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Protein Phosphatase 2A Facilitates Axonogenesis by

Dephosphorylating CRMP2
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Protein phosphatase 2A (PP2A) is indispensable in development, and deficits of PP2A and deterioration of neuronal axons have been
observed in several neurodegenerative disorders, but the direct link between PP2A and the neuronal axon development is still missing.
Here, we show that PP2A is essential for axon development in transfected rat brain and the dissociated hippocampal neurons. Upregu-
lation of PP2A catalytic subunit (PP2Ac) not only promotes formation and elongation of the functional axons but also rescues axon
retardation induced by PP2A inhibition. PP2A can dephosphorylate collapsin response mediator protein-2 (CRMP2) that implements the
axon polarization, whereas constitutive expression of phosphomimic-CRMP2 abrogates the effect of PP2A upregulation. We also dem-
onstrate that PP2Ac is enriched in the distal axon of the hippocampal neurons. Our results reveal a mechanistic link between PP2A and
axonogenesis/axonopathy, suggesting that upregulation of PP2A may be a promising therapeutic for some neurodegenerative disorders.

Introduction

The axonogenesis defines the generation and outgrowth of axons
during neuron development (Futerman et al., 1998) and regen-
eration (Liedtke et al., 2007), which is critical for maintaining the
polarized structure of the neurons (Arimura and Kaibuchi,
2005). The normal functions of the axon are to transport a variety
of functional molecules to and from the neuronal cell body and to
transmit information between the neural cells by forming syn-
apses (Shen, 2004). Although the modes for axonal transport and
the physiological functions of the synapse have been studied in
detail, the mechanisms underlying axonogenesis are poorly un-
derstood and there has been no effective tool to preserve the
axons.

A progressive axon dystrophy, which precedes neuron death,
is a major pathological event in neurodegenerative diseases
(DeWitt and Silver, 1996), neural injury (Luo and O’Leary,
2005), and motor neuron dysfunctions (Zeller and Granato,
1999). Therefore, finding the molecules responsible for axono-
genesis is meaningful not only in understanding the physiological
mechanisms underlying the axonogenesis but also in preserving
the axons. While several protein kinases, such as glycogen syn-
thase kinase-3 (GSK-3) (Jiang et al., 2005; Yoshimura et al., 2005),
PI3 kinase (Shi et al., 2003), microtubule affinity-regulating kinase 2
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(MARK?2) (Chen et al., 2006), and SAD kinase (Kishi et al., 2005)
have been implicated in axonogenesis, little is known about the in-
volvement of phosphatases.

Protein phosphatase 2A (PP2A) is a principal Ser/Thr phos-
phatase that regulates cell cycle and differentiation (Shenolikar,
1994). The predominant form of PP2A is a heterotrimer consist-
ing of a catalytic (PP2Ac), a scaffolding (A), and a variable regu-
latory subunit of B, B’, B”, or B” families (McCright et al., 1996).
PP2Ac is indispensable for development because mice with
PP2Ac knockout die at embryonic stage (Gotz et al., 1998). In
Alzheimer disease (AD), both the activity and mRNA of PP2A are
decreased in the brain (Gong et al., 1993; Vogelsberg-Ragaglia et
al., 2001), in which axonopathy is prominent. Inhibition of PP2A
induces tau hyperphosphorylation and axon damages in rat
brain, which is similar to that observed in AD (Sun et al., 2003;
Yang et al., 2007). These data suggest an intrinsic link of PP2A
and the axon. Most recently, it was demonstrated in SK-N-SH
cell that PP2A could prevent okadaic acid-induced phosphoryla-
tion of collapsin response mediator protein-2 (CRMP2) (Nietal.,
2008). As dephosphorylation of CRMP2 plays a crucial role in
axon development (Yoshimura et al., 2005), these data imply that
PP2A may be involved in axonogenesis through dephosphorylat-
ing CRMP2. Until now, the direct evidence regarding PP2A in
axonogenesis was missing.

In the present study, we demonstrate that PP2A is essential for
axon development both in vivo and in vitro, and upregulation of
PP2A not only promotes axonogenesis but also rescues the oka-
daic acid-restrained axon formation and elongation with the
mechanisms involving dephosphorylation of CRMP2.

Materials and Methods

Reagents and constructs. Neurobasal and B27 were from Invitrogen. Oka-
daic acid (OA) and p-erythro-S were from Calbiochem. Mouse mono-
clonal antibody (mAb) against Tau-1 (1:200 for immunofluorescence),
mAb against MAP2 (1:200 for immunofluorescence), rabbit polyclonal
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Figure1.

Downregulation of PP2A retards axonogenesis in embryonic rat brain. The EGFP-siPP2Ac or EGFP-ssiPP2Ac was injected into the embryonic rat brain by in utero electroporation. A, The

in vivo expression of siPP2Ac diminished the immunoreactivity of PP2Ac measured by costaining with EGFP at P3. B—E, The pup’s brain slices were prepared at various postnatal stages. At PO,
decreased numbers of migrating cells between the subventricular zone (SVZ) and marginal zone (MZ) were shown by siPP2Ac (B). The growing neurofibers (arrowheads) were seen in ssiPP2Ac-
injected rats from P3 to P7, whereas largely migrating cells with shorter processes were observed in rats with PP2A knockdown (C-E). F, The fluorescence images show retarded axon outgrowth
evaluated by whether the fluorescence-labeled neurofibers could cross the ML of the brain at P7. G, The enlarged two-dimensional images from B show the morphology and the length of individual
axons. H, Costaining of EGFP (green) and SMI312 (red), showing that the control neurons grow long axons which are costained with SMI312 (boxes 1and 2), whereas the neurons expressing siPP2Ac
only grow shorter processes that were not costained with SMI312 (box 3), or, in the region of subplate (SP), almost no neural processes but only cell bodies were detected (box 4). CP, Cortical plate;

1Z, intermediate zone. Scale bars: 4, 10 um; B—F, 200 em; H, 100 m (10 um for boxes 1—4).

antibody (pAb) against MAP2 (1:1000 for immunofluorescence), and
pAb against synapsin I (Synl; 1:1000 for immunofluorescence) were
from Millipore; mAb against SMI312 (1:1000 for immunofluorescence)
was from Covance, pAb against PP2A C subunit (1:1000 for Western
blot, 1:100 for immunoprecipitation) was from Cell Signaling Technol-
ogy, mAb against methyl-PP2A C subunit (1:500 for Western blot) was
from Millipore, mAb against a-Tubulin (DM1A; 1:1000 for Western
blot) was from Sigma, mAb against total CRMP2 (1:1000 for Western
blot) from Cell Signaling Technology, pAb against phosphorylated-
CRMP2 (Thr514; 1:8000 for immunofluorescence, 1:100 for immuno-
precipitation) was a generous gift from Dr. K. Kaibuchi (Nagoya
University, Nagoya, Japan). Amaxa Rat Neuron Nucleofector Kit was
from Lonza.

The wild-type PP2Ac (wtPP2Ac) and dominant-negative PP2Ac
(dnPP2Ac; L199P mutant) were gifts of Dr. Haendeler (University of
Frankfurt, Frankfurt, Germany). PP2Ac ¢cDNA was subcloned to
DsRed-N1 in EcoRI and BamHI sites. The wild-type CRMP2 (wt-
CRMP2) and T514D and T514A CRMP2 mutants were gifts of Dr. K.
Kaibuchi. For short hairpin RNA-encoding plasmids, four sequences
targeting rat PP2Ac (NM_017039) were designed. The effective se-
quence (CTGAGAAAGTCAGGTTTGA) and the scrambled control
were then cloned into pGCSIL-EGFP or pGCsi/DsRed under an U6
promoter, followed by CMV-promoted EGFP or DsRed. By activity
assay, we found that the expression of dominant-negative DsRed-
PP2Ac inhibited the PP2A activity to ~60% and the expression of
wild-type DsRed-PP2Ac increased the PP2A activity to ~150% of the
control levels.

Cell culture and immunofluorescent/biochemical analyses. The hip-
pocampal neurons isolated from embryonic 18-d-old (E18) rats were
cultured according to the established procedure (Zhu et al., 2007). The
cell transfections were performed according to the manufacturer’s in-
struction (Invitrogen), and the ratio of the plasmids to Lipofectamin
2000 was 1:2. Amaxa nucleofector kit was used for nucleotransfection of
the rat neurons according to the manufacturer’s procedure (Jiang et al.,
2005). For immunofluorescence staining, the cells were cultured on cover-
slips for 3,4, 5, or 7 d in vitro (div) for different studies, as indicated in Figures
2-7 and supplemental Figures 2—4 (available at www.jneurosci.org as sup-
plemental material), and then fixed with 4% paraformaldehyde. Rho-
damine Red-X-, Oregon Green 488- (Invitrogen), or Cy5-conjugated
secondary antibodies (Millipore) were used for immunofluorescence
and Hoechst 33258 (1 ug/ml) (Sigma) was used for the nuclei. The im-
ages were visualized with a laser confocal microscope (LSM510 Carl
Zeiss). Western blotting was performed according to the established
method (Zhu et al., 2007). PP2A activity in the cell extracts was measured
using the phosphatase kit V2460 according to the manufacturer’s proce-
dure (Promega).

For FM4-64 experiments, PP2A was cotransfected with EGFP (3:1).
The uptake and release function of the neurons was measured on an
inverted microscope (LSM510 Carl Zeiss Axiovert 200 m). Neurons at 7
divwere loaded with 10 um FM4-64 in solution containing 45 mm K ™ for
1 min, and then washed with solution containing 3 mm K * for 15 min.
After collecting FM fluorescent images, the same live neurons were sub-
jected to 90 mm K * solution for 5 min to evaluate the release function of
the neurons.
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Downregulation of PP2A retards axon development in cultured hippocampal neurons. 4, B, The hippocampal neurons were treated with DMSO or 10 nm 0A at 12 hiv and fixed at 72 hiv

for staining of Tau-1 or anti-SynI (4, B, red) or anti-MAP2 (A, B, green). Scale bar, 20 wum. E, F, The neurons were transfected with DsRed or DsRed-dnPP2A (dominant-negative) at 24 hiv and fixed
at72 hiv for costaining of DsRed and Tau-1 (E, green) or anti-Synl (F, green). Scale bar, 50 pem. 1, PC12 cells were transfected with EGFP-siPP2A or EGFP-ssiPP2A (scrambled control) for 48 h, and the
expression of PP2Ac was confirmed by Western blotting. J, The neurons were transfected with EGFP-ssiPP2Ac or EGFP-siPP2Ac at 24 hiv and fixed at 72 hiv for costaining of EGFP and Tau-1 (red).
C, D, G, H, K, Quantification of the relative neurite numbers (C, G, K; n = ~50—60) and the proportion of the neurons with no axon (NA), single axon (SA), and multiple axons (MA) (D, H; n =
~50-60). Mean = SEM; *p << 0.05, **p << 0.01, versus DMSO, DsRed, or ssiRNA; t test. Scale bar, 20 pm. MW, Molecular weight.

In utero electroporation. Plasmids were introduced into the lateral ven-
tricle at E15.5-16.5 and specifically targeted into forebrain pyramidal
neurons by using in utero electroporation as described previously (Saito,
2006). Briefly, timed-pregnant rats were anesthetized intraperitoneally
with 100 ul of 3% pentobarbital sodium per 100 g of body weight. The
abdominal cavity was opened and the uterine horns were exposed. DNA
(3 g in 2 pul) was injected through a glass micropipette into the lateral
ventricle of the embryos. Electroporation (50 ms square pulses of 60 V at
100 ms intervals; 5 times) was then performed using an Electro Square
Porator (CUY21Edit; Nepagene). The pups were perfused with 4% para-
formaldehyde at postnatal day 3 (P3), P5, or P7, and then the brains were
harvested and fixed in 4% paraformaldehyde for 2 h at 4°C, and cryopro-
tected in 30% sucrose overnight. Thereafter, the cerebrum was embed-
ded in OCT compound (Sakura Finetek) and frozen in dry ice. Coronal
cryosections (35 um) were made and examined by confocal micros-
copy. Neurolucida software (MicroBrightfield) was used for the two-
dimensional projection of axon tracing in the electroporated slices.

Measurement of axon length. The measurement of neurites and axon
length were performed using NIH ImageJ software as described previ-
ously (Ertiirk et al., 2007). The mean length was calculated by measuring
the total number of pixels in the images from which the pixels of the cell
bodies had been subtracted and dividing by the average pixel number per
micrometer of the axons and the total number of cell bodies in the image
[total length per neuron = total number of pixels (only axons) X (pixel
number per micrometer) ' X (number of neurons)”']. The fluores-
cence intensity of immunostaining was calculated by ImageJ software.

Statistic analysis. Data were analyzed using SPSS 11.0 statistical software.
All data were expressed as mean = SEM. Statistical significance was deter-
mined by one-way ANOVA procedure followed by Student-Newman-Keuls
post hoc test with 95% confidence and Student’s two-tailed ¢ test.

Results

PP2A is required for axonogenesis both in vivo and in vitro
To explore the in vivo role of PP2A in axon development, we
injected the EGFP-labeled siPP2Ac (a small interfering RNA con-
struct designed specifically for PP2Ac) or ssiPP2Ac (a scrambled

control) into the lateral ventricle of the embryonic rat brains and
transfected the plasmid into neuronal progenitor cells by in utero
electroporation (Saito, 2006). After allowing in vivo develop-
ment, the pups’ brain slices were prepared at P0, P3, P5, and P7
and the development of cortical axons was studied. The in vivo
knockdown efficiency of PP2Ac by siRNA was confirmed by co-
immunofluorescence staining of EGFP and PP2Ac (Fig. 1 A). At
PO, we could see a decreased number of migrating cells between
subventricular zone and marginal zone (Fig. 1B). The growing
neurofibers were seen in ssiPP2Ac-injected rats from P3 to P7,
whereas largely migrating cells with shorter processes were ob-
served in rats with PP2Ac knockdown by siPP2Ac (Fig. 1C-E). At
P7, the long axons derived from migrated cortical neurons
crossed the midline (ML) of the brain in the controls, whereas
much shorter processes were observed in the neurons expressing
siPP2Ac (Fig. 1 F,G). To confirm that the neurofibers were axons,
we labeled the brain slices at P3 with SMI312, an axon marker.
We observed that the neurofibers in ssiPP2Ac-expressing neu-
rons were nicely costained with SMI312 (Fig. 1 H, boxes 1 and 2
and the enlarged). When siPP2Ac was expressed, shorter neuro-
fibers in the proximal end of the neurons were not colabeled with
SMI312 (Fig. 1 H, box 3 and the enlarged), and rarely neurofibers
but largely cell bodies were detected in distal end of the neurons
(subplate region) (Fig. 1 H, box 4 and the enlarged). These data sug-
gest that PP2A may be a prerequisite factor in axon development.
The primary hippocampal neuron is a well defined model for
studying the axon development (Barnes et al., 2007). To further
verify the role of PP2A in axonogenesis, we treated hippocampal
neurons [(12 h in vitro (hiv)] with OA, an inhibitor of PP2A, for
60 h and measured the alterations of axons and dendrites by using
axon markers Tau-1 and anti-Synl, or dendrite marker anti-
MAP2. We observed that most neurons treated with vehicle
(DMSO) grew a single axon with average length of ~183.7 = 10.8



3842 - ). Neurosci., March 10, 2010 - 30(10):3839 -3848

Zhu et al. » Protein Phosphatase 2A Facilitates Axonogenesis

A SA MA E DsRed-wtPP2A I
RS C 6
g -t = Axon
AXOn @ 5 .D dt

1?-0 * S | Dendrite S cnnrl :
S 24 g 4
S E El
P Z 3 Z 3

g 2

S 2 = 2

g 3
« 2 z 1
o
Ty
=
«
=
B

F DsRed/Tau-1/Merged
.o =

D A | J
‘E m NA
) 100 - S\
oo & - MA &
& °S 80 L e\z

S DsRed/Synl £

= H /Merged E

Synl/

Figure3.

Upregulation of PP2A promotes axonogenesis before formation of the axon(s). 4, B, The hippocampal neurons (12 hiv) were treated with 10 nm DES and fixed at 72 hiv for staining of Tau-1 (4, red),

anti-Synl (B, red), or anti-MAP2 (4, B, green). E-H, The hippocampal neurons were transfected at 24 hiv with DsRed-wtPP2A and the live images were captured at 72 hiv (E), then the neurons were fixed for
costaining of DsRed (red) and Tau-1 (F, single axon; G, multiple axons; green) or anti-Synl (H, green). ¢, D and 1, J, Quantification of the relative neurite numbers (C, I; n = ~45-55) and the proportion of the
neurons with no axon (NA), single axon (SA), and multiple axons (MA) (D, J; n = ~45-55). Mean == SEM; **p << 0.01, versus DMSO or DsRed;  test. Scale bars: 4, B, 20 pum; E=H, 50 um.

wm, in which the distal was positively labeled by Tau-1 (Fig. 2 A,
red) and anti-SynI (Fig. 2 B, red), but the proximal segments of
the axons and dendrites were mainly labeled by anti-MAP2 (Fig.
2A,B, green). The neurites became blunted with uniformed
staining of Tau-1 and anti-Synl after OA treatment (Fig. 2A, B).
Quantitative data showed that the average axon length was
~87.5 = 2.7 um and the axon number was ~0.6/neuron (Fig.
2C) and almost no multiple-axon (Fig. 2D) was observed after
OA treatment. The alteration of PP2A activity by OA was con-
firmed by phosphatase activity assay (supplemental Fig. 1A,
available at www.jneurosci.org as supplemental material) and the
activity-dependent methylation of PP2A (supplemental Fig. 1B,
available at WWW.jneurosci.
org as supplemental material).

To confirm the role of PP2A, we expressed dominant-negative
PP2Ac (DsRed-dnPP2Ac) into the hippocampal neurons at 24
hiv to downregulate PP2A. L199P substitution inhibits PP2Ac
activity by disrupting binding and/or the substrate specificity of
the holoenzyme (Evans et al., 1999). We then measured the alter-
ations of neuronal processes at 72 hiv. Most neurons transfected
with vector grew single long axon (220.4 * 2.8 um) that was
colabeled with Tau-1 (Fig. 2E, green) and anti-Synl (Fig. 2F,
green), especially in the distal segment (Fig. 2 E, F, arrows). The
shorter neurites were no longer colabeled with Tau-1 (Fig. 2E) or
anti-Synl (Fig. 2 F) and significantly decreased length (90.9 = 5.0

um), numbers (Fig. 2G), and the percentage of multiple axons
(Fig. 2 H) were detected when dnPP2A was expressed.

We also constructed EGFP-labeled siRNA of PP2A, which
could respectively suppress the expression (Fig. 2I) and the ac-
tivity of PP2A to ~45% of the control levels in PC12 cells. Then,
we expressed siPP2Ac or ssiPP2Ac in hippocampal neurons at 24
hiv and measured the axon length and numbers at 72 hiv by
colabeling with Tau-1 (Fig. 2], red). A remarkable suppression of
axon development, demonstrated by the decreased axon length
(from ~178.3 wm to 110.2 wm) and the axon numbers (from
~1.1 to ~0.6/neuron) were also observed by siPP2Ac (Fig. 2K).
These in vitro data together further support the critical role of
PP2A in axon development.

Upregulation of PP2A facilitates functional axonogenesis
before formation of the axon(s)

The activity of PP2A is decreased in the brains with AD and other
neurodegenerative disorders, in which progressive axon deterio-
ration has been observed. To explore whether upregulation of
PP2A could be beneficial for axonogenesis, we first treated the
hippocampal neurons with p-erythro-S (DES) to activate PP2A
(Dobrowsky et al., 1993) at 12 hiv and measured the axon at 72
hiv (Fig. 3A,B). We found that the axon length and the axon
number/neuron (Fig. 3C) increased respectively to ~1.8- and
~1.6-fold of the control levels, and ~37% of the neurons grew
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multiple axons (Fig. 3D) after DES treatment, suggesting that
upregulation of PP2A can promote axonogenesis. We also no-
ticed that the numbers of dendrites decreased with increase of axons
in DES group (Fig. 3C,D), suggesting that the formation of multiple
axons must have been paid by expending dendrites as reported
(Jiang et al., 2005). The alteration of PP2A activity by DES were
confirmed by phosphatase activity assay (supplemental Fig. 1A,
available at www.jneurosci.org as supplemental material) and the
activity-dependent methylation of PP2A (supplemental Fig. 1B,
available at www.jneurosci.org as supplemental material).

To confirm the stimulating role of PP2A, we generated and

wtPP2A

Upregulation of PP2A promotes axonogenesis after formation of the axon(s). The hippocampal neurons were trans-
fected with DsRed at 48 hiv and cultured to 72 h to allow axon formation, then the neurons were treated with DES or the vehicle
(DMSO) for 48 h and fixed at 120 hiv for costaining with Tau-1. 4, The representative neurons with single axon (SA) and two axons
(MA) captured at 120 hiv after DES treatment. D, The representative neurons with single axon (SA) and two axons (MA) captured
at 120 hiv after transfection of DsRed-wtPP2A. B, C, E, F, Quantification of the relative neurite numbers (B, E; n = ~35—41) and
the proportion of the neurons with no axon (NA), single axon (SA), and multiple axons (MA) (C, F; n = ~35—41). Mean = SEM;
*p << 0.05, **p << 0.01, versus DMSO or DsRed; ¢ test. Scale bars: A, 20 em (10 um for insets); D, 50 m (10 wm for insets).
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expressed the DsRed-wtPP2Ac in hip-
pocampal neurons at 24 hivand measured
the axon alterations at 72 hiv by DsRed
(Fig. 3E), or colabeling with Tau-1 (Fig.
3F, single axon; G, multiple axons) or
anti-Synl (Fig. 3H). Compared with the
vector transfected neurons, the axon
length (300.4 = 7.0 wm), the numbers
(1.7 = 0.7) (Fig. 3I), and the percentage of
multiple axons (Fig. 3]) were all increased
in the neurons expressing wtPP2A.

These data together demonstrate that
upregulation of PP2A pharmacologically
or genetically can stimulate functional
axonogenesis before the establishment of
neuronal polarity.

/Merged

Upregulation of PP2A facilitates
axonogenesis after formation of

the axon(s)

To explore whether upregulating PP2A
could promote axonogenesis in hippocam-
pal neurons with an already formed axon,
such as seen on the adult neurons, we la-
beled the neurons with DsRed at 48 hivand
cultured to 72 hiv to allow axon formation.
At this time point, most neurons grew a sin-
gle axon. Then, we treated the neurons with
DES or DMSO for 48 h (to 120 hiv) before
the measurement of axon length and
numbers. Compared with DMSO-treated
controls (data not shown), most neurons
cultured with DES grew a longer single
axon (Fig. 4A, left) or more multiple ax-
ons (Fig. 4A, right) that colabeled with
Tau-1 (amplified inserts). By quantitative
analysis, the prominently increased axon
length (563.95 = 10.9 um), axon num-
bers (Fig. 4 B), and the percentage of mul-
tiple axons (Fig. 4C) after DES treatment
were shown.

We also expressed DsRed-wtPP2A
(Fig. 4D) or its vector as a control (data
not shown) in hippocampal neurons at 72
hiv and measured the axon length and the
numbers at 120 hiv. Compared with the
vector transfected neurons, the axon
length was increased to ~600.7 = 14.2
pm. Similar results about axon numbers
and the percentage of multiple axons were
observed by quantitative analysis (Fig. 4 E,
F), except that the ratio of the multiple
axon neurons was even higher than that induced by pharmacolog-
ical activation of PP2A shown in Figure 4C.

To evaluate whether the axons induced by PP2A possess syn-
aptic function, we transfected into the primary hippocampal
neurons at 72 hiv with EGFP/wtPP2A (1:3) and cultured the
neurons for another 6 div, then measured the uptake and release
functions of the axons by time-lapse recording. The neurons ex-
pressing wtPP2A were visualized by EGFP (supplemental Fig. 2,
green, available at www.jneurosci.org as supplemental material).
Upon an initial stimulation with 45 mm K * for 1 min, the single
axon and the branches were positively loaded with FM4-64 (sup-
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plemental Fig. 2 A, insets, red, pre, available A
at www.jneurosci.org as supplemental ma-
terial), suggesting a normal uptake function
of the axons. The FM4-64 was almost com-
pletely depleted when the same neuron was
further treated with 90 mm K™ (supple-
mental Fig. 2 A, insets, red, post, available at
WWW.

jneurosci.org as supplemental material),
suggesting the release function of the ax-
ons. The similar uptake and release func-
tions were also detected in neurons with
multiple axons (supplemental Fig. 2 B, avail-
able at www.jneurosci.org as supplemental
material).

These data reveal that upregulation of
PP2A can facilitate axonogenesis even after
the formation of neuronal polarity, which
suggests a therapeutic potential of PP2A up-
regulation in preserving the axons.

Upregulation of PP2A rescues the
OA-induced inhibition of axonogenesis
To explore whether upregulation of PP2A
could rescue the AD-like axon deficits, we
treated the primary hippocampal neurons
(12 hiv) with OA for 24 h, and then trans-
fected into the OA-treated neurons with
DsRed-wtPP2A or the vector. At 48 h after
the transfection, the axons were visualized
by costaining of Tau-1 (green) and DsRed
(red). Compared with the control neurons
(3014 = 9.0 um) (Fig. 5A), the neuronal
processes became much shorter (139.3 =
22.0 pm) with negative Tau-1 staining after
OA treatment (Fig. 5B). However, long sin-
gle axon (408.8 * 42.3 wm) (Fig. 5C) and
multiple axons (Fig. 5D) with costaining of
Tau-1 were detected when wtPP2A was ex-
pressed in OA-pretreated neurons. Quanti-
tative data showed that compared with OA
plus vector group, both axon length and the
number were significantly increased in OA
plus wtPP2A group (Fig. 5E,F). These re-
sults demonstrate that upregulation of

Relative Axon Length
(% of DMSO+ DsRed )

PP2A can rescue the OA-induced inhibition V‘\50*0 &
of axonogenesis of the neurons. ®
Figure5.

PP2A facilitates axonogenesis by
dephosphorylating CRMP2
Dephosphorylation of CRMP2 at Thr514
plays a crucial stimulating role in the for-
mation of neuronal axons (Arimura et al.,
2004; Yoshimura et al., 2005). To explore
whether PP2A could dephosphorylate
CRMP2, we first examined the in vivo association of PP2A and
pCRMP2 or total CRMP2 (tCRMP2) by coimmunoprecipita-
tion. We found that both pPCRMP2 (Fig. 6 A) and tCRMP2 (Fig. 6C)
were coprecipitated by anti-PP2Ac, and conversely, PP2Ac was co-
precipitated by anti-pCRMP2 (Fig. 6 B) and anti-tCRMP2 (Fig. 6 D)
in the brain extracts of E18 and 3-month-old rats, suggesting a direct
interaction of PP2Ac with pCRMP2. In N2a cells, expression of
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Upregulation of PP2A rescues the OA-induced inhibition of axonogenesis. The hippocampal neurons (at 12 hiv) were
pretreated with 10 nm OA or DMSO for 24 h and then transfected with DsRed-wtPP2A or the vector. The neurons were fixed at 48 h
aftertransfection and colabeled with DsRed (red) and Tau-1 (green). A, B, The representative neuron and the terminal (inset) were
pretreated with DMSO (4) or 0A (B) and then transfected with DsRed. C, D, The representative neuron with single axon (€) or two
axons (D) was pretreated with OA and then transfected with wtPP2A. E, F, Quantification of the relative axon length (E; n =
~25-30) and neurite numbers (F; n = ~30-40). Mean = SEM; *p << 0.05, **p << 0.01, versus DMSO/DsRed; “p < 0.05,
*p < 0.01, versus 0A/DsRed. Scale bars: A-D and insets, 10 um.

wtPP2A resulted in ~38% decrement of CRMP2 phosphorylation
at Thr514 (pT514-CRMP2) (Fig. 6 E). In hippocampal neurons, the
fluorescent signal of pT514-CRMP?2 in the shaft of the neurites be-
came much weaker in neurons overexpressing wtPP2A (Fig. 6F,
arrows) than those failing to express wtPP2A or those expressing the
control vector (Fig. 6 F, arrowheads). Quantitative data showed that
overexpression of PP2Ac reduced the phosphorylation of CRMP2 to
~32% of the control level. In contrast, knockdown of PP2Ac in-
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(arrowheads). Scale bar, 20 m.

creased the phosphorylation of CRMP2 at Thr514 to ~140% of the
control level (supplemental Fig. 3, available at www.jneurosci.org as
supplemental material). These data suggest that PP2Ac can interact
with and dephosphorylate CRMP2.

To further verify the role of CRMP2 dephosphorylation in
PP2A-induced axonogenesis, we coexpressed in the hippocampal
neurons with DsRed-wtPP2A (red) and EGFP (green) (Fig. 7A),
or Thr514-phosphomimic CRMP2 (EGFP-T514D-CRMP2)
(Yoshimura et al., 2005) (Fig. 7B), or EGFP-wtCRMP2 (Fig. 7C)
(1:1) at 24 hiv and measured the axon alterations at 72 hiv. We
found that formation of multiple axons labeled by Tau-1 (blue)
was commonly seen in neurons overexpressing wtPP2A (Fig. 7A)
and in the neurons with coexpression of wtPP2A and wtCRMP2
(Fig. 7C), whereas less axon (blue) was detected when T514D-

E

-40

— — ‘_33 pCRMPZ

tCRMP2
PP2Ac

DMI1A

PP2A associates with and dephosphorylates CRMP2 at Thr514. A-D, PP2A associates with CRMP2. Brain extracts
prepared from E18 or 3-month-old (adult) rats were immunoprecipitated (IP) with antibodies against PP2Ac (4, ) or pCRMP2
(phosphorylated, B) or tCRMP2 (total, D) and then analyzed by immunoblotting (IB). Normal IgG was used as control IPs. E, PP2A
dephosphorylates CRMP2 at Thr514 measured in N2a cells. Cells were transfected with DsRed-wtPP2A or DsRed-pcDNA for 48 h and
then the levels of pCRMP2, tCRMP2, and PP2Ac were measured by Western blotting. DM1A against ce-tubulin was used as a loading
control. F, PP2A dephosphorylates CRMP2 at Thr514 measured in hippocampal neurons. Hippocampal neurons were transfected
with DsRed-pcDNA or DsRed-wtPP2A at 24 hiv and then fixed at 72 hiv for anti-pT514-CRMP2 staining. Note that the neurons
expressing PP2A show weaker staining of anti-pT514-CRMP2 (arrows) than those without expressing PP2A or expressing DsRed
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CRMP2 was coexpressed with wtPP2A
(Fig. 7B). Quantitative data showed that
the axon length increased ~1.4-fold by
coexpression of wtCRMP2 and wtPP2A
compared with wtPP2A alone, but the
increase was no longer detected when
T514D-CRMP2 was expressed (Fig.
7D). Furthermore, the axon numbers
increased 2.1-, 2.2-, and 3.0-fold by
wtPP2A, wtCRMP2, and wtPP2A plus wt-
CRMP2, respectively, but the increase was
not detected when T514D-CRMP2 was co-
expressed with wtPP2A (Fig. 7E). Approxi-
mately 55% of the neurons grew multiple
axons and <<10% of the neurons did not
grow axon when wtCRMP2 and wtPP2A
were coexpressed, whereas only ~8% of the
neurons grew multiple axons when T514D-
CRMP2 was coexpressed (Fig. 7F). We also
found that coexpression of T514A-CRMP2,
the dephosphorylated mutant, could rescue
the siPP2Ac-induced retardation of axono-
genesis (supplemental Fig. 44, available at
www.jneurosci.org as supplemental mate-
rial), whereas expression of T514A alone
could augment axon outgrowth as reported
previously (Yoshimura et al., 2005). Quan-
titative data showed that compared with
siPP2A plus vector group, both axon
length and the number were significantly
increased in siPP2A plus T514A-CRMP2
group (supplemental Fig. 4 B, C, available
at www.jneurosci.org as supplemental ma-
terial). These data further support that
PP2A facilitates axonogenesis by dephos-
phorylating CRMP2 at Thr514.

We also coexpressed in the hippocam-
pal neurons EGFP, EGFP-wtCRMP2, or
the T514D-CRMP2 mutant with DsRed at
24 hiv and measured the role of CRMP2
in axonogenesis at 3 div. We found that
wtCRMP2 could enhance axon elonga-
tion, whereas expression of T514D mu-
tant did not show any stimulating effects
(data not shown), which further con-
firmed the role of CRMP2 dephosphory-
lation at Thr514 in axonogenesis in our
culture system.

; .- -65
-

DsRed wtPP2A

Merged

PP2Ac is enriched in the distal axon of the neurons

The polarized localization of specific guidance molecules plays a
crucial role in axonogenesis (Arimura and Kaibuchi, 2007).
Therefore, we detected the distribution of PP2Ac in the growing
axons. We expressed EGFP in the dissociated hippocampal neu-
rons before plating, and colabeled the neurons with EGFP and
anti-PP2Ac at 12 hiv, 24 hiv, and 48 hiv (Fig. 8A), respectively.
We found that PP2Ac was initially present in all neurites of the
unpolarized neurons (Fig. 8 B), but it was preferentially enriched
in the distal segment of the nascent (Fig. 8C) and maturing axons,
extending into the tips of axons (Fig. 8 D). This polarized local-
ization of PP2Ac in the axon was further confirmed by Tau-1
staining (Fig. 8E, F).
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Discussion

A general axon dystrophy has been ob-
served in several neurodegenerative disor-
ders, including AD (Martin-Rehrmann et
al., 2005). Therefore, preservation of the
axons may help to prevent and rescue
neurodegeneration. Recent studies have
shown that the asymmetric neurite out-
growth and axon specification involve cy-
toskeleton rearrangements and protein
trafficking, which is regulated by diverse
signaling molecules (Jiang et al., 2005;
Oliva et al., 2006; Sosa et al., 2006; Yan et
al., 2006). PP2A plays a crucial role in de-
phosphorylating microtubule-associated
protein tau (Wang et al., 1995), an impor-
tant cytoskeleton protein. Knockout of
PP2A islethal in the early embryonic stage
(Gotz et al., 1998). Moreover, the activity
of PP2A is significantly decreased with a
concomitant degeneration of the neuro-
nal axons in AD brain (Gong et al., 1993;
Vogelsberg-Ragaglia et al., 2001). All these
suggest a critical role of PP2A in axon de-
velopment and maintenance. However, the
direct link of PP2A with axonogenesis has
not been reported. By pharmacological in-
hibition, dominant-negative downregula-
tion, and siRNA knockdown of PP2A, we
demonstrate here that PP2A is essential for
axon formation and outgrowth in hip-
pocampus and cortex neurons both in vivo
and in vitro. Moreover, both pharmacolog-
ical activation and genetic overexpression of
wtPP2A remarkably promote axonogenesis
in cultured hippocampal neurons. Previous
studies demonstrated that suppression of
PP2A led to neurite retraction (Leuba et al.,
2008) and inhibited bipolar projection in
N2a cells (Tanaka et al., 1995), whereas the
two neuron-enriched B’ regulatory sub-
units, B'B and B’ 8, promote neuritogenesis
and differentiation of PCI12 cells (Van
Kanegan and Strack, 2009). Our results here
provide the first evidence showing that
PP2A is essential for axon development
and upregulation of PP2A facilitates
axonogenesis.

The neuronal axons can be evaluated
by the relative length and specific molec-
ular markers, such as Synl and Tau-1, and the function of the
axons is usually examined by the vesicle recycle (Jiang et al.,
2005). To explore whether the neogenetic axons did possess
normal synaptic functions, we measured the uptake and re-
lease functions of the axons in cultured hippocampal neurons.
We found that FM4-64 was quickly taken into the axons in nor-
mal neurons by 45 mm K™ treatment and it was depleted by a
subsequent stimulation of 90 mm K . With stimulation of PP2A,
the neogenetic axons could uptake and release the dye as effi-
ciently as the control neurons. These data reveal that the neoge-
netic axons formed by upregulating PP2A not only fit in with the
structural characteristics of the axons but also possess the vesicle

Axon length in SA neurons
(% of DsRed+GFP)

Figure 7.
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Coexpression of T514D-CRMP2 abolishes the axon-promoting effects of PP2Ac. A—C, The representative neurons
were cotransfected with DsRed-wtPP2A and EGFP-vector (A), or DsRed-wtPP2A and EGFP-T514D-CRMP2 (B), or DsRed-wtPP2A
and EGFP-wtCRMP2 (€) (1:1) at 24 hiv and then colabeled with Tau-1 (blue) at 3 div. D—F, Quantification of the relative axon length
(D; n = ~20-30), neurite numbers (S, neurons with single axons; M, neurons with multiple axons) (E; n = ~26-36), and the
proportion of the neurons with no axon (NA), single axon (SA), and multiple axons (MA) (F,n = ~26 -36). Mean == SEM; **p <
0.01, versus DsRed+EGFP; ##p << 0.01, wtPP2A/wtCRMP2 versus wtPP2A/EGFP; AAp << 0.01, wtPP2A/wtCRMP2 versus
wtPP2A/T514D-CRMP2. Scale bars, 20 wm (10 m for insets).

uptake and release functions, which makes PP2A a promising
target for the regeneration of functional synapses. Furthermore,
as upregulation of PP2A could rescue the okadaic acid-restrained
axonogenesis, which mimics the pathological changes observed
in AD brain, itimplies that PP2A may serve as a therapeutic target
in preventing AD neurodegeneration.

The axon outgrowth involves intricate processes. There-
fore, the underlying mechanism for the axonogenesis induced by
upregulation of PP2A is not fully understood. As a microtubule-
binding protein, CRMP?2 is expressed exclusively in the develop-
ing nervous system (Wang and Strittmatter, 1996), and it plays an
important role in the regulation of axon formation during neu-
ronal polarization (Arimura et al., 2004; Arimura and Kaibuchi,
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2007). Recent studies show that overexpression of constitutively
active GSK-3f3 causes impairment of neuronal polarization,
whereas the unphosphorylated CRMP2 counteracts the inhibi-
tory effects of GSK-383, which indicates that GSK-3f3 regulates
neuronal polarity through phosphorylation of CRMP2. Further-
more, suppressing the phosphorylation of CRMP2 by NT-3 and
brain-derived neurotrophic factor (BDNF) promotes the axon
outgrowth (Yoshimura et al., 2005). According to these data, we
speculate that PP2A may exert the function through dephospho-
rylating CRMP2. Therefore, we detected the phosphorylation
status of CRMP2 while manipulating the activity of PP2A. We
found that the CRMP2 was dephosphorylated at Thr-514 in neu-
rites of the neurons overexpressing wtPP2A and downregulation
of PP2A increased the phosphorylation of CRMP2, which is the
first direct evidence showing dephosphorylation of CRMP2 by
PP2A. Furthermore, coexpression of wtCRMP2 with wtPP2A in-
duced more robust axon outgrowth than expressing PP2A or
CRMP2 alone, and expression of the dephosphomimic CRMP2
(T514A) could rescue the axon retardation induced by PP2A
inhibition. CRMP2 can regulate microtubule assembly, actin fil-
ament reorganization, and protein trafficking in the axons
(Arimura and Kaibuchi, 2005). The phosphorylated CRMP2 at
Thr-514 loses the ability to interact with tubulin dimer and thus
disrupts the formation of microtubules (Fukata et al., 2002),
whereas overexpression of an unphosphorylated CRMP2 effi-
ciently induces the formation of multiple axons (Yoshimura et
al,, 2005). By mass spectrometry, it has been demonstrated that
inhibition of PP2A by OA can induce phosphorylation of
CRMP2 (Hill et al., 2006). The phosphorylated CRMP2 was also
detected in the AD brains (Gu et al., 2000), in which the activity of
PP2A decreased prominently (Gong et al., 1993; Vogelsberg-

Ragaglia et al., 2001). These data together strongly suggest that
PP2A promotes axonogenesis by dephosphorylating CRMP2.
PP2A is the most active phosphatase in dephosphorylating tau
(Wang et al., 1996), however, tau dephosphorylation by PP2A
should lead to inhibition of axonogenesis because phosphoryla-
tion of tau at Ser262 promotes axon formation (Kishi et al.,
2005). Additionally, PP2A also dephosphorylates axonal neuro-
filament proteins (Veeranna et al., 1995) and overexpression of
PP2ABvy promotes differentiation of PC12 cells by activating the
mitogen-activated protein kinase cascade (Strack, 2002), which
may impact the axon development. Whether these effects of
PP2A are also on the pathway of the observed neuronal axono-
genesis deserves further investigations.

As the mature neurons are not repleviable, the axon out-
growth of the neurons in the adult brain must have been contin-
uously tuned to sustain physiological plasticity and repair of the
damages. The observation that the axons from adult central
nerves system can regenerate into peripheral nerve implants
(Wictorin et al., 1990), together with the discovery that myelinat-
ing oligodendrocytes express neurite growth-inhibitory proteins
(Schwab et al., 1993), has led to the notion that the neurons from
CNS may be intrinsically able to regenerate their neurites, but fail
to do so because of deficits of the promoting factors, such as PP2A
in AD brain. The upstream factors that regulate PP2A activity are
currently not very clear. A recent study demonstrates that the
BDNF can activate PP2A (Takei et al., 2009). We propose that
PP2A may be one of these intrinsic neuronal determinants for
promoting axon outgrowth; therefore, the deficits of PP2A ob-
served in the AD brains may be a critical factor for the neurode-
generation. Different from PP2A, GSK-33 and MARK2 may play
a negative role in axonogenesis because inactivation of the ki-
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nases facilitates the formation of the axons (Jiang et al., 2005;
Yoshimura et al., 2005; Chen et al., 2006), whereas upregulation
of GSK-3 inhibits the axon formation (Jiang et al., 2005). Cur-
rently, one of the major approaches aimed to regenerate the in-
jured neurons is to promote recovery of the connectivity. We
believe that upregulation of PP2A may be at least a worthwhile try
for the regeneration of the axons, especially in AD patients, in
which the activity of PP2A is significantly downregulated.
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