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Neurons are highly polarized cells that possess two morphologically and functionally different types of protrusions, axons and dendrites,
that function in the transmission and reception of neural signals, respectively. A great deal of attention has been paid to the specification
and guidance of axons, but the mechanism of dendrite development remains mostly unknown. We report here that a polarity-regulating
kinase, partitioning-defective 1 (Par1b)/microtubule affinity-regulating kinase 2 (MARK2), specifically regulates development of den-
drites in hippocampal neurons. Ectopic expression of Par1b/MARK2 shortens the length and decreases branching of dendrites without
significant effects on axons. Knockdown of endogenous Par1b/MARK2 by RNA interference stimulates dendrite development. Wnt
stimulation and Dishevelled expression, both of which are known to induce dendrite development, induced recruitment of Par1b/MARK2
to the membrane fraction. Expression of a Par1b/MARK2 mutant, that contains a myristoylation signal and accumulates exclusively in
membranes, does not affect dendrite development. In addition, Par1b/MARK2 efficiently phosphorylated MAP2, which is localized
mainly in dendrites. These results indicate that Par1b/MARK2 negatively regulates dendrite development through phosphorylation of
MAP2.
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Introduction
Partitioning-defective 1 (Par1) is a serine/threonine kinase orig-
inally identified as a polarity-regulating gene product in Caeno-
rhabditis elegans (Guo and Kemphues, 1995). In mammals, there
are several Par1-related proteins (Tassan and Le Goff, 2004), and
Par1b is the best characterized. The polarity-regulating function
of Par1 is evolutionarily conserved, and it has been shown that
Par1 is important in the regulation of apical-basolateral polarity
of epithelial cells (Bohm et al., 1997; Cohen et al., 2004a,b; Hurov
et al., 2004; Suzuki et al., 2004).

Illenberger et al. (1996) discovered the serine/threonine ki-
nase microtubule affinity regulating kinase (MARK) as an or-
tholog of C. elegans Par1, which phosphorylates several
microtubule-binding proteins (MAPs). In vitro, MARK phos-

phorylates MAPs, causing them to detach from microtubules,
and destabilizes the microtubules (Drewes et al., 1997). Indeed,
overexpression of MARK in Chinese hamster ovary (CHO) cells
induces destruction of the microtubule cytoskeleton (Illenberger
et al., 1996).

In mammalian epithelial cells, Par1/MARK localizes predom-
inantly at basolateral membranes and is excluded from apical
areas (Bohm et al., 1997). Par1/MARK is phosphorylated by atyp-
ical protein kinase C (aPKC) (Hurov et al., 2004; Kusakabe and
Nishida, 2004; Suzuki et al., 2004), and then moves to the cytosol.
aPKC localizes at the tight junctions, and thus this phosphoryla-
tion results in the exclusion of Par1/MARK from apical areas.
However, it remains controversial whether cytosolic Par1/MARK
is catalytically and biologically active.

A previous report indicated that Par1b/MARK2 is essential for
axon specification of hippocampal neurons in culture (Chen et
al., 2006). Hippocampal neurons have been used routinely for
analyses of axon-dendrite polarity formation and maintenance.
In the axon-specification process, it has been shown that several
molecules, such as CRMP2 (Inagaki et al., 2001), play critical
roles (Arimura and Kaibuchi, 2005; Wiggin et al., 2005). Overex-
pression of Par1b/MARK2 induced formation of neurons with-
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out axons and knockdown of endogenous Par1b/MARK2 re-
sulted in neurons with multiple axons (Chen et al., 2006). These
results clearly indicate that Par1b/MARK2 acts negatively in the
axon-specification process.

Accumulating data suggest the importance of Wnt signaling
in dendrite development after axon specification. Stimulation of
cells with Wnt or Wnt antagonist results in elongation or retrac-
tion of dendrites, respectively (Rosso et al., 2005). Interestingly,
such dramatic effects were observed specifically in dendrites. It
was also reported that Wnt is secreted by neurons and that depo-
larizing stimuli further augments this secretion (Yu and Malenka,
2003). This occurs through Ca 2�/calmodulin-dependent protein
kinase I and the transcription factor CREB, resulting in the de-
velopment of dendrites (Wayman et al., 2006). Together, these
data firmly establish the involvement of Wnt signaling in den-
drite development. But the molecular mechanism of how Wnt
signaling regulates specifically dendrite development remains
unclear.

In this study, we perform functional analyses of Par1b/
MARK2 in hippocampal neurons and find that Par1b/MARK2
negatively regulates dendrite development. Wnt signaling in-
duces translocation of Par1b/MARK2 from the cytosol to the
membrane and blocks the negative effect of Par1b/MARK2 on
dendrite development. In addition, we find that Par1b/MARK2
specifically phosphorylates MAP2, a microtubule-stabilizing
protein that accumulates in dendrites, which may explain the
dendrite-specific effect of Par1b/MARK2.

Materials and Methods
Plasmids. The full-length human Par1b/MARK2 cDNA (GenBank acces-
sion number AB271694) was cloned by PCR from a human embryonic
kidney 293 (HEK293) cell cDNA library. Point mutations in Par1b/
MARK2 were introduced with a Site-directed Mutagenesis Kit (Strat-
agene, La Jolla, CA). The Src myristoylation signal sequence was added to
Par1b/MARK2 using the PCR to generate Myr�Par1b/MARK2.
MyrA2�Par1b/MARK2 differs from Myr�Par1b/MARK2 in the glycine
on which myristoylation occurs is replaced with alanine. The full-length
Dvl1 and Dvl-DEP/CT constructs were prepared in the previous study
(Funato et al., 2006). The other deletion constructs of Dvl1 were gener-
ated by digestion with appropriate restriction enzymes or PCR. Amino
acid residue numbers of the deletion constructs are as follows: �DIX1
(69 – 670), �DIX2 (244 – 670), PDZ (PSD-95/Dlg/ZO-1)/DEP
(Dishevelled-Eg110-Pleckstrin) (69 – 499), PDZ/DEP2 (244 – 499) and
DIX/PDZ (1–379).

Cell culture and transfection. L-Wnt3a cells were purchased from
American Type Culture Collection (Manassas, VA). COS-7 and L cells
were maintained in DMEM supplemented with 10% fetal bovine serum.
NIH3T3 cells were maintained in DMEM with 10% calf serum. Cells
were transfected with LipofectAMINE or LipofectAMINE 2000 (Invitro-
gen, Carlsbad, CA) according to the manufacturer’s instructions. For the
microtubule stabilization assay, cells were treated with 5�M nocodazole
(Sigma, St. Louis, MO) for 1 h before fixation. Primary hippocampal
cultures were prepared from embryonic day 18 rat embryos. Neurons
(10 5 cells/cm 2) were seeded on poly-D-lysine and laminin-coated cover-
slips (BD Biosciences, San Jose, CA) in neurobasal medium and trans-
fected after 2 d with LipofectAMINE 2000.

RNA interference. Duplex siRNAs for rat Par1b/MARK2 were purchased
from Invitrogen. Nucleotide sequences were Par1b/MARK2-siRNA#1,
sense, 5�-AAACCGAACACCGUUGAGAGACAGC-3� and antisense, 5�-
GCUGUCUCUCAACGGUGUUCGGUUU-3�; Par1b/MARK2-siRNA#2,
sense, 5�-AAUAAACUUCUGGUGACAGUACUGC-3� and antisense, 5�-
GCAGUACUGUCACCAGAAGUUUAUU-3� and negative control, sense,
5�-AAAUGGCGUCGCGUUCCUUUAGAGG-3� and antisense, 5�-CCU-
CUAAAGGAACGCGACGCCAUUU-3�.

Subcellular fractionation. Subcellular fractionation was performed as
described by Behrmann et al (2004). In brief, cells were washed once with

ice-cold PBS, collected with a cell scraper on ice and suspended in hypo-
tonic buffer [10 mM Tris-HCl, pH 7.5, 10 mM NaCl, 3 mM MgCl2, 1 mM

EDTA, 1 mM DTT, 0.1 mM phenylmethylsulfonyl fluoride (PMSF), 0.5
mM sodium orthovanadate, 10 �g/ml leupeptin, 10 �g/ml aprotinin].
Cells were incubated on ice for 15 min and then homogenized. The
homogenate was centrifuged at 500 rpm for 15 min at 4°C to remove
nuclei. The supernatant was centrifuged again at 12,500 � g at 4°C. The
resulting supernatant and pellet were used as the cytosol and the mem-
brane fraction, respectively.

Cell lysis, immunoprecipitation, and Western blot analyses. Cells were
harvested with lysis buffer (50 mM Tris-HCl, pH 7.5, 150 mM NaCl, 5 mM

EDTA, 0.5% Triton X-100, 0.1 mM PMSF, 0.5 mM sodium orthovana-
date, 10 �g/ml leupeptin, 10 �g/ml aprotinin). Lysate were centrifuged at
15,000 rpm at 4°C, and the supernatant was incubated with appropriate
antibodies and protein G-Sepharose (Pierce, Rockford, Il) at 4°C for 2 h.
Immunoprecipitates were washed four times with lysis buffer, separated
by SDS-PAGE and transferred to a polyvinylidene difluoride membrane.
Membranes were blocked with 10% fat-free dry milk in PBS with 0.05%
Tween 20, incubated with primary antibodies and then incubated with
alkaline phosphatase-conjugated anti-mouse IgG or anti-rabbit IgG
(Promega, Madison, WI) for detection. Quantification by optical density
was done with NIH Image software. Each experiment was repeated at
least three times.

Immunofluorescence microscopy. Cells were washed with PBS and fixed
with 3.7% formaldehyde in PBS for 15 min. Cells were then permeabil-
ized with 0.2% Triton X-100 in PBS for 5 min. For tubulin staining, cells
were fixed with methanol at on ice for 3 min and rehydrated three times
for 5 min with PBS. After blocking with 2% BSA in PBS for 10 min, cells
were incubated for 1 h with the primary antibody diluted in blocking
buffer. After three 5 -min washes with PBS, cells were incubated for 30
min with appropriate secondary antibodies diluted in blocking buffer.
Washed with PBS, coverslips were mounted and immunofluorescence
was observed with a confocal scanning laser microscope (Radiance 2000;
Bio-Rad, Hercules, CA). Fluorescence images were processed with
Adobe (San Jose, CA) Photoshop software.

Antibodies. The following antibodies were used: monoclonal anti-�-
tubulin, monoclonal anti-Flag and monoclonal anti-MAP2 antibodies
(Sigma); monoclonal anti-Tau1 antibody (clone PC16C that preferen-
tially recognizes dephosphorylated Tau) (Millipore, Billerica, MA);
monoclonal anti-human transferrin receptor antibody (Zymed, South
San Francisco, CA); rabbit polyclonal anti-c-Myc antibody (Santa Cruz
Biotechnology, Santa Cruz, CA); Alexa Fluor 488 goat anti-rabbit IgG
and anti-mouse IgG, Alexa Fluor 546 goat anti-rabbit IgG and anti-
mouse IgG and Alexa Fluor 633 goat anti-rabbit IgG (Invitrogen). Anti-
Par1b/MARK2 antibody (Suzuki et al., 2004) and anti-Dvl antibody (Fu-
nato et al., 2006) were prepared as parts of previous studies.

Protein purification and in vitro kinase assay. Recombinant Par1b/
MARK2 and recombinant Tau expressed in Escherichia coli (BL21) with
an N-terminal His-tag was purified with Ni-NTA beads (Qiagen, Hilden,
Germany). Purification of dephosphorylated Tau and MAP2 from por-
cine brains was performed as described previously (Itoh and Hotani,
1994). In brief, crude microtubules, which also contain several MAPs,
were obtained by ultracentrifugation. Microtubules were dephosphory-
lated with calf-intestine alkaline phosphatase and then boiled for 5 min in
the presence of 0.8 M NaCl and 50 mM �-mercaptoethanol. The resulting
dephosphorylated Tau and MAP2 were separated by gel filtration with
Superdex 200 (GE Healthcare, Piscataway, NJ). Protein concentrations
were determined by the Lowry method with bovine serum albumin as the
standard. Kinase activities were assayed in 50 mM Tris-HCl, pH 7.5, 5 mM

MgCl2, 2 mM EGTA, 0.5 mM PMSF, and 0.5 mM DTT, at 30°C in the
presence of [�- 32P]ATP. Hymenialdisine (HD) (Biomol, Plymouth
Meeting, PA) was added to a final concentration of 50 �M.

In vivo phosphorylation of MAP2. Examination of phosphorylation
status of MAP2 was performed as described previously (Takenaka et al.,
2007) with a minor modification. In brief, NIH3T3 cells were transfected
with indicated constructs. After 48 h transfection, cells were washed twice
with phosphate-free medium and incubated with [ 32P]orthophosphate
at final concentration of 1mCi/ml in phosphate-free medium for 6 h, and
then harvested with lysis buffer. The lysates were immunoprecipitated

Terabayashi et al. • Par1b/MARK2 Inhibits Dendrite Development J. Neurosci., November 28, 2007 • 27(48):13098 –13107 • 13099



with anti-FLAG antibody, followed by Western
blot analysis and autoradiography.

Statistics. All results are shown as mean �
SEM. Significance was determined by two-
tailed Student’s t test.

Results
Ectopic expression of Par1b/MARK2
specifically inhibits
dendrite development
To investigate the function of Par1b/
MARK2 after axon specification, we tran-
siently expressed Flag-tagged Par1b/
MARK2 (Flag-Par1b/MARK2) in rat
hippocampal neurons cultured for 2 d, at
which point polarity (axon specification)
is known to have been established (Dotti et
al., 1988). At 48 h after transfection, the
control green fluorescence protein (GFP)-
expressing neurons showed normal neu-
ronal morphology, consisting of a single
long neurite (probably an axon) and sev-
eral short neurites (probably dendrites). In
contrast, neurons expressing wild-type
(WT) Par1b/MARK2 had an abnormal
morphology, with one long neurite and a
few very short neurites (Fig. 1A). The
morphology of neurons expressing the
kinase-negative mutant (KN) of Par1b/
MARK2 did not differ significantly from
that of the control (GFP-expressing) neu-
rons (Fig. 1A). To investigate the morpho-
logic change in more detail, we performed
staining analyses with Tau and MAP2,
which are localized primarily in axon and
dendrites, respectively, in cultured neu-
rons after establishment of polarity (Kosik
and Finch, 1987). We found that the single
long neurite in Par1b/MARK2 WT ex-
pressing neuron was an axon (Fig. 1B). We
then examined length and branching in
axon or dendrites. The axon length of
Flag-Par1b/MARK2 WT expressing neu-
ron was a little longer than that of control
GFP-expressing neuron (data not shown),
as reported previously (Uboha et al.,
2007). However, there was a clear differ-
ence in the morphology of dendrites. The
control GFP-expressing neurons had a to-
tal dendrite length of 706.26 � 32.23 �m,
whereas Par1b/MARK2 WT expressing
neurons had a length of 297.74 � 21.15
�m ( p � 0.0001) (Fig. 1C). Expression of
Par1b/MARK2 WT also decreased the
number of dendrite branches, as quantified by the total dendrite
branching tip number (TDBTN; 6.24 � 0.40, p � 0.0001) com-
pared with the GFP-expressing neurons (16.01 � 0.70) (Fig. 1D).
In contrast, expression of Par1b/MARK2 KN did not significantly
affect the length or branching of dendrites. These results suggest
that Par1b/MARK2 negatively regulates dendrite development,
but not of axon, in a kinase activity dependent manner.

Expressed Flag-Par1b/MARK2 WT was observed in axons, den-
drites, and cell body (Fig. 1A,B). Furthermore, we investigated lo-

calization of endogenous Par1b/MARK2. The anti-Par1b/MARK2
antibody, which was used for immunofluorescence analyses in
MDCK epithelial cells, clearly recognized endogenous proteins in
neurons in Western-blotting analysis (supplemental Fig. 1A, avail-
able at www.jneurosci.org as supplemental material). Using this an-
tibody, we performed immunofluorescence analysis in hippocampal
neurons, and found that endogenous Par1b/MARK2 localized in a
similar manner as expressed Flag-Par1b/MARK2 (supplemental Fig.
1B, available at www.jneurosci.org as supplemental material). These

Figure 1. Expression of Par1b/MARK2 inhibits development of dendrites of rat hippocampal neurons. A, Rat hippocampal
neurons cultured for 2 d were transfected with DsRed and GFP, Flag-Par1b/MARK2 WT, or KN, and then subjected to immunoflu-
orescence microscopy. Cells were visualized by direct observation of DsRed fluorescence in addition to GFP fluorescence or staining
with anti-Flag antibody. The boxed areas are magnified and shown at the right side. Arrowheads indicate the tip of each neurites.
Scale bar, 50 �m. B, Neurons expressing only GFP or GFP with Flag-Par1b/MARK2 WT were visualized by GFP fluorescence and
staining with anti-MAP2 (red) and anti-Tau1 (blue) antibodies. The boxed areas are magnified and shown at the right side.
Arrowheads and arrows indicate neurites that are positive for Tau and MAP2 staining, respectively. Scale bar, 100 �m. C, D,
Quantification of a total dendrite length (C) and TDBTN (total dendrite branching tip number, D) of neurons transfected with the
indicated constructs. All data are mean � SEM (n � 30). *p � 0.0001.
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results implicate the possibility that Par1b/MARK2 can function in
both axons and dendrites.

Dendrite development in response to RNA interference-
mediated knockdown of Par1b/MARK2
To confirm the involvement of Par1b/MARK2 in dendrite devel-
opment, we performed a loss-of-function analysis of endogenous
Par1b/MARK2. We used small-interfering (si) RNAs to reduce
expression of Par1b/MARK2. We found that two different siR-
NAs, Par1b/MARK2-siRNA#1 and Par1b/MARK2-siRNA#2, ef-
ficiently suppressed expression of endogenous Par1b/MARK2 in

3Y1 rat embryonic fibroblasts (Fig. 2A).
We next transfected rat hippocampal neu-
rons with these siRNAs together with GFP
as a marker for visualization of neuron
morphology. Neurons transfected with
each siRNA had longer and more
branched neurites than did control
siRNA-transfected neurons (Fig. 2B). Im-
munostaining of MAP2 and Tau revealed
that the long neurites that were formed af-
ter Par1b/MARK2-siRNA transfection
were dendrites (Fig. 2C,D). When we
quantified the total length and branching
tip numbers of the dendrites, we found
that the length was longer and the num-
bers were significantly higher in Par1b/
MARK2 knock down cells than in control
cells (Fig. 2E,F).

To further confirm that these effects
were the consequence of specific suppres-
sion of endogenous Par1b/MARK2, we co-
transfected cells with a plasmid expressing
human Par1b/MARK2 and Par1b/
MARK2-siRNA#1. The Par1b/MARK2-
siRNA#1 was designed against rat Par1b/
MARK2, and there are several mismatches
between the nucleotide sequences of
Par1b/MARK2-siRNA#1 and the corre-
sponding region of human Par1b/
MARK2. We confirmed that expressed hu-
man Par1b/MARK2 was resistant to the
effect of Par1b/MARK2-siRNA#1 (supple-
mental Fig. 2, available at www.
jneurosci.org as supplemental material).
The coexpression studies in neurons re-
vealed that exogenously expressed Par1b/
MARK2 rescued the phenotype caused by
Par1b/MARK2-siRNA (Fig. 2E,F). To-
gether with the results of our overexpres-
sion analysis (Fig. 1), it is clear that Par1b/
MARK2 negatively regulates dendrite
development.

Par1b/MARK2 functions
antagonistically against Dvl in
dendrite development
Dishevelled (Dvl) is an essential compo-
nent of Wnt signaling (Wallingford and
Habas, 2005; Malbon and Wang, 2006),
which regulates dendrite development
(Rosso et al., 2005). It has been reported
that Dvl interacts with Par1 in Drosophila

(Sun et al., 2001). Thus, we examined the possible relation be-
tween Par1b/MARK2 and Dvl during dendrite development.
When we ectopically expressed Dvl in hippocampal neurons,
they had longer and more branched dendrites than did the con-
trol neurons (Fig. 3A), as reported previously (Rosso et al., 2005).
In contrast, coexpression of Par1b/MARK2 WT with Dvl blocked
the effect of Dvl overexpression on elongation and branching of
dendrites (Fig. 3B,C). Par1b/MARK2 KN had no significant ef-
fect. These results suggest that Par1b/MARK2 has an antagonistic
effect on Dvl in dendrite development (Fig. 3B,C).

Figure 2. RNA interference-mediated knockdown of Par1b/MARK2 induces dendrite development. A, 3Y1 cells were trans-
fected with the indicated siRNAs, and lysates were subjected to immunoblotting with anti-Par1b/MARK2 antibody and anti-�-
tubulin antibody. B, Hippocampal neurons cultured for 2 d were transfected with the indicated siRNAs and GFP for visualization of
cells. C, D, Neurons transfected with Par1b/MARK2-siRNA#1 were visualized by cotransfected GFP and immunostaining with
anti-MAP2 (C) or anti-Tau1 (D) antibodies, respectively. The boxed areas are magnified and shown at the right side (GFP, green;
MAP2 or Tau, red). Merged images are also indicated. Arrows indicate neurites with positive for MAP2 staining (C) and negative for
Tau staining (D). Arrowheads indicate neurites with negative for staining of MAP2 (C) and positive for staining of Tau (D). Scale
bars: B–D, 50 �m. E, F, Quantification of a total dendrite length (E) and TDBTN (F ) of neurons transfected with the indicated
siRNAs. Data are mean � SEM (n � 30). *p � 0.0001.
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Recruitment of Par1b/MARK2 to the
membrane fraction by Dvl expression or
Wnt stimulation
We then addressed the molecular mecha-
nism of the antagonistic action of Par1b/
MARK2 on Dvl. Par1b/MARK2 phos-
phorylates MAPs (Illenberger et al., 1996;
Drewes et al., 1997), and our experiments
using the KN mutant of Par1b/MARK2
implicated that the kinase activity of
Par1b/MARK2 is important in dendrite
development. Therefore, we first exam-
ined whether Dvl inhibited the kinase ac-
tivity of Par1b/MARK2. Although we per-
formed in vitro kinase assays with myelin
basic protein as the substrate of anti-Flag
immunoprecipitates of lysates of COS-7
cells expressing Flag-Par1b/MARK2, we
did not observe any significant change in
the kinase activity after coexpression of
Dvl (supplemental Fig. 3, available at
www.jneurosci.org as supplemental mate-
rial). However, the amount of Flag-Par1b/
MARK2 in the membrane fraction was in-
creased in response to coexpression of Dvl
(Fig. 4A), and in the presence of Dvl, the
signal of Flag-Par1b/MARK2 in the mem-
brane fraction showed a significant shift
toward higher molecular weight (Fig. 4A).
This mobility shift is attributable to phos-
phorylation because the shift was absent
after alkaline phosphatase treatment (sup-
plemental Fig. 4A, available at www.jneu-
rosci.org as supplemental material). LKB1,
MARK kinase (MARKK) and aPKC are re-
ported to phosphorylate Par1b/MARK2.
LKB1 and MARKK phosphorylate Thr-
208 in the activation loop of Par1b/
MARK2 (Timm et al., 2003; Lizcano et al.,
2004), and aPKC phosphorylates Thr-595
in the shaft region of Par1b/MARK2
(Hurov et al., 2004; Kusakabe and Nishida,
2004; Suzuki et al., 2004). We therefore examined whether these
residues were involved in the mobility shift or translocation of
Par1b/MARK2 in the presence of Dvl, but we did not observe so
significant differences between WT and the Ala-substituted mu-
tants for the phosphorylation sites (supplemental Fig. 4B,C,
available at www.jneurosci.org as supplemental material). We
examined whether phosphorylation of endogenous Par1b/
MARK2 occurred in response to Wnt stimulation, not only to
Dvl expression. However, we did not observe any shift in the
mobility of Par1b/MARK2 in cells treated with Wnt3a-
conditioned medium (CM) (data not shown) and, thus, we did
not perform more detailed analyses of the phosphorylation.

We next examined whether Par1b/MARK2 was recruited to
the membrane fraction in response to Wnt stimulation in neu-
rons. Rat hippocampal neurons were treated with Wnt3a CM,
and cell lysates were separated into cytosol and membrane frac-
tions. The amount of Par1b/MARK2 in the membrane fraction
increased in neurons treated with Wnt3a CM (Fig. 4B,C). Dvl
was also recruited to the membrane fraction in response to
Wnt3a CM (Fig. 4B,D). These results strongly suggest that Dvl

recruits Par1b/MARK2 to the membrane fraction, and that
Par1b/MARK2 was regulated by Wnts.

Because Wnt treatment induces dendrite development, we
hypothesized that cytosolic Par1b/MARK2 negatively regulates
dendrite development. To address this issue, we constructed
Myr�Par1b/MARK2, which has a myristoylation sequence to
force Par1b/MARK2 to the membrane, and MyrA2�Par1b/
MARK2, which acts as an inactive control because the myristoy-
lated glycine was converted to alanine (Fig. 4E). We confirmed
that Myr�Par1b/MARK2 was present exclusively in the mem-
brane fraction, whereas MyrA2�Par1b/MARK2 and Par1b/
MARK2 WT were present in both membrane and cytosolic frac-
tions (Fig. 4F). We transfected hippocampal neurons with these
Par1b/MARK2 mutants (Fig. 4G). As expected, the Myr�Par1b/
MARK2-expressing neurons had a total dendrite length of
793.24 � 44.32 �m, which is similar to that of the control GFP-
expressing neurons, whereas the MyrA2�Par1b/MARK2-
expressing neurons had a total dendrite length of 415.31 � 32.77
�m (Fig. 4H). Expression of MyrA2�Par1b/MARK2 also de-
creased TDBTN, as did Par1b/MARK2 WT, whereas expression
of Myr�Par1b/MARK2 had no effect on TDBTN (Fig. 4 I). These

Figure 3. Dvl antagonizes Par1b/MARK2 in dendrite development. A, Hippocampal neurons cultured for 2 d were transfected
with the indicated constructs. Cells were visualized with cotransfected GFP and immunostaining with anti-Flag antibody (Par1b/
MARK2) and anti-Myc antibody (Dvl). Scale bar, 50 �m. B, C, Quantification of a total dendrite length (B) and TDBTN (C) of neurons
expressing the indicated constructs. All data are mean � SEM (n � 35). *p � 0.0001.
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results support the above mentioned hypothesis and suggest that
regulation of intracellular localization of Par1b/MARK2 is im-
portant for dendrite development induced by Wnt.

Microtubule-stabilizing activity of Dvl correlates with the
interaction with Par1b/MARK2
Because neurite extension occurs through reorganization of mi-
crotubules and because Dvl has been shown to be involved in
microtubule stabilization (Krylova et al., 2000), we next exam-

ined the relationship of Dvl and Par1b/
MARK2 in microtubule stabilization. We
expressed Dvl in NIH3T3 cells and exam-
ined the ability of Dvl to stabilize microtu-
bules (Fig. 5A). Consistent with a previous
report (Krylova et al., 2000), expression of
Dvl prevented destabilization of microtu-
bules by nocodazole. We then examined
the microtubule stabilizing activity of a se-
ries of Dvl-deletion constructs (Fig.
5B,C). Among the Dvl constructs, Dvl-
�DIX1, Dvl-PDZ/DEP1, and Dvl-DIX/
PDZ stabilized microtubules similar to full-
length Dvl, whereas other deletion mutants
did not induce stabilization. These results
suggest that the PDZ domain and surround-
ing sequences are necessary for microtubule
stabilization by Dvl, which is in agreement
with a previous report (Krylova et al., 2000).

We next examined the interaction be-
tween Dvl and Par1b/MARK2. The direct
interaction between recombinant Dvl and
Par1b/MARK2 was first analyzed. Pull-
down assays with purified GST-Dvl-His
and His-Par1b/MARK2 indicated their di-
rect interaction (supplemental Fig. 5A,
available at www.jneurosci.org as supple-
mental material). Furthermore, the inter-
action between Dvl and Par1b/MARK2 in
vivo was also observed (supplemental Fig.
5B, available at www.jneurosci.org as sup-
plemental material). Then, we investigated
the region of Dvl responsible for the inter-
action with Par1b/MARK2. Coexpression
and immunoprecipitation analyses re-
vealed that Dvl-�DIX1 and Dvl-PDZ/
DEP1 associated with Par1b/MARK2.
Dvl-DIX/PDZ also associated with Par1b/
MARK2, although this interaction ap-
peared to be weaker than that of the full-
length construct (Fig. 5B,D). Therefore,
the binding ability of Dvl with Par1b/
MARK2 correlates well with microtubule
stabilizing activity.

On the basis of these results, it was
thought that regulation of microtubule
stability by Dvl and Par1b/MARK2 should
be important for dendrite development.
We directly examined the effect of Par1b/
MARK2 on microtubule stabilization in-
duced by Dvl. Coexpression of Par1b/
MARK2 WT with Dvl clearly blocked the
microtubule stabilization induced by Dvl.
In contrast, coexpression of Par1b/

MARK2 KN had no significant effect on Dvl-induced microtu-
bule stabilization (Fig. 5E,F). Moreover, coexpression of
Myr�Par1b/MARK2 also had no significant effect on Dvl-
induced microtubule stabilization, whereas MyrA2�Par1b/
MARK2 did (Fig. 5F). These data suggest that intracellular local-
ization of Par1b/MARK2 and its kinase activity are also
important for microtubule stability. Then, we examined whether
Dvl could induce microtubule stabilization in neurons. As shown
in Figure 5G, Dvl induced microtubule stabilization also in neu-

Figure 4. Recruitment of Par1b/MARK2 to the membrane fraction by Dvl expression or Wnt stimulation. A, Lysates of COS-7
cells expressing Flag-Par1b/MARK2 with or without Myc-Dvl were separated into the cytosolic and membrane fractions. Each
fraction was analyzed by immunoblotting with indicated antibodies. Anti-�-tubulin antibody and anti-transferrin receptor
(TfnR) antibody were used as markers of cytosolic and membrane fractions, respectively. B, Lysates of hippocampal neurons
treated with Wnt3a CM (indicated as �) or control CM (indicated as �) were separated and subjected to immunoblotting
analyses with the indicated antibodies. C, D, Quantification of the relative intensity of each band on immunoblots probed with
anti-Par1b/MARK2 (C) and anti-Dvl (D) antibodies. All data are mean � SEM (n 	 3). *p � 0.01. E, Schematic diagrams of
Par1b/MARK2 mutants, Myr�Par1b/MARK2 and MyrA2�Par1b/MARK2. F, Lysates of COS-7 cells expressing Par1b/MARK2
mutants were separated into cytosolic and membrane fractions and examined by immunoblotting. G, Representative images of
hippocampal neurons expressing Par1b/MARK2 mutants. Scale bar, 50 �m. H, I, Quantification of total dendrite length (H ) and
TDBTN (I ) of neurons transfected with the indicated constructs. All data are mean � SEM (n � 35). *p � 0.0001.
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rons as well as in fibroblasts. Neurons ex-
pressing Myc-Dvl had stabilized microtu-
bules after nocodazole treatment (42.32 �
3.34%), whereas control neurons did not
(13.32 � 1.59%). These results are consis-
tent with the previous report that showed
microtubule stabilization by Dvl in cere-
bellar neurons (Ciani et al., 2004).

Par1b/MARK2 efficiently
phosphorylates MAP2
How does Par1b/MARK2 selectively sup-
press dendrite development? It has been
reported that Par1b/MARK2 phosphory-
lates MAPs, such as Tau and MAP2, to de-
stabilize microtubules. Both Tau and
MAP2 have two KXGS motifs (dia-
grammed in Fig. 6A) that are phosphory-
lated by Par1b/MARK2 in vitro. If Par1b/
MARK2 phosphorylates MAP2 more
efficiently than Tau, the selective effect of
Par1b/MARK2 on dendrite development
can be explained, because MAP2 is local-
ized primarily in dendrites (Kosik and
Finch, 1987). To examine the validity of
this hypothesis, we performed in vitro ki-
nase assays of Par1b/MARK2 using Tau
and MAP2 as substrates. We purified Tau
and MAP2 from porcine brains and re-
combinant human Tau (rTau) from E.
coli. Because brain Tau and MAP2 are sig-
nificantly phosphorylated, we treated
them with alkaline phosphatase during
purification procedure (for details, see
Materials and Methods). We confirmed
that these proteins were efficiently de-
phosphorylated by the treatment and
that the amount of phosphates remained
in Tau was smaller than that in MAP2
(data not shown). In vitro kinase assays
showed that MAP2 was strongly phos-
phorylated by recombinant Par1b/
MARK2 (Fig. 6 B), whereas phosphory-
lation of brain Tau or rTau was much
less prominent. This phosphorylation
was inhibited by HD, an inhibitor of
Par1b/MARK2 kinase (Fig. 6 B). More-
over, time course analysis confirmed
that phosphorylation of brain Tau or
rTau was much slower than that of
MAP2 (Fig. 6C). These results suggest
that substrate preference may underlie
the specific effect of Par1b/MARK2 on
dendrites.

Finally, we examined whether Dvl sup-
presses phosphorylation of MAP2 in vivo.
We transfected NIH3T3 cells with Flag-MAP2c alone or together
with Myc-Dvl. Transfected cells were incubated with [ 32P] or-
thophosphate and their lysates were subjected to immunopre-
cipitation with anti-Flag antibody. The phosphorylation status of
MAP2c was examined by autoradiography. We found an 
40%
decrease in the radioactivity of MAP2c coexpressed with Dvl,
compared with MAP2c alone (Fig. 6D).

Discussion
Several groups have previously demonstrated the function of
Par1b/MARK2 in axon development. Chen et al. (2006) and
Zhang et al. (2007) introduced expression constructs and specific
siRNAs for Par1b/MARK2 into neurons before establishment of
axon/dendrite polarity, and found that it inhibits axon forma-
tion. However, Uboha et al. (2007) examined the effect of Par1b/

Figure 5. Par1b/MARK2 inhibits microtubule stabilization induced by Dvl. A, NIH3T3 cells were transfected with Myc-Dvl. At
24 h after transfection, cells were treated with 5 �M nocodazole for 1 h and stained with anti-Myc antibody and anti-�-tubulin
antibody. Representative images of �-tubulin-stained nontransfected cells treated with or without nocodazole are also shown.
Scale bar, 5 �m. B, Schematic diagrams of deletion constructs of Dvl. Microtubule stabilizing activity and interactions with
Par1b/MARK2 are summarized on the right side of each construct. �, Positive; �, negative. C, Quantification of microtubule
stabilizing activity of Dvl constructs. Cells contained microtubules after nocodazole treatment were counted. All data are mean �
SEM (n 	 3). The asterisk indicates p � 0.01. D, Myc-Par1b/MARK2 and Flag-tagged deletion constructs of Dvl were expressed in
COS-7 cells and then immunoprecipitated with anti-Flag antibody. The precipitates were analyzed by immunoblotting. E, NIH3T3
cells transfected with indicated plasmids were treated with nocodazole. Cells were stained as described in (A). Scale bar, 5 �m. F,
Quantification of microtubule stabilization in cells expressing indicated constructs. All data are mean � SEM (n 	 3). *p � 0.01.
G, Microtubule stabilization in hippocampal neurons. Scale bar, 10 �m.
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MARK2 in axon elongation after polarity establishment and dis-
covered that Par1b/MARK2 augments the elongation of axons.
Therefore, the importance of Par1b/MARK2 in axon develop-
ment is complicated before/after polarity establishment and it
will require more future studies to precisely understand the func-
tion and regulation of Par1b/MARK2 in axon development. In
contrast, we examined here the importance of Par1b/MARK2 in
dendrite development and showed that it negatively regulates
dendrite development, which is antagonized by Wnt signaling.
This is the first demonstration of the importance of Par1b/
MARK2 in dendrite development and clearly links Wnt signaling
to dendrite development.

Axons and dendrites are not only different in their morphol-
ogy and function but also in their molecular composition. It is
widely accepted that Tau and MAP2 localize predominantly in
axons and dendrites, respectively (Kosik and Finch, 1987). Stud-
ies of hippocampal neurons obtained from the double-knock-
out mice of the Tau or MAP2 gene with the MAP1B gene con-
firmed that the Tau and MAP2 genes are important in normal
development of axons and dendrites, respectively (Takei et al.,
2000; Teng et al., 2001). However, the regulatory mechanisms of
Tau and MAP2 during development of axons and dendrites re-
main mostly unknown. In the present study, we have shown that
Par1b/MARK2 preferentially phosphorylates MAP2. MARK was
originally identified by biochemical purification from porcine

brains as a kinase that phosphorylates MAP2, MAP4 and Tau
(Illenberger et al., 1996). It was reported that recombinant Par1/
MARK phosphorylates the KXGS motif of Tau (Drewes et al.,
1997). However, our quantitative and comparative analyses of
purified dephosphorylated Tau and MAP2 clearly indicated a
significant difference in the efficiency of phosphorylation be-
tween Tau and MAP2. We also tested the phosphorylation effi-
ciency against recombinant human Tau and obtained similar re-
sults. Therefore, we concluded that Par1b/MARK2 preferentially
phosphorylates MAP2 over Tau. We should mention that a cer-
tain amount of Tau actually exists in dendrites and is phosphor-
ylated to some extent (Papasozomenos and Binder, 1987; Kanai
and Hirokawa, 1995; Hirokawa et al., 1996). The existence of Tau
in dendrites raises a possibility that Tau may also affect dendrite
development. However, Tau is very abundant in axons and only a
minor fraction of it exists in dendrites (Binder et al., 1985; Peng et
al., 1986; Kosik and Finch, 1987; Kanai and Hirokawa, 1995;
Hirokawa et al., 1996). In addition, the comparative studies on
the Tau and MAP1B double-knock-out mice and the MAP1B
single-knock-out mice clearly indicated the importance of Tau
on axons without so significant effect on dendrites (Takei et al.,
2000). These reports suggest that Tau should be essential for the
elongation of axons and play only minor, if any, contribution to
dendrite development after polarity establishment. Hence, the
substrate preference we have shown here presumably contributes
to the dendrite-specific effect of Par1B/MARK2. However, it is
possible that Par1b/MARK2 is inactivated specifically in axons
through unknown mechanism.

In addition, Rosso et al. (2005) reported the importance of
Rac and c-Jun-N-terminal kinase (JNK) in dendrite develop-
ment. They demonstrated that Dvl promoted dendrite develop-
ment through activation of Rac and JNK. It is also reported that
one splice variant Xenopus Par1 was involved in activation of JNK
(Ossipova et al., 2005). However, the relation of Rac and JNK
with Par1b/MARK2 also remains unclear. Further studies are
needed to clarify the role of each of these molecules in dendrite
development.

As for the antagonistic relationship between Par1b/MARK2
and Dvl, it was previously shown that overexpression of Par1b/
MARK2 attenuated Dvl signaling in epithelial cells (Elbert et al.,
2006). In epithelial cells, Dvl decreased cell-cell adhesion through
suppression of the E-cadherin function, which was antagonized
by Par1b/MARK2. This report not only supports our finding in
neurons, but also raises the possibility that Par1/MARK may in-
hibit dendrite development by regulating the functions of cad-
herin family proteins. Indeed, N-cadherin and Flamingo/Celsr, a
single-pass and seven-pass transmembrane cadherins, respec-
tively, have been shown necessary for dendrite development and
patterning (Gao et al., 2000; Yu et al., 2003). The possible func-
tional relationship between these cadherin family proteins and
Par1b/MARK2, if any, may be an interesting theme for future
studies.

Par1b/MARK2-deficient mice are already reported. These
mice are viable, displaying growth retardation and immune sys-
tem dysfunction (Bessone et al., 1999; Hurov et al., 2001). Be-
cause we and other groups proposed the involvement of Par1b/
MARK2 in neuronal morphology, Par1b/MARK2-deficient mice
would have defects in neuronal development, which may lead to
embryonic lethality. Therefore, the fact that mice lacking Par1b/
MARK2 are not lethal may be interesting. However, it is known
that Dvl1-deficient mice, of which hippocampal neurons in pri-
mary culture also show severe defects in dendrite development
(Rosso et al., 2005), are also viable (Lijam et al., 1997). Therefore,

Figure 6. Substrate specificity of Par1b/MARK2 kinase activity. A, Schematics of Tau (human
isoform Tau40) and MAP2. Bar diagrams show the N-terminal projection domain and the
C-terminal microtubule-binding domain, which include the proline-rich (pro-rich) region and
the assembly-promoting (AP) repeat region. Residues known to be phosphorylated by Par1b/
MARK2 in vitro are indicated. B, Purified porcine brain MAP2 and Tau (0.1 �g each), and
recombinant Tau from E. coli (rTau, 0.1 �g) were subjected to kinase assays by recombinant
Par1b/MARK2 protein. HD was added to a final concentration of 50 �M. The reactions were
stopped by the addition of SDS-PAGE sample buffer. The proteins were separated by SDS-PAGE
and then subjected to autoradiography. C, Time course of phosphorylation of each MAP (2 pmol
each). The triangle, square, and circle indicate the relative radioactivities of MAP2, Tau and rTau,
respectively. D, Dvl inhibits phosphorylation of MAP2. Flag-MAP2c was expressed with or with-
out Myc-Dvl in NIH3T3 cell. After 48 h of transfection, cells were labeled with [ 32P]orthophos-
phate. Lysates were immunoprecipitated with anti-Flag antibody and then precipitates were
subjected to immunoblotting and autoradiography.
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such defects observed in in vitro culture may be overcome or
some compensatory mechanism may be working in neurons in in
vivo situation.

As described above, the localization of Par1b/MARK2 is reg-
ulated via phosphorylation of T595 by aPKC (Hurov et al., 2004;
Kusakabe and Nishida, 2004; Suzuki et al., 2004). Previously,
there appeared another report that one of the family kinases
MARK3 is also phosphorylated by aPKC not only on T595 but
also on several other residues, which collectively contribute to the
regulation of Par1b/MARK2 localization (Goransson et al.,
2006). However, there is a common feature in these reports that
the localization of Par1b/MARK2 is regulated by phosphoryla-
tion from the membrane to the cytosol. In this point, it should be
noted that our study has revealed a new mechanism of the local-
ization regulation by the Wnt signaling. We observed significant
recruitment of Par1b/MARK2 protein in the membrane in re-
sponse to expression of Dvl (Fig. 4A). Furthermore, we found
that Wnt stimulation induced the recruitment of cytosolic Par1b/
MARK2 to the membrane. It is thought that this is caused by the
interaction of Par1b/MARK2 with Dvl because Dvl also translo-
cates from the cytosol to the membrane and Dvl binds to Par1b/
MARK2. This suggests the interesting possibility that it is cytoso-
lic Par1b/MARK2, not membranous Par1b/MARK2, that
negatively affects dendrite development. To test this possibility,
we generated a membrane-targeting construct of Par1b/MARK2
(Myr�Par1b/MARK2) and confirmed that the membrane-
targeted mutant had no effect on dendrite development. This
result supports our hypothesis, but there is another possibility
that the membrane-targeted mutant may not be accessible to its
activating kinases, which leaves Par1b/MARK2 inactive. Addi-
tional studies are needed to clarify this problem. To our knowl-
edge, three groups have reported that aPKC phosphorylates Par1/
MARK, causing it to move from the membrane to the cytosol
(Hurov et al., 2004; Kusakabe and Nishida, 2004; Suzuki et al.,
2004). One group claimed that the phosphorylation by aPKC also
inhibits the kinase activity (Hurov et al., 2004), but the other two
groups reported that there is no significant change in kinase ac-
tivity (Kusakabe and Nishida, 2004; Suzuki et al., 2004). This
remains a controversial issue, but such aPKC-mediated phos-
phorylation of Par1/MARK is generally thought to negatively reg-
ulate the function of Par1/MARK. Our study is the first to suggest
the importance of cytosolic Par1/MARK.

MAP2 is a microtubule-binding and -stabilizing protein that
exists mainly in the cytoplasm. This is consistent with the func-
tion of Par1/MARK in the cytosol. Together, these data suggest
that the regulation of Par1/MARK localization by aPKC or some
other mechanism is not a simple on-off switch but is critical for
changing the access to its substrates in the cytosol or membrane.
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