Purkinje cells, JNK levels were in-
creased (Figure 2, A-C) in comparison to non-transgenic
littermate controls (Figure 2, D-F). Additionally, cells with
high levels of AT8 staining such as brain stem (Figure
2G-1) and cortical neurons (Figure 2, K-M) revealed a
similar co-localization pattern. Likewise, MEK, the up-
stream kinase of ERK, was co-localized with AT8 in cor-
tical neurons (Figure 2, N-P) as well as in Purkinje cells
and neurons of the brain stem (data not shown). To-
gether, these findings suggest that L199P expression
causes increased levels of kinases in a subset of cells
that either express the transgene above a critical level or
may be more susceptible to inhibition of PP2A.

Cc

Figure 2. Increased JNK levels in cells with an increased phosphorylation of
tau. In cells expressing L199P at high levels, the PP2A substrate tau is
phosphorylated at the AT8-epitope Ser202/Thr205.%” Immunohistochemical
stainings using phosphorylation-independent anti-J]NK and anti-MEK antisera
reveal that in AT8-positive transgenic Purkinje cells (A, Cy2, shown in green),
JNK levels are increased (B, Cy3, shown in red; C, merge), whereas in
non-transgenic littermate controls, both AT8 and JNK stainings are weak
(D-F). Additional cell-types with high levels of AT8 staining such as brain
stem (G-I) and cortical neurons (K-M) reveal a similar co-localization
pattern. Likewise, MEK (O, in red) is co-localized with AT8 (N, in green) in

many brain areas including the cortex (P, merge). Bar, 30 um (A-M); and 20
um (N-P).

Inhibition of PP2A Activates the ERK Signaling
Pathway

To determine in more detail whether hyperphosphoryla-
tion of tau in L199P brains is caused by up-regulated
kinases, we analyzed the PP2A-regulated kinases ERK
and JNK and their substrates by immunohistochemistry.
All immunostainings were done in duplicates with sec-
tions obtained from three transgenic mice and three con-
trol mice littermates. The transcription factor Elk-1 is a
preferred target of activated ERK.*® Phosphorylation of
several sites, in particular Ser-383, of Elk-1, is critical for
transcriptional activation. The upstream kinase of ERK,
MEK1, is known to accumulate transiently in the nucleus
on activation. Compared to control cells, both the phos-
phorylated form of MEK (Figure 3, A and B) as well as
MEK?1 (Figure 3, C-F) accumulated both in the cytoplasm
and the nucleus of transgenic Purkinje cells, possibly due



Figure 3. Activated ERK signaling in L199P expressing Purkinje cells. High
and low magnification images are shown for images C-S. Transgenic and
control sections were taken at identical settings. In transgenic Purkinje cells,
the phosphorylated form of the upstream kinase of ERK, MEK1, accumulates
both in the cytoplasm and the nucleus of transgenic (A) compared to control
cells (B). Using a phosphorylation-independent antibody, stainings reveal
increased levels of MEK both in the cytoplasm and nucleus of transgenic (C
and D) compared to control cells (E and F). ERK accumulates significantly in
the cytoplasm and nucleus of transgenic neurons (G and H) as compared to
controls (I and K). Although in transgenic Purkinje cells (L and M), stainings
do not reveal significantly higher levels of the transcription factor Elk-1
compared to controls (N and O), an antibody specific for Elk-1 phosphory-
lated at Ser-383 reveals, in transgenic (P and Q) compared to wild-type
control sections (R and S), enriched staining of Purkinje cells that is mainly
confined to the nucleus (0O). Bar, 30 um (A and B); 100 um (C, E, G, I, L,
N, P, and R); and 50 um (D, F, H, K, M, O, Q, and S).

to the chronic inhibition of PP2A. In Purkinje cells, where
the transgene was predominantly expressed and where
tau was hyperphosphorylated, ERK accumulated signifi-
cantly in the cytoplasm and nucleus as compared to
controls (Figure 3, G-K).

ERK signaling is known to result in the accumulation of
phosphorylated Elk-1 in the nucleus. Although in trans-
genic Purkinje cells stainings revealed only slightly higher
levels of the transcription factor Elk-1 compared to con-
trols (Figure 3, L-O), an antibody specific for Elk-1 phos-
phorylated at Ser-383 revealed, in transgenic compared
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Figure 4. Expression of APP and calbindin are not affected in transgenic
Purkinje cells. No generalized increase of phospho-proteins was observed in
Purkinje cells of transgenic (A and C) compared with wild-type brains (B and
D), as shown with a phosphorylation-independent antiserum specific for the
carboxy-terminus of APP (A and B), and an antiserum specific for APP
phosphorylated at Thr-668 (C and D). To exclude that transgenic Purkinje
cells displayed increased protein expression, we analyzed calbindin, a pro-
tein predominantly expressed by Purkinje cells. We could not detect any
significant differences in the intensity of immunoreactivity (E and F, see also
Figure 5). Bar, 50 um (A-D); and 75 um (E and F).

to wild-type control sections, enriched staining of Purkinje
cells that was mainly confined to the nucleus (Figure 3,
P-S).

To exclude that our immunohistochemical findings re-
flect a generalized increase of phospho-proteins in Pur-
kinje cells of transgenic brains, we used two antisera, one
phosphorylation-independent antiserum specific for the
carboxy-terminus of APP, the other specific for APP phos-
phorylated at Thr-668.*4=46¢ No differences were found
when Purkinje cells of transgenic mice were compared
with controls (Figure 4, A-D). However, there is evidence
for an altered dendritic morphology (Figure 4, C-F), and
the subcellular localization of APP is known to be deter-
mined by phosphorylation of Thr-668.4” To further ex-
clude that transgenic Purkinje cells display increased
protein expression, we stained the sections with an anti-
body directed against calbindin, a protein predominantly
expressed by Purkinje cells. Although the Purkinje cells
tended to be smaller in transgenic brain, by immunohis-
tochemistry, levels of calbindin were not significantly dif-
ferent compared to controls (Figure 4, E and F).

Notably, staining intensities for the different kinases
investigated and their substrates varied between individ-
ual cells both in transgenic and wild-type mice, possibly
due to differences in physiological states. To quantify the
immunohistochemical findings, we analyzed between 20
and 50 cells per group by densitometry. Only those cells
which were cut in a medial plane and which showed
immunoreactivity above background, were counted.
Generally, the number of immunopositive cells was much
higher in transgenic compared with control animals for
most proteins analyzed, including MEK and ERK (Figures
5 and 6). For the densitometric analysis, this aspect was
not included, as we only determined the signal intensity
of immunopositive but not of all Purkinje cells. Therefore,
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Figure 5. Quantitative densitometric analysis of the immunohistochemical
stainings. For a quantitative analysis of the immunohistochemical data, ob-
tained with antibodies against APP, P-APP, calbindin, MEK, P-MEK, ERK,
Elk-1, and P-Elk1, between 20 and 50 cells per group were densitometrically
analyzed. Signal intensities in the control group were set at 100. Whereas
APP, phospho-APP, and calbindin levels are not affected by the presence of
the L199P transgene [Mann-Whitney C-test: not significant (two-tailed exact
significance) comparing transgenic with control micel, significant increases
are found for levels of the phosphorylated forms of MEK and Elk-1 [Mann-
Whitney (Ftest: P < 0.001 (two-tailed exact significance) comparing trans-
genic with control mice].

the calculated differences, although significant, are
smaller than is actually the case if all Purkinje cells would
be computed. For all stainings, signal intensities in the
control group were set at 100. Whereas levels of APP,
phospho-APP, and calbindin were not affected by the
presence of the L199P transgene (APP: control, 100 +
6.1 relative units (U), transgenic, 98.6 = 5.1 U, P = 0.517;
phospho-APP: control, 100 = 11.7 U, transgenic, 99.8 +
17.5 U, P = 0.754; calbindin: control, 100 = 4.4 U,
transgenic, 100.7 £ 3.3 U, P = 0.696; Mann-Whitney
U-test), the densitometric analysis revealed up to twofold
increases of the phosphorylated forms of MEK and Elk-1
in transgenic Purkinje cells (Figure 5). This difference was
statistically significant (phospho-MEK: control, 100 =+
23.8 relative units (U), transgenic, 192 = 145 U, P <
0.001; phospho-Elk-1: control, 100 = 8 U, transgenic,
201.7 = 9.4 U, P < 0.001; Mann-Whitney U-test). To
extend our immunohistochemical findings, we performed
a Western blot analysis of cerebellar extracts of L199P
mice and non-transgenic littermate controls with a panel
of antibodies used in the immunohistochemical analysis
(Figure 7A). Levels of phosphorylated Elk-1 were higher
in transgenic brain extracts. MEK levels were reduced in
transgenic extracts. However, the amount of phosphory-
lated MEK was equal, suggesting an increased ratio of
phosphorylated MEK to total MEK. However, with most
antibodies no significant differences were observed, pos-
sibly reflecting an under-representation of Purkinje cells
in the total cerebellar homogenates.

Together, these results show that the chronic inhibition
of PP2A in transgenic mice causes a significant up-reg-
ulation of MEK1 and ERK, as well as a nuclear accumu-
lation of the activated forms of the transcription factor

arbitratry units

JNK
P-JNK
P-c-jun

Figure 6. Activated JNK signaling in L199P expressing Purkinje cells.
Parasaggital sections were stained with an anti-JNK antibody demonstrating
increased levels in Purkinje cells of transgenic mice compared to controls,
with pronounced staining of the somatodendritic compartment (A and B). To
determine whether JNK was activated, we used an antibody specific for
phosphorylated JNK and found that it accumulated in the nucleus of most
transgenic Purkinje cells (C and D). This occurred rarely and with lower
intensities than that seen in control sections. To facilitate the visualization of
the cells and to illustrate the pronounced nuclear staining more clearly, the
cell borders of Purkinje cells are marked with a black line. Phospho-c-Jun is
mainly localized to the nucleus of transgenic Purkinje cells (E and F). A
quantitative densitometric analysis reveals significant increases of JNK, P-
JNK, and P-c-jun levels in transgenic compared with control Purkinje cells
[Mann-Whitney {test: JNK: control, 100 & 38.2 relative units (U), transgenic,
262.5 *£ 38.2 U, P < 0.001; phospho-JNK: control, 100 * 32.7 U, trans-
genic, 552.7 * 92.3 U, P = 0.001; phospho-c-jun: control, 100 * 32.7 U,
transgenic, 174.5 £ 32.4 U, P < 0.001 (two-tailed exact significance)] (G).
Bar, 50 um (A and B); 30 um (C and D); and 25 um (E and F).

Elk-1in a phosphorylated form in the nucleus, suggesting
that inhibition of PP2A causes an activation of the ERK
signaling pathway.

Inhibition of PP2A Activates JNK and c-Jun

In vitro, PP2A has been shown to dephosphorylate the
stress-activated kinase JNK. c-Jun is a substrate of JNK.
It is activated by phosphorylation at both Ser-63 and
Ser-73, and accumulates in the nucleus.*® To determine
whether expression of L199P also affected the JNK sig-
naling pathway in vivo, we analyzed JNK by immunohis-
tochemistry and found increased levels in Purkinje cells
of transgenic mice with pronounced staining of the so-
matodendritic compartment (Figure 6, A and B). JNK1 is
present in both the cytoplasm and in nuclei as has been
shown previously for cerebellar granule cell cultures
where JNK1 is mainly extranuclear, whereas JNK2/3 is
more abundant in the nucleus.*® To determine whether
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Figure 7. Western blot analysis and immunoprecipitation of cerebellar ex-
tracts. By Western blot analysis of cerebellar extracts with most antibodies,
no significant differences are revealed between L199P mice (tg) and non-
transgenic littermate controls (ct), possibly reflecting an under-representa-
tion of Purkinje cells in the total cerebellar homogenates. However, levels of
phosphorylated Elk-1 are higher in transgenic brain extracts. Also, the ratio of
phospho-MEK to MEK is increased (A). Immunoprecipitation of c-Jun and
phosphorylated c-Jun from total cerebellar lysates, followed by immunoblots
with antibodies specific for c-Jun and phosphorylated c-Jun does not reveal
differences between genotypes because Purkinje cells proteins are not en-
riched by this method (B).

JNK was activated, we used an antibody specific for
phosphorylated JNK and found that it accumulated in the
nucleus of most transgenic Purkinje cells. This only oc-
curred rarely and with lower intensities than that seen in
control sections (Figure 6, C and D). To determine
whether increased levels of JNK resulted in the accumu-
lation of phosphorylated c-Jun in the nucleus, we used an
antibody specific for c-Jun phosphorylated at Ser-63. We
found that phospho-c-Jun was mainly localized to the
nucleus of transgenic Purkinje cells (Figure 6, E and F).

Again, we performed a Western blot analysis of cere-
bellar extracts of L199P mice and non-transgenic litter-
mate controls (Figure 7, A and B). Whereas levels of
phosphorylated Elk-1 were elevated in transgenic brain
extracts, no significant differences were observed for
JNK, phospho-JNK, and c-jun, possibly reflecting an un-
der-representation of Purkinje cells in the total cerebellar
homogenates. Analysis of nuclear extracts (data not
shown) did not reveal further differences between trans-
genic and control extracts, possibly for the same reason
as outlined above. The slightly lower levels in transgenic
total extracts of calbindin, a protein mainly expressed by
Purkinje cells, may be due to the finding that a subset of
transgenic Purkinje cells tends to be smaller as com-
pared with control cells (Figure 4). As phosphorylated
c-jun was not detectable in total extracts, we immunopre-
cipitated c-Jun and phosphorylated c-Jun from total cer-
ebellar lysates, followed by immunoblots with antibodies
specific for c-Jun and phosphorylated c-Jun (Figure 7B).
As this method does not allow for an enrichment of Pur-
kinje cells proteins, the immunoprecipitation did not re-
veal differences between genotypes. Therefore, we per-
formed a quantitative densitometric analysis which
revealed up to fivefold increases of JNK, phosphorylated
JNK, and phosphorylated c-jun levels in transgenic com-
pared with control Purkinje cells (Figure 6G). This differ-

ERK and JNK Signaling in PP2A Mutant Mice 839
AJP September 2003, Vol. 163, No. 3

. _8s. 7\

A B c Ba ‘.E UE *
. : b - . H
'..' Y .1 - I ] )

. L
:'P.- 3 e
o ¢ -

Lt
& O o2t

el "i =l
' _.... . V.
. o5 | . .-:-

Figure 8. Activation of JNK is not associated with apoptosis. Activation of
JNK in L199P brains was not correlated with increased apoptosis as shown by
TUNEL stainings. No TUNEL-positive Purkinje cells were found in transgenic
mice compared with controls (A and B). As a negative control, the POD
convert solution was omitted (C) and, as a positive control, sections were
pretreated with DNase I (D). In addition, a spinal cord section of a tau transgenic
mouse line with a motor phenotype was included (E). Bar, 50 um.

ence was statistically significant (JNK: control, 100 =
38.2 relative units (U), transgenic, 262.5 = 38.2 U, P <
0.001; phospho-JNK: control, 100 = 32.7 U, transgenic,
5527 = 92.3 U, P = 0.001; phospho-c-Jun: control,
100 = 32.7 U, transgenic, 174.5 = 32.4 U, P < 0.001;
Mann-Whitney U-test). Together, our results demonstrate
that chronic inhibition of PP2A by expression of a domi-
nant-negative mutant form of PP2A Ca causes the acti-
vation of JNK and the phosphorylation and nuclear ac-
cumulation of c-Jun, suggesting an activation of the JNK
signaling pathway.

Activation of JNK Is Not Correlated with
Increased Apoptosis

As JNK has been implicated in apoptosis, we determined
whether activation of JNK in Purkinje cells of L199P mice
is related to increased apoptosis. We found no increase
in TUNEL-positive Purkinje cells in transgenic mice com-
pared to controls (Figure 8, A and B). As a negative
control, we omitted the POD convert solution (Figure 8C)
and, as a positive control, we pretreated sections with
DNase | (Figure 8D). As an additional control, we in-
cluded a spinal cord section of a tau transgenic mouse
line with a motor phenotype (Figure 8E). Stainings of
L199P transgenic brain sections with an antiserum that
detects the large fragment of activated caspase-3 result-
ing from cleavage after Asp-175, revealed no differences
compared to controls (data not shown). Together, these
data demonstrate that JNK activation can be dissociated
from the induction of apoptosis.

Discussion

Chronic Inhibition of PP2A Induces Activation of
the ERK and JNK Signaling Pathways

In the present study, we analyzed transgenic mice that
express a dominant-negative mutant form of PP2A Ca,
L199P. We have previously shown that the PP2A activity
in these mice was reduced, and that tau was hyperphos-
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phorylated and accumulated in cortical and cerebellar
Purkinje cells.?” Here, we demonstrated that impairment
of PP2A activity in vivo resulted in increased levels of JNK
and MEK in cortical neurons, Purkinje cells, and neurons
of the brainstem. Those cells that displayed elevated
levels of JNK and MEK showed increased phosphoryla-
tion of the PP2A substrate tau. Activation of ERK and JNK
signaling, as shown by the accumulation of phosphory-
lated forms of the transcription factors Elk-1 and c-Jun in
the nucleus was shown in detail for Purkinje cells of
transgenic mice. By that, we extend previous in vitro
studies that have shown a role of PP2A in the negative
regulation of mammalian ERK and JNK cascades."!12:5°
Our findings are also in agreement with in vitro studies
showing that inhibition of PP2A by expression of SV40
small t antigen stimulates the mitogenic ERK cascade
resulting in MEK activation.3°

Our findings suggest that expression of the dominant-
negative mutant form of PP2A Ca, L199P, in Purkinje cells
prevents the inactivation of the ERK and JNK signaling
pathway by maintaining Elk-1 and c-Jun in an activated
state as shown by increased levels of phosphorylated
Elk-1 and c-Jun in the nucleus. Although we cannot ex-
clude that additional kinases are also activated, the find-
ing that tau is only hyperphosphorylated at two of the
multiple potential phosphorylation sites (see below)
makes it unlikely that multiple kinase pathways are up-
regulated. This notion is further supported by the finding
that phospho-epitopes of other proteins, such as Thr-668
of APP, were not phosphorylated to a higher degree in
L199P mice.

We showed an activation of the ERK and JNK signaling
pathways by PP2A inactivation in cortical neurons, brain
stem neurons, and Purkinje cells of the cerebellum. In our
analysis, we concentrated on the latter as in Purkinje cells
the activation of these pathways was most pronounced. A
likely reason is that in these cells the transgene was
expressed at highest levels. However, a distinct role of
PP2A in cerebellar functions is suggested by the identi-
fication of a familiar form of a cerebellar syndrome, spino-
cerebellar ataxia 12, that is associated with a CAG ex-
pansion in the 5’ region of the PP2A regulatory subunit
PR55/BB, a gene ubiquitously expressed in brain.®"52

Tau Is Phosphorylated in Vivo at Sites That Are
Phosphorylated by ERK and JNK in Vitro

We have previously shown in the L199P transgenic mice
with decreased PP2A activity that endogenous murine
tau is hyperphosphorylated at the AT8 epitope Ser-202/
Thr-205, a physiological tau epitope, and at the pS**?
epitope Ser-422, a pathological tau epitope. Theoreti-
cally, this hyperphosphorylation could be directly caused
by PP2A, which can bind to tau and may dephosphory-
late tau at reduced levels,®® or indirectly by kinases that
are known to be either substrates of PP2A or that exist in
complexes with PP2A 454 or both. Here we showed that
reduction of PP2A activity caused ERK and JNK signaling
as shown by the accumulation of phosphorylated tran-
scription factors in the nucleus. In vitro, the AT8 and pS*%2

epitopes are excellent substrates of ERK and JNK.2":5°
More specifically, in the course of the characterization of
a novel phosphorylation-dependent monoclonal antibody
against tau, it was shown that Ser-422 is a good in vitro
substrate for ERK, but not for glycogen synthase kinase-3
(GSK-3) or neuronal cdc2-like kinase (Cdk5).2" These
studies implied that ERK or an ERK-like enzyme may be
involved in the phosphorylation of AD tau.?" In a related
study, it was shown that, in comparison with GSK-3, JNK
was more effective at phosphorylating Ser-202/Thr-205
(the AT8 epitope) and especially effective at phosphory-
lating Ser-422. Consistent with this, JNK-phosphorylated
tau was weakly stained by the AT180 antibody directed
against phosphorylated Thr-231/Ser-235 (an epitope not
phosphorylated in brains of L199P transgenic mice),
whereas GSK-3-phosphorylated tau was labeled more
powerfully by AT180.5° It has been shown by the asso-
ciation of c-dun and phospho-JNK with neurofibrillary
tangles that JNK could play a role in neurons undergoing
pathological changes.®® Our data suggest that tau hy-
perphosphorylation at epitopes Ser-202/Thr-205 and Ser-
422 in PP2A mutant mice is due to increased activities of
ERK and JNK signaling. These findings are in agreement
with those obtained by pharmacological treatment of rat
brain slices with okadaic acid, an inhibitor of PP2A and
PP1. An analysis by immunohistochemistry and Western
blotting revealed that levels of activated ERK and MEK1/2
were dramatically increased.®” Together with our find-
ings, these results strongly suggest that PP2A can down-
regulate the serine and threonine sites on ERK and
MEK1/2 and that a reduced PP2A activity in AD brain
might cause the abnormal phosphorylation of distinct
sites of tau.

The Ser-422 epitope might be of high importance in tau
pathogenesis because injection of B-amyloid fibrils
(AB,5) into brains of P301L mutant tau transgenic mice
caused phosphorylation of tau at Ser-422 together with
a significant increase in the number of neurofibrillary
tangles. Together, these data suggest a role of the ERK
and JNK signaling pathways in the phosphorylation of
the Ser-422 epitope and in neurofibrillary tangle for-
mation.

Activation of the JNK Pathways Is Related to
Tau Phosphorylation but Not to Apoptosis

JNK has been implicated in apoptosis. Activation of JNK
in the Purkinje cells of our L199P mutant mice, however,
failed to induce apoptosis in these cells as shown by the
absence of TUNEL-positive neurons. Similarly, staining
with an antibody directed against activated caspase-3
failed to detect apoptotic cells (data not shown). Our
findings model those obtained with human brain material,
as strong immunoreactivity for JNK was seen in tau-
positive neuronal and glial cells in diseases including AD,
Pick’s disease, progressive supranuclear palsy, cortico-
basal degeneration, and frontotemporal dementia with
parkinsonism linked to chromosome 17 (FTDP-17). By
double immunohistochemistry, JNK co-localized with tau
in the inclusions.®®°® However, analysis of apoptosis-
related changes such as DNA fragmentation (TUNEL



stainings) and activation of caspase-3 showed that ex-
pression of JNK was unrelated to activation of an apo-
ptotic cascade.®® Similarly, activated ERK was shown to
be specifically increased in neurons vulnerable in AD that
are the site of oxidative damage and abnormal phosphor-
ylation.®

In mice transgenic for human APP with the Swedish
familial AD mutation, JNK activation was localized to
amyloid deposits, within neurites containing tau phos-
phorylated at Ser-202/Thr-205. However, c-Jun was not
activated.®” Long-lasting JNK activation has also been
reported after axotomy in the central or peripheral ner-
vous system. JNK activation persisted for several days
after axotomy. In both studies, despite persistently in-
creased induction of both JNK and c-Jun, there was no
neuronal death.®%-¢" Both these and our findings are con-
sistent with the notion that there is no widespread apo-
ptosis in AD.®2 There is even evidence that apoptotic
features such as DNA fragmentation are rather an effec-
tive defense mechanism to prevent apoptotic death.
Also, the fact that neuronal cell death in AD occurs over
a lengthy period suggests mechanisms distinct from the
classical apoptotic process.®?

Ablation of individual subunits of PP2A (and other
phosphatases) in Drosophila Schneider 2 cells by RNA
interference has shown that regulation of ERK signaling
and apoptosis are mediated by distinct regulatory sub-
units of PP2A. In particular, the B56 regulatory subunit
seemed to play a crucial role as either a complete abla-
tion of PP2A or of both B56 isoforms resulted in the
induction of apoptotic markers.” In L199P Purkinje cells,
sufficient complexes of functional B56-containing hetero-
trimers may form, and thus prevent the induction of apo-
ptosis in these cells. Collectively, these and our data
indicate that ERK and JNK are associated with hyper-
phosphorylation of tau in human diseases and in our
mouse model, suggesting a role of these kinases in the
development of degenerative diseases with tau pathol-
ogy. A careful staging of AD brains revealed a chrono-
logical and spatial relationship between activated ERK,
JNK, and p38 during progression of AD. While all three
kinases were shown to be activated in the same suscep-
tible neurons in mild and severe cases (Braak stages
I1I-V1), in non-demented cases with limited pathology
(Braak stages | and Il) both ERK and JNK/SAPK were
activated but p38 was not. However, in non-demented
cases lacking any sign of pathology (Braak stage 0),
either ERK alone or JNK alone was shown to be activated
indicating that MAPK pathways are differentially acti-
vated during the course of AD.%3

Our data are consistent with the view that PP2A exerts
a regulatory function at multiple sites of the ERK and JNK
signaling pathways. In addition, our data suggest that
hyperphosphorylation of tau is mediated not only directly
by reduced PP2A activity toward tau, but also indirectly
by the activation of the ERK and JNK pathway (Figure 9).
PP2A function may be further assessed by using either
mice with deleted regulatory B subunits or transgenic
mice that express mutant forms of PP2A Ca subunits
which can recruit only a subset of regulatory B subunits
into the functional holoenzyme.®*
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Figure 9. Model of hyperphosphorylation of tau caused by the expression of
a dominant-negative mutant form of PP2A Ca in transgenic mice. Our data
suggest that hyperphosphorylation of tau at distinct phospho-epitopes is
mediated not only directly by reduced PP2A activity toward tau, but also
indirectly by the activation of the ERK and JNK pathway. As PP2A is a
heterotrimeric protein which is formed by at least 20 different subunits, the
different actions of PP2A may be mediated by distinct holoenzyme com-
plexes of PP2A.
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