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In normal neurons, neurofilament (NF) proteins are phosphorylated in the axonal compartment. However, in neurodegenerative disor-
ders such as Alzheimer’s disease (AD), Parkinson’s disease (PD), and amyotrophic lateral sclerosis (ALS), NF proteins are aberrantly
hyperphosphorylated within the cell bodies. The aberrant hyperphosphorylation of NF accumulations found in neurodegeneration could
be attributable to either deregulation of proline-directed Ser/Thr kinase(s) activity or downregulation of protein phosphatase(s) activity.
In this study, we found that protein phosphatase 2A (PP2A) expression is high in neuronal cell bodies and that inhibition of PP2A activity
by okadaic acid (OA), microcystin LR (mLR), or fostriecin (Fos) leads to perikaryal hyperphosphorylation of NF. Peptidyl-prolyl isomer-
ase Pin1 inhibits the dephosphorylation of NF by PP2A in vitro. In cortical neurons, Pin1 modulates the topographic phosphorylation of
the proline-directed Ser/Thr residues within the tail domain of NF proteins by inhibiting the dephosphorylation by PP2A. Inhibition of
Pin1 inhibits OA-induced aberrant perikaryal phosphorylation of NF. Treatment of cortical neurons with OA or Fos prevents the general
anterograde transport of transfected green fluorescent protein– high-molecular-mass (NF-H) into axons caused by hyperphosphoryla-
tion of NF-H, and inhibition of Pin1 rescues this effect. Furthermore, inhibition of Pin1 inhibits the OA- or Fos-induced neuronal
apoptosis. We show that OA-induced hyperphosphorylation of NF is a consequence of dephosphorylation of NF and is independent of
c-Jun N-terminal protein kinase, extracellular signal-regulated kinase, and cyclin-dependent kinase-5 pathways. This study highlights a
novel signaling role of PP2A by Pin1 and implicates Pin1 as a therapeutic target to reduce aberrant phosphorylation of NF proteins in
neurodegenerative disorders such as AD, PD, and ALS.

Introduction
Neuronal cytoskeletal proteins including neurofilaments (NFs)
are extensively phosphorylated on the proline-directed Ser/Thr
residues selectively within the axonal compartment under nor-
mal physiological conditions (Jaffe et al., 1998). Under patholog-
ical conditions such as Alzheimer’s disease (AD), Parkinson’s
disease (PD), and amyotrophic lateral sclerosis (ALS), NFs are aber-
rantly hyperphosphorylated within the cell bodies (Sternberger et
al., 1985; Goldman and Yen, 1986; Lee et al., 1988; Manetto et al.,
1988; Veeranna et al., 1995). The underlying mechanisms of this
compartment-specific phosphorylation are still unclear. The ab-
errant hyperphosphorylation of NFs observed in these neurolog-
ical disorders might be attributable to increased kinase(s)
activity, decreased phosphatase(s) activity, or both. NFs are com-
posed of triplet proteins of low (NF-L), medium (NF-M), and
high (NF-H) molecular mass. The Lys-Ser-Pro (KSP) motif is
represented 52 times in the rat NF-H tail domain (Chin and

Liem, 1990). In vivo, the tail domain of NF can be extensively
phosphorylated on almost all the SP repeats (Eagles et al., 1990;
Jaffe et al., 1998; Veeranna et al., 1998).

Protein kinases that can phosphorylate NF proteins have been
characterized, but much less is known about the protein phos-
phatases (PPs) in the nervous system (Sim, 1991), especially those
acting on NFs. Previous studies demonstrated the presence of a
protein phosphatase 2A (PP2A) activity in high-salt extracts of
NF preparations from bovine and rat spinal cord that can de-
phosphorylate NF proteins (Guru et al., 1991; Shetty et al., 1992).
Phosphate turnover occurs on NFs during axonal transport
(Nixon et al., 1987). The number of phosphorylated epitopes of
NF proteins at the nodes of Ranvier decreases relative to that in
internodal myelinated regions (de Waegh et al., 1992; Mata et al.,
1992), demonstrating the physiological significance of PP(s) in
regulating the state of NF phosphorylation. Previous studies from
our laboratory have reported that PP2A from both rat spinal cord
and rabbit skeletal muscle can dephosphorylate NF-M/H tail do-
main protein after phosphorylation by cyclin-dependent kinase-5
(Cdk5) (Veeranna et al., 1995).

The prolyl isomerase Pin1 recognizes and induces cis-trans
isomerization of pSer/Thr-Pro bonds, conferring phosphorylation-
dependent conformational changes relevant for protein function
(Lu and Zhou, 2007). The multiple repeats of the KSP motif
suggest that reconfiguration of the NF-M/H may involve peptidyl-
prolyl isomerization by Pin1, which has a specificity for phos-
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phorylated S/T-P dipeptides (Yaffe et al.,
1997). Recently, we have shown that Pin1
regulates the oxidative stress-induced
phosphorylation of NF-H by proline-
directed kinases such as Cdk5, mitogen-
activated protein kinase (MAPK), and
c-Jun N-terminal protein kinase 3 (JNK3)
(Rudrabhatla et al., 2008).

In this study, we show that PP2A ex-
pression is robust in neuronal cell bodies,
and inhibition of its activity results in ab-
errant and hyperphosphorylation of NF
on S/T-P residues. Inhibition of Pin1 in-
hibits okadaic acid (OA)-induced aber-
rant hyperphosphorylation of NF/M-H
in the cell bodies and rescues the general
anterograde transport of NF in OA- and
fostriecin (Fos)-treated neurons. Further-
more, inhibition of Pin1 inhibits OA- and
Fos-induced neuronal cell death. We also
show that Pin1 can directly modulate the
NF dephosphorylation mediated by
PP2A, independent of JNK, extracellular
signal-regulated kinase (ERK), and Cdk5
pathways.

Materials and Methods
Materials. We obtained the following antibod-
ies commercially: polyclonal rabbit and goat
PP2A antibodies (Santa Cruz Biotechnology),
mouse monoclonal PP2A antibodies (Milli-
pore), monoclonal antibodies to �-actin and
�-tubulin (Sigma), and SMI31, SMI32, and
SMI34 against phospho-S/T-P epitopes of NF-
M/H tail domain (Covance). The RT97 mono-
clonal antibody clone was a kind gift from Dr.
Brian Anderton (Institute of Psychiatry, Lon-
don, UK). The protein phosphatase inhibitors
OA, microcystin LR, Fos, and cyclosporine A
(cyA) were purchased from Calbiochem. All
cell culture reagents were purchased from
Invitrogen.

Human AD and ALS spinal cord. Closely
matched, age and postmortem time, control,
and ALS-affected spinal cord tissues were ob-
tained from the National Institute of Child
Health and Human Development (NICHD)
Brain and Tissue Bank (Bethesda, MD). The
ALS spinal cord tissue corresponds to lumbar
region (35– 60 years). The spinal cord tissue from controls comprise
non-neurological disease (atherosclerotic cardiovascular disease or mul-
tiple injuries). Closely matched, age and postmortem time, control, and
AD-affected brain tissue, frontal cortex (66 – 86 years), were obtained
from the Harvard University Brain Resource Center (Boston, MA). Fro-
zen human tissue was used in accordance with the National Institutes of
Health guidelines.

Primary neuronal cultures and treatment with phosphatase inhibitors.
Primary cortical neurons were established from embryonic day 18 (E18)
Sprague Dawley rat embryos (Charles River Laboratories). An 18-d-old
timed pregnant rat was killed using CO2, pups were removed and decap-
itated, and cortex was dissected in Hibernate-E media (Brain Bits). Dis-
sociated cortical neurons were obtained by incubating the cortex in
Earle’s balanced salt solution containing 15 U/ml papain (Worthington
Biochemicals) for 45 min at 37°C before triturating in Neurobasal me-
dium containing 20% fetal bovine serum (Hyclone), DNase (0.2 mg/ml),
and 0.1 M MgSO4. Undissociated neurons were removed from the cell

suspension by passing the cell suspension through a 40 �M cell strainer
(Fisher Scientific). Neurons were centrifuged at 800 � g for 5 min at
20°C, and the pellet was resuspended in Neurobasal medium supple-
mented with B27, penicillin (100 U/ml), streptomycin (100 U/ml), and
L-glutamine (0.5 mM; Invitrogen). Neurons were then plated at a density
of 150,000 cells/ml on circular glass coverslips and six-well tissue culture
dishes, coated with poly-L-lysine (50 �g/ml; Sigma), and incubated in a
humidified atmosphere containing 5% CO2/95% O2 at 37°C. The follow-
ing PP inhibitors, OA, microcystin LR, Fos, and cyclosporine A, were
added to the 7 d in culture (DIC) neurons.

Preparation of the NF proteins. NF proteins were prepared as described
by Tokutake et al. (1983) with some modifications, as follows. Rat spinal
cords and sciatic nerve were immediately washed thoroughly in ice-cold
buffer after dissection in a buffer A composed of 20 mM Tris-HCl buffer,
pH 6.8, containing 1 mM each EDTA, EGTA, and DTT and 100 mM NaCl
to remove blood clots and meninges. Tissues were homogenized in the
same buffer (1:5 w/v) containing 0.2 mM phenylmethylsulfonyl fluoride,
leupeptin (5 �g/ml), and 1% Triton X-100. The homogenate was centri-

Figure 1. Effect of protein phosphatase inhibitors on perikaryal phosphorylation of NF. A, Structure of rat NF-M/H representing
KSP repeats in the tail domain. The KSP repeats are recognized by phospho-NF-M/H antibodies (SMI31, SMI34) and phospho-NF-H
antibodies (RT97). The SMI32 antibodies recognize the non-phospho-KSP repeat region of NF-M/H. B, The dissociated E18 rat
primary cortical neurons were cultured for 7 d in situ and then treated with or without different protein phosphatase PP2A
inhibitors for 2.5 h [OA (b; 0.25 �M), microcystin LR (c; 15 �M), or Fos (d; 1 �M)] and then subjected to immunofluorescence with
phospho-NF (SMI31) antibodies. Control (a) shows phosphorylated NF in processes with no phosphorylation in cell bodies. There
was a significant increase of somatic phosphorylation in OA-treated (b), mLR-treated (c), and fostriecin-treated (d) neurons. C, The
7 DIC cortical neurons were subjected to the dose-dependent treatment of the PP2B-specific inhibitor cyclosporine A [0.5 �M (b),
1 �M (c), and 2.5 �M (d)]. Scale bar, 10 �m. D, Densitometry analyses of phospho-NF was performed with images captured using
NIH Image software. To determine the relative intensity of SMI31 immunoreactivity within perikarya, representative areas of
perikarya excluding obvious vesicles and the nucleus were quantified using the freehand selection tool. Similar results were
obtained using RT97 and SMI34 antibodies. Intensity of SMI31 (blue), RT97 (red), and SMI34 (yellow) immunoreactivity (p-NF-H)
in neuronal cell bodies was analyzed with the NIH ImageJ histogram from 50 to 100 individual cells from at least three experiments.
The mean signal intensity (total pixel density per number pixels) is shown. Values in graphs are means � fluorescence intensity (in
arbitrary densitometric units) in perikarya from three different experiments. Mean fluorescence of phosphorylated NF-M/H im-
munoreactivity. *p � 0.01 and **p � 0.001 of phospho-NF-M/H in perikarya relative to fluorescence intensity values of non-
treated neurons (NT).

14870 • J. Neurosci., November 25, 2009 • 29(47):14869 –14880 Rudrabhatla et al. • Novel Signaling Role of Pin1 in Neurofilament Dephosphorylation



fuged at 20,000 � g at 4°C for 45 min. The
pellet was resuspended in the same buffer A
containing 1 M sucrose (buffer B) and centri-
fuged at 20,000 � g for 30 min. The floating
myelin and supernatant were discarded. The
pellet was resuspended in buffer B and centri-
fuged as above. These steps were repeated four
more times, and the final pellet obtained in the
last step is called the NF preparation.

Dephosphorylation of NF proteins. The de-
phosphorylation of the NF proteins by
PP2A was performed as described previously
(Veeranna et al., 1995). In brief, 2 �g of NF
preparation was dephosphorylated with 1 unit
of PP2A (Millipore) in a PP2A buffer (20 mM

HEPES, pH 7.0, 1 mM DTT, 1 mM MnCl2, 100
�g/ml BSA, and 50 �M leupeptin) for 30 min.
The dephosphorylation was confirmed by Western
blot analysis with phospho-NF antibodies
(SMI31/RT97).

Expression and purification of the Pin1 pro-
tein. Wild-type Pin1 was cloned into pGEX-
5X-1 obtained from GE Healthcare for

glutathione S-transferase (GST) expression studies. The pGEX recombi-
nant plasmid containing Pin1 was expressed and purified as described
previously (Rudrabhatla et al., 2008).

Plasmids. Dominant-negative Pin1 was produced by making a point
mutation to produce an alanine at serine 16, using the QuikChange
mutagenesis kit (Stratagene) according to the instructions of the manu-
facturer. Dominant-negative (DN) Pin1 was cloned as a green fluores-
cent protein (GFP) fusion protein of Pin1 in pCEFL–GFP vector. This
was a kind gift from Dr. Silvio Gutkind (National Institute of Dental and
Craniofacial Research, National Institutes of Health, Bethesda, MD). The
NF-H was constructed as enhanced GFP (EGFP) fusion. The NF-H tail
domain with 52 S/T-P repeats is cloned in pCDNA 3.1 vector for trans-
fection studies.

Pin1 short interfering RNA. Using the HiPerformance Design Algo-
rithm, synthetic 21-mer short interfering (siRNA) was designed and syn-
thesized (Qiagen). Pin1 siRNA (silencing) sense and antisense sequences
were as follows: 5�-r(GCUCAGGCCGAGUGUACUA)dTdT-3� and 5�-
r(UAGUACACUCGGCCUGAGC)dTdT-3�, respectively. All Stars neg-
ative control siRNA, a scrambled, nonsilencing control siRNA, was
obtained (Qiagen). Sense and antisense sequence for nonsilencing siRNA
were as follows: 5�-r(UUCUCCGAACGUGUCACGU)d(TT)-3� and 5�-
r(ACGUGACACGUUCGGAGAA)d(TT)-3�, respectively. To ensure
the absence of possible complementary binding sites in mammalian
genomes, the siRNA sequences were extensively checked against the
GenBank database using the Smith–Waterman algorithm. This strat-
egy was used to exclude significant sequence homology within the ge-
nomes of mammalian species, which may interfere with the target
specificity of the siRNA and contribute to unwanted off-target effects in
later experiments. The sense and antisense strands were annealed to cre-
ate the double-stranded siRNA at a 20 �M concentration. Control siRNA
and Pin1 siRNA were dissolved in suspension buffer to obtain a 20 �M

solution and then heated at 90°C for 1 min. The final transfection step
was preceded by a 60 min incubation at 37°C. Delivery of siRNA was
performed as described previously (Kesavapany et al., 2007; Rudrabhatla
et al., 2008).

Electrophoresis and Western blotting. Electrophoresis and Western
blotting were performed as described previously (Rudrabhatla et al.,
2008).

Immunocytochemistry of primary cortical neurons. Cortical neurons
fixed in 4% paraformaldehyde were permeabilized for 20 min in 0.2%
Triton X-100, blocked in 5% fetal calf serum in PBS containing 1%
Triton X-100 for 1 h, and incubated with primary antibodies (diluted in
blocking buffer) against phospho-specific monoclonal antibody against
NF (SMI31) or with polyclonal antibodies to Pin1 or PP2A (Cell Signal-
ing Technology) for overnight at 4°C. After six washes in PBS, the neu-
rons were incubated with anti-rabbit (Alexa 488) and anti-mouse (Alexa

Figure 2. Colocalization of PP2A and phospho-NF in neuronal perikarya in OA-treated cortical neurons. Colocalization of PP2A
and phospho-NF in the nontreated (top; NT) and OA-treated (bottom) neurons. The E18 dissociated rat cortical neurons were
cultured in vitro for 6 d, treated with OA, and subjected to immunofluorescence. The phospho-NF was visualized using the mouse
phospho-NF-M/H monoclonal antibody SMI31 (red), and PP2A was visualized using goat polyclonal antibody (green). Scale bar, 10
�m.

Figure 3. Dephosphorylation of NF by PP2A is inhibited by addition of Pin1 in vitro. A, NF
triplet (NF-H/M/L) proteins were prepared from rat spinal cord and sciatic nerve as described in
Material and Methods and was subjected to dephosphorylation with 1 U of PP2A (lane 2). The
effect of Pin1 on NF-H dephosphorylation was tested by preincubating 2.5 �g of NF-triplet
protein with GST–Pin1 (0.25 and 0.5 �g; lanes 3– 4) at 30°C for 10 min, followed by addition of
1 U of PP2A. Reaction mixtures were incubated at 30°C for 30 min. Reactions were terminated by
addition of SDS loading buffer, and proteins were analyzed by 4 –20% SDS-PAGE. Blots were
probed with monoclonal antibodies for phosphorylated NF-H (RT97). Data show the effect of
Pin1 on NF-H dephosphorylation. PP2A dephosphorylates NF (lane 2). Addition of Pin1 prevents
NF dephosphorylation in a dose-dependent manner [lane 3 (0.25 �g of Pin1); lane 4 (0.5 �g of
Pin1)]. B, Densitometry analyses of phospho-NF obtained from A.
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594) secondary antibodies (Invitrogen). Sec-
ondary antibodies were diluted in the same
buffer as the primary antibodies and incubated
for 2 h at room temperature. Cells were washed
and mounted on the coverslips, and images
were captured with an oil-immersion 63� ob-
jective on a Zeiss LSM510 using LSM Image
Software. The images were analyzed using a
TCS software program on an Axiovert 200 M
microscope (Zeiss).

In situ cell death detection (terminal deoxynu-
cleotidyl transferase-mediated biotinylated UTP
nick end labeling assay). In situ cell death detec-
tion was performed as described previously
(Rudrabhatla et al., 2008). In brief, after pri-
mary cortical neurons were cultured and
treated, cells were fixed and prepared for ter-
minal deoxynucleotidyl transferase-mediated
biotinylated UTP nick end labeling (TUNEL)
staining according to the instructions of the
manufacturer (In Situ Cell Death Detection
kit; Roche Diagnostics). Nuclei were counter-
stained using 4� 6-diamidino-2-phenylindole
(DAPI). TUNEL staining fluorescent images
were captured with a Zeiss LSM510 laser-
scanning confocal microscope. Cell counts
were performed as described in figure legends.

Protein phosphatase PP2A activity measure-
ments. Closely matched, age and postmortem
time, control, and ALS-affected spinal cord tis-
sues were obtained from the NICHD Brain and
Tissue Bank. Homogenates were prepared in
duplicate from three ALS and control brains,
and four assays were performed with each ho-
mogenate. Mean values and SDs were calcu-
lated. The amount of released phosphate was
determined by measuring the absorbance of a
malachite green:phosphate complex at 650
nm. Spinal cord extracts of age-matched con-
trol and ALS samples were prepared with a Te-
flon homogenizer (40 strokes at 100 rpm) in 1� TBS and 1% (v/v) Triton
X-100 in the presence of protease inhibitors (CompleteTM with EDTA;
Roche Diagnostics). Phosphatase assays were performed with these ex-
tracts using the PP2A immunoprecipitation phosphatase assay kit (cata-
log number 17-313; Millipore) (Guan et al., 2007). Release of phosphate
from a chemically synthesized phospho-peptide (K-R-pT-I-R-R, in
which pT is phospho-threonine), which is a substrate for PP2A measured
over a period of 30 min.

Statistics. Each experiment was repeated at least four times. The data
were expressed as the means � SD. Student’s t tests were used to compare
the effects of all treatments. The differences were considered statistically
significant as *p � 0.01 and **p � 0.001.

Results
PP2A regulates topographic phosphorylation of NFs
Four phosphatase inhibitors were used in the present study: (1)
OA, a marine sponge toxin first isolated from a genus of sponges,
Halichondria, reported to directly inhibit the catalytic subunits of
multiple phosphatases; (2) mLR, a potent and selective protein
phosphatase 1 and 2A inhibitor, hepatotoxin isolated from
strains of the blue-green algae Microcystis aeruginosa; (3) Fos is an
antitumor antibiotic with inhibitory activity against serine/thre-
onine PP1 and PP2A and is highly selective for PP2A; (4) cyclo-
sporine A, a PP2B (calcineurin) specific inhibitor. To study the
involvement of protein phosphatases on perikaryal phosphoryla-
tion of NFs, we began with the PP1/PP2A inhibitor okadaic acid
(0.25 �M). The E18 7 DIC dissociated rat cortical neurons were
stained with phospho-NF antibodies. We used SMI31, a mono-

clonal antibody that specifically detects phosphorylated Ser/Thr-
Pro repeats of NF-M/H tail domain. Figure 1A represents the
NF-M and NF-H tail domain comprising multiple KSP repeats
(rat NF-H, 52 KSP repeats). The antibodies used in this study
pertaining to phosphorylated and non-phospho-NF antibodies is
also shown (SMI31, SMI34, RT97, and SMI32) in Figure 1A.
Figure 1Ba shows the SMI31 staining of cortical neurons under
normal conditions. The phospho-NF stains only the axons and
processes, and there is no staining of SMI31 in the perikarya (Fig.
1Ba). When okadaic acid is added to the cortical neurons for
2.5 h, we observed phospho-NF accumulations in the perikarya
(Fig. 1Bb). To confirm that PP2A is involved, we also tested the
PP1/PP2A inhibitor microcystin LR (15 �M), which increased
perikaryal phosphorylation of NF in cortical neurons (Fig. 1Bc).
Also, there was a significant increase in the perikaryal hyperphos-
phorylation of NF with the PP2A-selective inhibitor fostriecin (1
�M) (Fig. 1Bd). We then tested the effect of the PP2B inhibitor
cyA on topographic phosphorylation of NF. We used increasing
concentrations of cyA, 0.5 �M (Fig. 1Cb), 1 �M (Fig. 1Cc), and 2.5
�M (Fig. 1Cd), and detected no change in the perikaryal phos-
phorylation of NF compared with nontreated neurons (Fig. 1Ca).
These data implicate that there was significant phospho-NF-M/H
accumulations in neuronal perikarya with the PP2A inhibitors
OA, mLR, and Fos but not with the PP2B inhibitor cyclosporine
A. To further confirm these results, we have used SMI34 antibod-
ies that specifically detect phospho-NF, under these experimental

Figure 4. OA increases the NF phosphorylation in a time-dependent manner. A, The 7 DIC cortical neurons were treated with OA
(0.25 �M) for 1 h (lane 2), 2 h (lane 3), and 4 h (lane 4) and subjected to Western blot analysis with phospho-NF (SMI31) antibodies.
The OA induced hyperphosphorylation of NF in a time-dependent manner. B, Densitometry analyses of phospho-NF obtained from
A. Mean density, Phospho-NF/actin is plotted on the y-axis. C, Five DIC neurons were treated with OA for 1, 2, and 4 h, and
immunofluorescence was performed with SMI31 antibodies. In normal neurons, SMI31 is stained in axonal compartment (a). The
phospho-NF accumulates in cell bodies in a time-dependent manner. Scale bar, 10 �m.
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conditions. At 1:20,000 dilutions, SMI34 does not cross-react
with phospho-Tau, further demonstrating the specificity of
phospho-NF immunoreactivity. These results are also confirmed
by using the phospho-NF-H antibody RT97. The densitometry
analysis of perikaryal p-NF-M/H as detected by SMI31, SMI34,
and RT97 from untreated and treated (OA, mLR, Fos, and cyA)
neurons from four independent experiments is shown in Figure
1D. We then tested the effect of PP2A inhibitors on NF phos-
phorylation using the non-phospho-NF antibody SMI32. In nor-
mal neurons, there is maximal staining of SMI32 in cell bodies
(supplemental Fig. 1, available at www.jneurosci.org as supple-
mental material). Treatment of cortical neurons with OA, mLR,
and Fos decreased SMI32 (non-phospho-NF) immunoreactivity
in neuronal perikarya, but cyA did not have any effect (supple-
mental Fig. 1, available at www.jneurosci.org as supplemental
material). The densitometry analysis of perikaryal p-NF-M/H
from untreated and treated neurons using SMI32 is shown in
supplemental Figure 1B (available at www.jneurosci.org as sup-
plemental material).

Colocalization of PP2A and phospho-NF
To examine the cellular localization of PP2A with phospho-NF,
immunocytochemical analyses were performed on dissociated
E18 rat cortical neurons cultured for 7 d in nontreated and
treated with okadaic acid. A rhodamine-conjugated secondary
antibody was used to show endogenous phospho-NF expression,
and Oregon green secondary antibody was used for endogenous
PP2A (Fig. 2). PP2A expression is robust in the cell bodies of
cortical neurons. The phospho-NF is predominantly localized in
the axons in nontreated neurons (Fig. 2, top row) and in cell
bodies of OA-treated cortical neurons (Fig. 2, bottom row). In
the overlay image, colocalization of PP2A and phospho-NF can
be seen in the cell bodies in OA-treated neurons (Fig. 2, bottom
right panel).

Pin1 prevents the dephosphorylation of NF proteins by PP2A
in vitro
Tau and NF-H/M are the physiological substrates of PP2A. Pre-
vious reports have shown that Pin1 modulates the dephosphor-
ylation of Tau at Thr(231) by PP2A. Rat NF-H has 52 SP repeats
in the tail domain in tandem. Therefore, we wanted to study
the effect of Pin1 in NF tail domain dephosphorylation by PP2A.
The close relationship between phosphorylation and NF struc-
ture and function suggests that Pin1 could play a direct role in
modulating NF function by influencing phosphorylation/de-
phosphorylation. We first tested the effect of Pin1 on the ability of
PP2A to dephosphorylate the endogenously phosphorylated NF.
We prepared rat NF triplet proteins from spinal cord and sciatic
nerve. NF proteins are highly phosphorylated in vivo and form an
excellent substrate to study dephosphorylation. We purified re-
combinant human Pin1 as a GST fusion protein from Escherichia
coli. Purified NF proteins were dephosphorylated with PP2A in
the presence or absence of increasing amounts of GST–Pin1, and
the NF dephosphorylation was assayed by Western blotting with
a phospho-NF-H antibody (RT97). RT97 is a monoclonal anti-
body that recognizes the phosphorylated S/T-P residues of NF-H.
The results show that PP2A was able to dephosphorylate endog-
enously phosphorylated NF-H (Fig. 3A, lane 1, endogenous
phospho-NF-H; lane 2, PP2A-treated NF-H). The addition of
GST–Pin1 inhibited NF-H dephosphorylation in a dose-depen-
dent manner (Fig. 3, lanes 3, 4). GST alone did not have an effect
on NF dephosphorylation by PP2A (data not shown). These re-
sults suggest that the Pin1 reduces dephosphorylation of the NF

proteins by inhibiting PP2A activity. Figure 3B represents the
effect of Pin1 on NF dephosphorylation with the data obtained
from three separate experiments.

Pin1 modulates NF dephosphorylation in vivo
The studies described above show that Pin1 prevents dephos-
phorylation of NF in vitro. We next examined whether Pin1 mod-
ulates NF dephosphorylation in vivo. Treatment of 7 DIC cortical
neurons with 0.25 �M OA increased the phosphorylation of NF in
a time-dependent manner (Fig. 4). Maximal NF phosphorylation
was observed 4 h after OA treatment (Fig. 4A). Figure 4B repre-
sents the densitometry analysis of OA-induced phosphorylation
of NF. The cortical neurons treated with OA showed accumula-
tion of phospho-NF-M/H in cell bodies in a time-dependent
manner. At 4 h after OA treatment, cortical neurons showed
maximum accumulation of phospho-NF in cell bodies (Fig. 4C).

If Pin1 acts by preventing the dephosphorylation of NF, then
transfection of DN Pin1 should inhibit the OA-induced increase
in NF phosphorylation. Transfection of DN Pin1 inhibited the
OA-induced phospho-NF accumulations (Fig. 5A). The endoge-
nous Pin1 migrates at 18 kDa, whereas transfected GFP DN Pin1
migrates at 50 kDa. In addition, knockdown of Pin1 by Pin1

Figure 5. Pin1 expression and activity is critical toward OA-induced aberrant hyperphospho-
rylation of NF. A, Cortical neurons were subjected to treatment with OA (0.2 �M for 2.5 h), and
Western blot analysis was performed with phospho-NF-M/H (SMI31) staining. The OA-induced
hyperphosphorylation of NF is inhibited by knockdown of Pin1 by Pin1 siRNA and DN Pin1-
transfected neurons. Lanes 1 and 2, Control scrambled siRNA-transfected neurons. Lanes 2– 4,
OA-treated neurons. Lane 3, Pin1 siRNA-transfected neurons. Lane 4, DN Pin1-transfected neu-
rons. The transfected Pin1 is a GFP fusion protein and migrates at 50 kDa, at which the endog-
enous Pin1 (e Pin1) is 18 kDa. B, Densitometry analysis of phospho-NF immunoreactivity
obtained from A. Mean density, Phospho-NF/actin is plotted on the y-axis. *p � 0.01 and
**p � 0.001 of phospho-NF-M/H relative to nontreated neurons.
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siRNA inhibited the increase in phospho-NF
accumulations by OA. Knockdown of
Pin1 by Pin1 siRNA reduced significant
levels of Pin1 expression (Fig. 5A). Figure
5B represents the densitometry analysis of
OA-induced phosphorylation of NF (NF-
M/H) by inhibition of Pin1 activity. These
results suggest that Pin1 prevents dephos-
phorylation of NF-M/H in vivo, in cortical
neurons.

OA-induced aberrant perikaryal
phospho-NF accumulations are
inhibited by transfection of DN Pin1
and Pin1 siRNA in cortical neurons
The PP2A activity is downregulated in AD
brain (Sontag et al., 2004). In a cellular
model of primary cortical cultures, we
used OA to inhibit PP2A. Under normal
conditions, the cortical neurons show
phospho-NF staining in the axonal com-
partment (Fig. 6Aa). SMI31 antibodies
do not stain phospho-NF-M/H in the
neuronal perikarya in normal neurons.
However, the cross reactivity of SMI31 an-
tibodies with nuclei is reported (Schilling et
al., 1989). The nuclear localization of
SMI31 is attributable to the association of
phosphorylated histones with nuclear com-
ponents (Weigum et al., 2003). Pin1 is
present in both axons and cell bodies (Fig.
6Ab). Pin1 colocalizes with phospho-NF
only in the axons (Fig. 6Ac). The cortical
neurons treated with OA show phospho-NF
accumulations in the perikarya (Fig. 6Ad),
and Pin1 colocalizes with the phospho-NF
in the cell bodies (Fig. 6Af). Knockdown of
Pin1 with Pin1 siRNA shows the reduction
of Pin1 staining by 80% compared with
control scrambled siRNA-transfected neu-
rons (Fig. 6Ah). Pin1 siRNA-transfected
neurons show the phospho-NF staining as
observed in control neurons (Fig. 6Ag–
Ai). For comparison purposes, we cap-
tured neurons that show both Pin1
siRNA-transfected neurons (indicated
in yellow arrows) and nontransfected
neurons (white arrows). It should be noted that only the Pin1
siRNA-transfected neurons show the reduction in perikaryal
phosphorylation of NF (Fig. 6Ag–Ai). The quantitation of
perikaryal p-NF-M/H from untreated and OA-treated neurons
from four independent experiments is shown in Figure 6B. Fig-
ure 6C shows the effect of Pin1 on perikaryal phosphorylation of
NF-M/H by treatment of cortical cultures with Fos. These results
suggest that the treatment of cultured neuronal cells with OA
induces perikaryal accumulation of the NF phospho-epitopes
that are normally confined to axons, and these effects are pre-
vented by inhibition of Pin1.

DN Pin1 inhibits the Pin1 activity without changing Pin1 pro-
tein levels. Transfection of cortical neurons with GFP–DN Pin1
inhibited the OA-induced hyperphosphorylation of NF in the cell
body (Fig. 7). Two neurons are captured, with and without
GFP–DN Pin1 transfection. In OA-treated neurons, the densi-

tometry analysis of the relative perikaryal phospho-NF in GF-
P–DN Pin1-transfected neurons is reduced by �3.5-fold
compared with nontransfected neurons. These results further
demonstrate that inhibition of Pin1 levels (Pin1 siRNA) or Pin1
activity (DN Pin1) inhibits OA-induced aberrant perikaryal hy-
perphosphorylation of neurons. These results show that Pin1
prevents the dephosphorylation of NF in vivo.

Pin1 directly modulates PP2A-mediated dephosphorylation
of NF, independent of ERK, JNK, and Cdk5 pathways
There are several reports that Pin1 modulates PP2A-mediated
dephosphorylation of target proteins (Zhou et al., 2000). Inhibi-
tion of PP2A by OA may activate JNK. To determine whether
aberrant hyperphosphorylation of NF in OA-treated neurons in
response to Pin1 knockdown is a consequence of kinase activa-
tion or a direct consequence of PP2A-mediated dephosphoryla-
tion of NF, we tested the NF phosphorylation with kinase

Figure 6. Knockdown of Pin1 by Pin1 siRNA inhibits OA-induced perikaryal phosphorylation of NF-M/H. A, Five DIC cortical
neurons were transfected with either control (Ctrl) and scrambled siRNA (a–f ) or Pin1 siRNA (g–i) and then treated with 0.25 �M

OA (d–i) on day 7 for 2.5 h. Neurons were immunostained, p-NF-H was detected using SMI31 (red), and Pin1 was detected by using
Pin1 antibody (green). Neurons transfected with Pin1 siRNA exhibited reduced p-NF-H in the cell body. Nontreated neurons
exhibited SMI31 staining in the processes with little or no staining in the cell body (a– c), which is increased during OA treatment
(d–f ). Cell body SMI31 staining was reduced in Pin1 siRNA-treated neurons (g–i). Scale bar, 20 �m. B, Representative neurons are
treated with OA as indicated. Intensity of SMI31 immunoreactivity (phospho-NF) in neuronal cell bodies was analyzed with the NIH
ImageJ histogram. The mean signal intensity (total pixel density per number pixels) is shown. Values in graphs are means �
fluorescence intensity (in arbitrary densitometric units) in perikarya from four different experiments. Note the accumulation of
phospho-NF in perikarya in OA-treated neurons and restoration of normal levels of p-NF-H in Pin1 siRNA-treated cortical neurons.
C, Intensity of SMI31 immunoreactivity (phospho-NF) in neuronal cell bodies was analyzed with the NIH ImageJ histogram after
treatment of cortical neurons with Fos. *p � 0.01, phospho-NF-M/H in perikarya relative to fluorescence intensity values of
control. NT, Nontreated.
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inhibitors (JNK, ERK, and roscovitine) be-
fore the addition of PP2A inhibitor. Non-
treated and kinase inhibitor treatment of
cortical neurons with the JNK inh-
ibitor SP600125 (anthra[1,9-cd]pyrazol-
6(2H)-one), the ERK inhibitor PD98059
[2-(2-amino-3-methyoxyphenyl)-4H-1-
benzopyran-4-one], or the Cdk5 inhibitor
roscovitine before the addition of OA did
not change the levels of phospho-NF ac-
cumulation after the treatment of neu-
rons with OA, suggesting that the aberrant
phosphorylation of NF mediated by PP2A
is not attributable to the activation of
JNK/ERK/Cdk5 kinase pathways (Fig. 8,
top). These results suggest that Pin1 di-
rectly modulates PP2A-mediated hyper-
phosphorylation of NF independent of
JNK, ERK, or Cdk5 cascades (Fig. 8, bot-
tom). These results corroborate the in
vitro studies (Fig. 3) that Pin1 prevents the
dephosphorylation of NFs.

Pin1 modulates the NF transport in
OA-treated neurons
Phosphorylation has long been consid-
ered to regulate NF interaction and axonal
transport, and, in turn, influences axonal
stability and their maturation. Shea et al.
(2004) have shown that NF phosphoryla-

tion modulates NF dynamics and axonal transport. The above
studies show the aberrant distribution of phospho-NF in OA-
treated neurons. This prompted us to study the NF axonal trans-
port under these conditions. We transfected GFP–NF-H in
primary cortical neurons for 24 h to allow the accumulation of
GFP-tagged subunits. Previous studies have demonstrated that
18 –24 h were required for transfected cells to accumulate suffi-
cient GFP–NF-M for visualization (Yabe et al., 1999). Cultures
were treated for the final 2 h with OA or Fos. Transfection of
GFP–NF-H resulted in the transport of exogenously expressed
NF-H into the axons (Fig. 9a– c). We performed staining with
polyclonal Tuj1 (red), a neuronal marker to confirm the neuro-
nal identity. When cortical neurons are treated with OA for 2 h,
NF translocation is disrupted as observed by the GFP–NF-H in
the cell bodies and proximal axons only, and NF proteins are not
transported until the distal part of axons (Fig. 9d–f). Similar
results were observed by treatment of cortical neurons with Fos
(Fig. 9g–i). For inhibition of PP2A with OA or Fos, GFP–NF-H
was not targeted into the axonal processes of transfected cells and
thus reduced anterograde GFP–NF-H axonal transport (Fig. 9d–i).
Then, we asked whether inhibition of Pin1 rescues general
axonal transport of GFP–NF-H in OA- and Fos-treated neurons.
In Pin1 siRNA-transfected neurons, treatment with OA retained
the transport of GFP–NF-H, as observed in nontreated neurons
(Fig. 9j–l). Knockdown of Pin1 rescues the general anterograde
transport of GFP–NF-H in OA-treated neurons (Fig. 9j–l) and
Fos-treated neurons (Fig. 9m– o). The NF translocation is dis-
rupted in OA-treated neurons as a result of the hyperphosphory-
lation of NF in the cell bodies. These results suggest that NF
phosphorylation modulates the NF transport. These results indi-
cate a possible role of Pin1 in NF dynamics. We also transfected
C-terminal KSP repeat domain of NF-H (non-GFP-tagged) in
primary cortical neurons for 24 h and performed immunofluo-

Figure 7. OA-mediated increase in phosphorylated NF is reduced by overexpression of DN Pin1. Five-day-old cortical
neurons were transfected with GFP–DN Pin1 and after 24 h were treated with 0.25 �M OA for 2.5 h. Neurons were
immunostained, phospho-NF was detected using SMI31 (red), and DN Pin1 was detected through expression of GFP. Note
that only neurons that show DN Pin1 expression exhibited significant reduction of phosphorylated NF in the cell body. Scale
bar, 20 �m.

Figure 8. Pin1 modulates PP2A-mediated dephosphorylation of NF independent of ERK,
JNK, and Cdk5 pathways. Seven DIC neurons were treated with PD98059 (ERK inhibitor; PD;
lanes 2, 6), SP600125 (JNK inhibitor; SP; lanes 3, 7), and roscovitine (Cdk5 inhibitor; Ros; lanes 4,
8) for 1 h. The neurons were then subjected to treatment with OA (lanes 5– 8) for 2 h. The
phospho-NF was detected by SMI31 antibodies. The equal loading of the protein was confirmed
by Western blot analysis with monoclonal �-tubulin antibodies. The bottom shows the densi-
tometry analysis of mean phospho-NF/tubulin obtained from the top. *p � 0.01 and **p �
0.001 of phospho-NF-M/H intensity relative to nontreated neurons (NT).
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rescence with total polyclonal NF-H anti-
bodies. Transfected NF-H is translocated
into the axonal compartment in normal
neurons (supplemental Fig. 2A, available
at www.jneurosci.org as supplemental
material). When cortical neurons are
treated with OA for 2 h, NF translocation
is disrupted and NF proteins are not
transported until the distal part of axons
(supplemental Fig. 2B, available at www.
jneurosci.org as supplemental material).
Knockdown of Pin1 rescues the NF axonal
translocation in OA-treated neurons
(supplemental Fig. 2C, available at www.
jneurosci.org as supplemental material).
These results are consistent with previous
studies (Shea et al., 2004) that show that
phosphorylation of NF regulates NF
transport. To determine the effect of DN
Pin1 on NF-H translocation in primary
neurons, we cotransfected GFP–DN Pin1
with NF-H construct (non-GFP-tagged)
and subjected to treatment with OA. The
GFP–DN Pin1-transfected neurons show
normal translocation of NF-H in OA-
treated neurons (supplemental Fig. 2D,
1–3, available at www.jneurosci.org as sup-
plemental material). These results suggest
that the generalized anterograde transport
of GFP–NF-H defects are caused by treat-
ment of cortical neurons with OA and Fos,
and inhibition of Pin1 rescues the normal
transport of cortical neurons.

OA-induced phospho-NF
accumulations in perikarya leads
to apoptosis
Hyperphosphorylation of neurofilament
and Tau may underlie the cytoskeletal ab-
normalities and neuronal death seen in
several neurodegenerative diseases, in-
cluding Alzheimer’s disease (Ahlijanian et al., 2000, Kesavapany
et al., 2007). Previous studies have described that hyperphospho-
rylation of NF in neuronal cell bodies leads to neuronal cell death
(Ahlijanian et al., 2000; Rao and Nixon, 2003; Kesavapany et al.,
2008). Furthermore, hyperphosphorylation of neurofilament in
perikarya leads to inhibition of general anterograde transport of
NF and eventually leads to cell death. To extend these findings, we
asked whether hyperphosphorylation of NF in cell bodies in OA-
treated neurons causes cell death. To test this possibility, we mea-
sured apoptosis by using TUNEL assay. Treatment of cortical
neurons with 0.25 �M OA resulted in the increase in the TUNEL-
positive neurons in a time-dependent manner (Fig. 10). The per-
centage apoptosis is gradually increased to 78% with 10 h OA
treatment. Treatment of cortical neurons for longer times re-
sulted in the detachment of neurons from the coverslip (data not
shown).

Inhibition of Pin1 rescues OA-induced apoptosis
We next examined whether Pin1 modulates OA-induced neuro-
nal cell death. In normal neurons, �5% of untreated cortical
neurons were TUNEL positive (basal level), and this increased to
�46% during OA treatment for 5 h (Fig. 11A,B). Inhibition of

Pin1 by Pin1 siRNA reduced TUNEL-positive neurons to 10%,
nearly comparable with nontreated neurons. Representative
TUNEL images are shown, in which quantification in the bar
graph represents TUNEL-positive counts from four separate ex-
periments, in which 10 independent fields were counted (Fig.
11). Furthermore, treatment of cortical neurons with Fos increases
the TUNEL-positive neurons by 38% (basal level TUNEL-positive
neurons was 7%), and inhibition of Pin1 rescues the neuronal apo-
ptosis in Fos-treated cells (Fig. 11C). These results were further con-
firmed by transfecting cortical neurons with GFP–DN Pin1. Figure
11D shows that the GFP–DN Pin1-transfected neurons survive dur-
ing OA-induced neuronal apoptosis.

Downregulation of PP2A activity in ALS spinal cord and
AD brain
Aberrant accumulation of extensively phosphorylated NF pro-
teins are observed in ALS (Hirano et al., 1984; Hirano, 1991;
Wharton and Ince, 2003; Green et al., 2005; Strong et al., 2005;
Xiao et al., 2006). However, PP2A activity from ALS spinal cord
lysate has not been studied so far. To determine whether PP2A
activity is altered in ALS, we measured PP2A activity by a color-
imetric assay. Homogenates were obtained from lumbar spinal

Figure 9. Pin1 modulates NF transport of OA-treated neurons. The GFP–NF-H was transfected on 5 DIC cortical neurons. After
24 h, the NF translocation of transfected NF-H was monitored. The colocalization of GFP–NF-H-transfected neurons was observed
by staining the cortical neurons with the neuronal marker TuJ1 (red) polyclonal antibodies. In normal neurons, GFP–NF-H is well
translocated into axons (a– c). However, in cortical neurons treated with OA for 2 h, NF proteins are hyperphosphorylated in cell
bodies, and therefore NF translocation is impaired. NF proteins are not translocated until the distal end of the axons. The GFP–NF-H
remains in the cell bodies and proximal axons but not the distal part of the axons (d–f ). Similarly, in fostriecin-treated cortical
neurons, GFP–NF-H is not translocated into axons (g–i). However, knockdown of Pin1 rescues the normal NF translocation into the
axons in OA-treated neurons (j–l ) and Fos-treated neurons (m– o). Scale bar, 10 �m. NT, Nontreated.
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cords of matched controls and ALS, immunoprecipitated with
PP2A antibodies. The activities were determined in triplicate
samples, by using phospho-peptide substrate that can be dephos-
phorylated by PP2A. Dephosphorylation of the peptide was de-
termined by measuring the release of phosphate using a
quantitative malachite-based colorimetric assay. The results
show that PP2A activity is reduced in lumbar ALS spinal cord
lysate (1520 � 110 pmol/min) compared with matched controls
(2611 � 180 pmol/min). We measured the PP2A activity from
adult AD brains and found that PP2A activity is downregulated in
AD brain (997 � 89 pmol/min) compared with matched controls
(2016 � 199 pmol/min).

Discussion
Aberrant phosphorylation of NF-M/H causes the NF to form
aggregates of phospho-NF-M/H in neuronal perikarya in AD and
ALS. Our understanding of this phenomenon has improved over
the past decade, although the mechanism underlying the hyper-
phosphorylation of NF is still unclear (Sternberger et al., 1985;
Goldman and Yen, 1986; Lee et al., 1988; Manetto et al., 1988;
Veeranna et al., 1998; Grant and Pant, 2000; Zheng et al., 2009).
Proline-directed kinases, such as Cdk5, MAPKs, and glycogen
synthase kinase 3, have been shown to be implicated in the aber-
rant phosphorylation of NF, but the role of phosphatases has not
yet been explored. Compared with the hundreds of known ki-
nases, there are only a handful of phosphatases, and each of them
must dephosphorylate a wide range of protein substrates. De-
phosphorylation of Tau has been extensively studied. PP1, PP2A,
and PP2B have all been shown to dephosphorylate Tau in vitro. In
transgenic mice with reduced PP2A activity, Tau becomes hyper-
phosphorylated and redistributed in CNS neurons (Kins et al.,
2003). This is consistent with the reduced expression of the phos-
phatase in AD. Previous studies have suggested that Ser/Thr
phosphatases are involved in neurodegeneration (Vogelsberg-
Ragaglia et al., 2001). We found that the PP2A activity is reduced

in ALS spinal cord and AD brain. In this
study, we have used specific inhibitors to
study the NF dephosphorylation in corti-
cal neurons. The PP1/PP2A inhibitors,
such as OA and microcystin LR, cause
hyperphosphorylation of NF in primary
cortical cultures. Treatment of cortical
neurons with Fos, a more selective inhib-
itor of PP2A, results in the perikaryal hy-
perphosphorylation of NF. Conversely,
the PP2B-specific inhibitor cyclosporine
A did not affect the perikaryal hyperphos-
phorylation of NF. Previous studies per-
formed by us and in other laboratories has
shown that PP2A is the major NF phos-
phatase, and PP2B contributes less toward
the dephosphorylation of NF. In addition,
Strack et al. (1997) reported that PP2A
and PP1 were associated with the spinal
cord NF fraction, but PP2B was found ex-
clusively in the low-molecular-weight
fraction. They attributed 75% of NF de-
phosphorylation to PP2A and the rest
to PP1. We performed dose-dependent
analysis of cyclosporine A to verify the
neurofilament phosphorylation and ob-
served no effect on perikaryal phosphory-
lation of NF. In previous studies using the
squid giant axon system, we have shown

that PP2B is abundant in the axons compared with cell bodies
(Krinks et al., 1988). PP2B levels and activity are shown to be
increased in AD brain (Liu et al., 2005).

We show here that Pin1 affects the perikaryal phosphorylation
of NF by PP2A in vitro and in primary neuronal cultures. Pin1
prevents the dephosphorylation of NF by PP2A in vitro.

Inhibition of Pin1 levels (Pin1 siRNA) as well as Pin1 activity
(DN Pin1) inhibits the OA-induced perikaryal phosphorylation
of NF. This study further shows that OA-mediated hyperphos-
phorylation of NF is not attributable to the activation of JNK,
ERK, or Cdk5 but is a consequence of dephosphorylation of NF.
In AD, the PP2A activity is downregulated (Sontag et al., 2004;
Liu et al., 2005). Our study also shows that the KSP tail domain
dephosphorylation of NF-M/H by PP2A is regulated by Pin1.

Previous studies by Mushynski and coworkers have reported
an increase in phosphorylation of the N-terminal domain of
NF-L and NF fragmentation in OA-treated DRG neurons. The
punctuate appearance of axonal NF could be attributable to the
fragmentation of hyperphosphorylation of these molecules as
suggested previously (Sacher et al., 1992, 1994). OA has been
noted to disrupt the NF network in DRG neurons and increase
deposits of NF subunits in nb2a/d1 neuroblastoma cells (Shea et
al., 1993).

NF phosphorylation has been shown to regulate the axonal
transport of newly synthesized NFs. Shea et al. (2004) reported
that the serine/threonine kinase Cdk5 regulates phosphorylation
and axonal transport of NFs. They found that increasing Cdk5
activity in cultured chicken dorsal root ganglion neurons in-
creases phosphorylation of the NFs, causes abnormal deposits of
aggregated NFPs in the perikaryon, and reduces their axonal
transport. Furthermore, they show that injection of OA into mu-
rine retina fostered the appearance of phospho-NF accumula-
tions within the perikarya in situ and slowed the axonal transport
(Jung and Shea, 2004). Previous studies performed with EGFP–

Figure 10. Inhibition of PP2A by OA increases apoptosis in a time-dependent manner. The presence of apoptotic neurons
examined by TUNEL–tetramethylrhodamine red staining in 7 DIC cortical neurons. Nuclei were counterstained using DAPI. TUNEL-
positive cells were increased during treatment of cortical neurons with OA in a time-dependent manner. A, The neuronal death is
increased by nearly 28% (2.5 h), 43% (5 h), and 78% (10%) after treatment with 0.25 �M OA. B, The quantization in the bar graph
represents TUNEL-positive counts from four separate experiments, in which 14 independent fields were counted. Ctrl, Control.
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NF-M have shown that NFs are trans-
ported rapidly with frequent pauses
(Wang et al., 2000). Alterations of antero-
grade axonal transport and fragmentation
have been observed in patients and animal
models of ALS and other neurodegenera-
tive diseases. Phosphorylated NF protein
accumulations in the perikarya and prox-
imal axons of motor neurons have been
shown to block axonal transport of cy-
toskeletal proteins and mitochondria and
eventually cause axonal degeneration
(Hoffman and Lasek, 1975). Sporadic ALS
patients have NF-H alleles with deletions
in the KSP repeat domain, which suggests
that altered phosphorylation may indeed
be a cause for NF accumulations (Fi-
glewicz et al., 1994., Julien, 1995). Our
study reveals that inhibition of PP2A by
OA affects axonal transport of transfected
NF-H and induces accumulation of phos-
pho-NF-M/H in these loci, whereas inhi-
bition of Pin1 rescues this effect. These
findings indicate that Pin1 regulates NF
dynamics.

Based on our findings, we propose a
model for topographic phosphorylation
of NF (Fig. 12). In normal neurons, PP2A
activity is high in cell bodies, and phosphor-
ylation of NF occurs selectively in axonal
compartments. Glial–axonal interactions
may activate the proline-directed Ser/Thr
kinases; phosphorylation of S/T-P resi-
dues of the tail domain of NF-M/H occurs
in axons (Dashiell et al., 2002). The phos-
phorylation of initial S/T-P residues in the
tail domain may induce spontaneous
transitions to cis conformation for some
of the peptidyl-prolyl bonds. Pin1 binding
to phospho-S/T-P sites converts cis-
peptidyl bonds to the trans configuration.
Thus, Pin1 stabilizes the NF tail domain
phosphorylation of S/T-P motifs in the
axonal compartment. Pin1 facilitates NF
phosphorylation in the axonal compart-
ment of almost all S/T-P residues. How-
ever, when PP2A activity is inhibited,
NF-M/H are phosphorylated on S/T-P
sites within the cell body compartment.
This is consistent with the known require-
ment of Pin1 for S/T phosphorylation before its binding and
isomerization of such sites. Aggregated phospho-NF proteins ac-
cumulate in the cell bodies and proximal axons and impair NF
axonal transport. Accordingly, inhibition of Pin1 inhibits the
OA-induced hyperphosphorylation of NF and rescues the axonal
transport of NF.

Pin1 action on its target proteins depends on their structure.
Pin1 facilitates the dephosphorylation of Tau by PP2A at a spe-
cific single residue, Thr 231 (Lu et al., 1999). In contrast, Pin1
inhibits the dephosphorylation of multiple SP repeats of RNA
polymerase C-terminal domain (CTD) by FCP1 phosphatase
(Xu et al., 2003). Similar to CTD, rat NF-H has 52 SP repeats in
the tail domain. The mechanism of Pin1 action on NF appears to

be similar to RNA polymerase II. This raises an intriguing possi-
bility that proteins with multiple SP repeats have similar mecha-
nisms of Pin1 action.

Protein–protein interactions have been reported to sterically
inhibit protein phosphatase activity (Palancade et al., 2004). For
example, Pin1 binding to multiphosphorylated transcription fac-
tor NFAT (nuclear cofactor of activated T cells) inhibits its addi-
tional dephosphorylation by calcineurin. The binding of Pin1 to
its phosphorylated substrate can inhibit its subsequent dephos-
phorylation by specific protein phosphatases. This inhibition
might be attributable to either a direct masking of the phosphor-
ylated site(s) targeted by the phosphatase or a failure to recruit
the phosphatase by masking the docking site within the substrate.

Figure 11. Inhibition of Pin1 reduces OA/Fos-induced neuronal death. A, Presence of apoptotic neurons examined by TUNEL–
tetramethylrhodamine red staining in 7 DIC cortical neurons. Nuclei were counterstained using DAPI (blue). TUNEL-positive neu-
rons were increased during OA treatment for 5 h and declined in OA-treated neurons transfected with Pin1 siRNA. Scale bar, 20 �m.
The quantization in the bar graph (B) represents TUNEL-positive counts from four separate experiments, in which 12 independent
fields were counted. NT (ctrl), Nontreated controls. B, The neuronal death is increased by 48% during exposure to OA (basal level,
5%), and this was reduced to 10% in neurons transfected with Pin1 siRNA and subjected to OA. C, The neuronal death is increased
by 35% during exposure to Fos, and this was reduced to 12% in neurons transfected with Pin1 siRNA and subjected to Fos. D, OA-mediated
neuronal apoptosis is reduced by overexpression of DN Pin1. Five-day-old cortical neurons were transfected with DN Pin1 and, after 24 h,
were treated with 0.1 �M OA for 5 h. The GFP–DN Pin1-transfected neurons survive OA-induced cell death. Scale bar, 20 �m.
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Juglone has been used previously as a pharmacological Pin1 in-
hibitor. Accumulating evidence suggests that juglone is a nonspecific
inhibitor of Pin1, because it also blocks transcription (Chao et al.,
2001). In addition, juglone inhibits numerous parvulins as well as
other enzymes with Cys residues in their catalytic domains (Fila et
al., 2008). A specific Pin1 inhibitor has not been identified so far. To
inhibit cellular Pin1 function, we used DN Pin1 (Ryo et al., 2002;
Lam et al., 2008). We also used Pin1 siRNA to specifically inhibit
Pin1 levels.

Our finding that Pin1 regulates dephosphorylation of NF me-
diated by PP2A indicates that Pin1 has a direct role in phospho-
NFP aggregation in AD, ALS, and related neurodegenerative
disorders. Pin1 also increases the phosphorylation of NF by
proline-directed kinases, such as MAPKs, Cdk5, and JNK3
(Rudrabhatla et al., 2008). This study suggests a novel mechanism
whereby Pin1 not only inhibits dephosphorylation but induces
sequential phosphorylation of S/T-P residues in a protein. Ex-
actly how this occurs is unknown, but it is consistent with previ-
ous findings that Pin1 regulates the function of its substrate by
different mechanisms (Lu and Zhou, 2007; Rudrabhatla and
Pant, 2009). Thus, phosphorylation-specific Pin1 could be an
attractive therapeutic target to inhibit the perikaryal hyperphos-
phorylation of NF caused by downregulation of PP2A activity in
AD, PD, ALS, and/or related pathology.
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