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Association of Protein Phosphatase 2A With Its
Substrate Vimentin Intermediate Filaments
in 9L Rat Brain Tumor Cells

Ting-Jen Cheng, Yi-Liang Lin, Ann-Shyn Chiang, and Yiu-Kay Lai*
Department of Life Science, National Tsing Hua University, Hsinchu, Taiwan 30013, Republic of China

Abstract The importance of protein phosphatases in maintaining the integrity of intermediate filaments is
supported by the fact that intermediate filaments would undergo a massive reorganization in cells treated with
inhibitors of protein phosphatases 1 and 2A. Herein we used okadaic acid to investigate the differential roles of protein
phosphatases 1 and 2A in the maintenance of intermediate filament integrity in 9L rat brain tumor cells. Protein
phosphatase 2A activity was substantially inhibited after treatment with 400 nM okadaic acid for 2 h, whereas the
activity of protein phosphatase 1 was only slightly affected. Furthermore, protein phosphatase 2A shows selective
specificity toward phosphovimentin, which was immunologically precipitated from isotopically labeled and okadaic
acid-treated cells. Further biochemical fractionation and microscopic studies revealed that vimentin intermediate
filaments were colocalized with protein phosphatase 2A, but not protein phosphatase 1, in control cells. On okadaic
acid treatment, vimentin filament disassembled and protein phosphatase 2A redistributed throughout the cytoplasm,
suggesting that these two proteins separate from each other, whereas protein phosphatase 2A was inhibited. This
working hypothesis was further supported by treatment with a low concentration (40 nM) of okadaic acid, which causes
the same phenomenon. Taken together, our results showed that protein phosphatase 2A could be assigned to the
intermediate filaments to serve the physiological role in maintaining the proper phosphorylation level of intermediate
filaments in normal cells. This finding should pave the way for the elucidation of the regulatory mechanism of intermediate
filament organization governed by protein phosphorylation. J. Cell. Biochem. 79:126-138, 2000.  © 2000 Wiley-Liss, Inc.
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Dephosphorylation of proteins is equally as
important as phosphorylation of proteins for
the regulation of cellular functions [Hunter,
1995]. The Ser/Thr protein phosphatases
(PPases) are usually classified into four groups
including types 1, 2A, 2B, and 2C (designated
as PP1, PP2A, PP2B, and PP2C, respectively)
according to their preference of substrate,
mechanism of activation, as well as sensitivity
to inhibitor proteins or naturally occurring tox-
ins [Cohen, 1989]. PP1 and PP2A are structur-
ally related enzymes, showing approximately
50% amino acid sequence identity in the cata-
lytic domain [Cohen, 1989; Mumby and Walter,
1993]. To exert their physiological functions
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efficiently, individual members of the PPase
holoenzymes consist of catalytic as well as reg-
ulatory subunits that can target the holoen-
zyme to distinct cellular compartments [Ina-
gaki et al., 1994]. For example, PP1 could be
targeted to glycogen particles [Hubbard et al.,
1990] or sarcoplasmic reticulum [Alessi et al.,
1992] by a 124-kDa glycogen targeting subunit
(G-subunit), to nucleus by PP1y [Ohkura and
Yanagida, 1991], or to myofibrils by PP1,;
[Okubo et al., 1994]. Similarly, PP2A holoen-
zyme is subcellularly localized through associ-
ation with its own set of targeting subunits (the
B subunits) to the centrosomes [Sontag et al.,
1996], endoplasmic reticulum, Golgi, as well as
nucleus [McCright et al., 1996]. PP2A is also
found to be associated with the translation ter-
mination factor eRF1; therefore, the enzyme
may also exert its function on the translational
apparatus [Andjelkovic et al., 1996]. Addition-
ally, PP2A can be targeted onto the microtu-
bule (MT) network [Meisinger et al., 1997] and
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directly regulate the phosphorylation state and
microtubule-binding activity of Tau [Sontag et
al., 1996]. On the other hand, neurofilament
preparation from spinal cord is also found to be
associated with PP2A [Veeranna et al., 1995;
Strack et al., 1997]. However, whether PP2A
and intermediate filaments (IFs) are indeed
associated in cells still awaits further investi-
gations.

Protein phosphorylation/dephosphorylation
is an essential regulatory mechanism in main-
taining the functionality of the cytoskeleton.
The organization of IFs are repeatedly demon-
strated to be governed by concerted actions of
relevant protein kinase and PPases; thus the
phosphorylation state of IFs is highly regu-
lated, both temporally and spatially [Eriksson
et al., 1992; Inagaki et al., 1996]. A pivotal role
for PPases in maintaining the integrity of the
IFs was suggested by studies in which treatment
with PPase inhibitors would invariably lead to
reorganization of the IF network in the treated
cells. For instance, it has been shown that oka-
daic acid (OA) can induce hyperphosphorylation
and reorganization of vimentin in primary hu-
man fibroblasts [Yatsunami et al., 1991] and 9L
rat brain tumor (RBT) cells [Lee et al., 1992], and
that the compound could also induce hyper-
phosphorylation and reorganization of cytoker-
atin, another type of IF proteins, in keratino-
cytes [Kasahara et al., 1993]. Additionally,
other PPase inhibitors, i.e., calyculin A [Hirano
and Hartshorne, 1993], microcystin-LR
[Toivola et al., 1997], and fostriecin [Ho and
Roberge, 1996], also elicit severe and rapid al-
terations of IF organization in a number of
experimental systems. On treatment with
these inhibitors, IFs were hyperphosphory-
lated and, consequently, disassembled into the
soluble form [Lee et al., 1992; Inagaki et al.,
1994]. It is worth noting that both PP1 and
PP2A can be inhibited by the aforementioned
inhibitors, albeit with different degrees of sen-
sitivity. Therefore, which PPase is essential in
maintaining the integrity of IFs has yet to be
clarified. Moreover, although it has been shown
that PP2A is involved in the regulation of MT
dynamics and thus in the MT-related cellular
processes, such as mitosis [Sontag et al., 1995]
and apoptosis [Mills et al., 1998], little work
has been conducted to further the understand-
ing of molecular actions of the enzymes toward
the IF proteins and of the physiological role in
the IF-related processes.

We have previously reported that treatment
with 400 nM OA induces hyperphosphorylation
and reorganization of vimentin IFs in 9L rat
brain tumor cells and that the process is basi-
cally reversible [Bialojan and Takai, 1988; Co-
hen et al., 1990; Lee et al., 1992; Lai et al.,
1993]. In the present study, we demonstrate
that a higher level of PP2A activity was located
in the IF-enriched fraction than that in the
cytosol. Moreover, the majority of PP2A activ-
ity in both fractions was inhibited in cells
treated with 400 nM OA. By immunoprecipi-
tating [*?Plorthophosphate-labeled vimentin
from OA-treated cells followed by incubating
with purified PP1 or PP2A, we found that
PP2A is more active toward the phosphovimen-
tin than PP1. Furthermore, biochemical frac-
tionation and indirect immunofluorescence mi-
croscopic studies independently support the
hypothesis that vimentin and PP2A are asso-
ciated with each other in 9L RBT cells. The
elucidation that PP2A, compared with PP1, is a
better vimentin PPase should provide insights
into the functional roles of PP2A and the reg-
ulation of vimentin IF's in living cells.

MATERIALS AND METHODS
Materials

All cultureware was purchased from Falcon
(Franklin Lakes, NJ) and culture medium com-
ponents were from Gibco Laboratories (Grand
Island, NY). [y->PJATP (5,000 Ci/mmol) was
obtained from Amersham (Buckinghamshire,
England), and [*’P]orthophosphate (*?P,) (spe-
cific activity 8,500-9,120 Ci/mmol) was from
New England Nuclear (Boston, MA). OA, with
a concentration of 0.5 mM, was purchased from
Gibco Laboratories, and diluted to appropriate
concentrations with culture medium before
use. Purified PP1 and PP2A were from Upstate
Biotechnology (La dJolla, CA), and polyclonal
antibodies against PP1 and PP2A were from
Calbiochem (San Diego, CA). Rhodamine-
conjugated antibodies were from Boehringer
Mannheim (Postfach, Germany), and fluores-
cein isothiocyanate (FITC)-conjugated antibod-
ies were from Cappel (Turnhot, Belgium).
Allophycocyanin-conjugated streptavidin was
from Molecular Probes (Leiden, Netherlands).
Chemicals for electrophoresis were purchased
from BioRad (Richmond, CA). Other chemicals
were purchased from Merck (Darmstadt, Ger-
many) or Sigma (St. Louis, MO).
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Cell Culture

The 9L rat brain tumor cells [Weizsaecker et
al., 1981] were maintained in Eagle’s minimum
essential medium plus 10% fetal calf serum
supplement with 100 U/ml penicillin G and 100
pg/ml streptomycin in a 37°C incubator under
5% CO4/95% air. Before each experiment, stock
cells were plated in 25 cm? flasks or six-well
plates at a density of 4—6 x 10* cells/cm?®. For
microscopic studies, the cells were seeded in
Petri dishes containing sterilized glass cover-
slips. Exponentially growing cells at 80%—90%
confluency were used.

Assessment of Enzymatic Activity of PP1 and
PP2A in Cell Extracts Fractionated Into Cytosol
and Intermediate Filament-Enriched Fractions

PPase activity was determined by the
method of Cohen et al. [1990] with slight mod-
ifications. For cellular fractionation, cells were
washed in PBS and then lysed with lysis buffer
[50 mM Tris-HCI, pH 8.0, 150 mM NaCl, 1%
NP-40, 1 mM EDTA, 1 mM EGTA, 25 mM
B-glycerophosphate, 50 mM NaF, 1 mM
NasVO,, 1 mM benzamidine, 1 pg/ml leupep-
tin, and 1 mM phenyl methyl sulphonyl fluo-
ride (PMSF)] for 10 min on ice. After the sam-
ples were centrifuged at 12,000 g for 20 min,
the supernatants were collected as the cytosol
fractions and the pellets were resuspended in
the lysis buffer and designated as the IF-
enriched fractions [Lee et al., 1993]. The pro-
tein contents in the fractions were quantitated
[Bradford, 1976] and adjusted to a concentra-
tion of 2 mg/ml. For the measurement of PPase
activity, >?P-phosphorylase a, which was de-
rived from phosphorylating phosphorylase b by
using [y->*P]ATP and phosphorylase kinase up
to 1 mol phosphate/mol protein, was used as a
substrate. In the following assays, exogenous
OA and inhibitor 2 were used to distinguish the
activity of PP1 from that of PP2A. For each
reaction, 40 ng of protein from the fractions
was incubated with 30 pg of 32P-phosphorylase
a, with or without exogenous PPase inhibitor,
in a total volume of 30 pl in assay buffer
(50 mM Tris-HCI, pH 7.5, 0.1% B-mercapto-
ethanol, 0.1 mM EGTA, 0.3 mg/ml bovine se-
rum albumin, 50 mM NaF, 1 mM Na3VO,, 1
mM benzamidine, 1 pg/ml leupeptin, and 1 mM
PMSF). The reactions were allowed to proceed
at 30°C for 10 min and then were terminated
by adding 100 pl of 20% trichloroacetic acid

(TCA) to precipitate the proteins. After centrif-
ugation at 12,000 g for 5 min, the supernatants
were taken for scintillation counting, and the
phosphatase activity was calculated. One unit
of activity, U, in the cell extracts was defined as
that amount that catalyzed the dephosphory-
lation of 1.0 mmol of substrate in 1 min. In this
assay system, exogenous 2 nM OA was used to
selectively inhibit PP2A, whereas 200 nM in-
hibitor 2 plus 2 nM OA was used to inhibit PP1.
Therefore, PP1 activity was taken as the PPase
activity measured in the presence of 2 nM OA
plus 200 nM inhibitor 2 (both PP1 and PP2A
were inhibited) subtracted from that measured
in the presence of 2 nM OA (only PP2A was
inhibited), whereas PP2A activity was taken as
the amount of activity that was inhibited by 2
nM OA.

Immunoprecipitation of **P;-Labeled Vimentin

Cells were prelabeled with 0.5 mCi/ml of ?P;
for 1 h and were treated with OA in the presence
of 32P; for 2 h. After treatment, cells were lysed
with lysis buffer for 10 min on ice. The lysates
were then further incubated with 2 pg anti-
vimentin monoclonal antibodies (Amersham) in
immuno-precipitation (IPP) buffer (50 mM Tris-
HCI, pH 8.0, 150 mM NaCl, 0.5% NP-40, 1 mM
EDTA, 1 mM EGTA, 25 mM B-glycerophosphate,
50 mM NaF, 1 mM Na;VO,, 1 mM benzamidine,
1 pg/ml leupeptin, and 1 mM PMSF) at 4°C with
gentle agitation for 1 h. Precipitation was
achieved by adding 10 pg of rabbit anti-mouse
immunoglobulin G (IgG) (Cappel) for 1 h followed
by 100 pl of a 50% slurry suspension of protein
A-Sepharose (Pharmacia, Uppsala, Sweden) for
2 h at 4°C. Immunoprecipitates were washed
five times with IPP buffer, and the pellets were
solubilized in sodium dodecyl sulfate (SDS)
sample buffer for SDS—polyacrylamide gel elec-
trophoresis (PAGE) analysis [Laemmli, 1970]
followed by autoradiography and Western blot-
ting [Cheng and Lai, 1998]. Alternatively, the
washed immunoprecipitates were resuspended
in phosphatase buffer (50 mM Tris-HCI, pH
8.0, 1 mM EGTA, 0.1 mM B-mercaptoethanol)
for reaction with 0.1 U of purified PP1 or PP2A
at 30°C for 10 min.

Preparation of Cytosol, Nuclear, and
Cytoskeleton Fractions

Approximately 107 cells were trypsinized,
collected by centrifugation at 100 g for 8 min at
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4°C, washed once with phosphate-buffered sa-
line (PBS) and centrifuged as already de-
scribed herein. The pellet was resuspended in
0.5 ml of nuclear extraction buffer (10 mM
HEPES-KOH pH 7.9, 0.5% Triton X-100, 0.5 M
sucrose, 0.1 mM EDTA, 10 mM KCI, 1.5 mM
MgCl,, 1 mM dithiothreitol, 0.5 mM PMSF),
and then homogenized by three strokes with a
Dounce homogenizer. The samples were briefly
centrifuged at 10,000 g, and the supernatant
was collected as the cytosol fraction. The re-
sulting pellet was further lysed in 0.5 ml nu-
clear extraction buffer supplemented with
0.5 M NaCl and 5% glycerol at 4°C for 30 min.
The samples were then centrifuged at 14,000 g
for 20 min, and the supernatant fractions were
collected as the nuclear fraction while the pel-
lets were taken as the cytoskeleton fraction.
Equal amounts of proteins in each fraction
were resolved by SDS-PAGE and further ana-
lyzed by Western blotting. Binding of primary
antibody to the proteins was detected by using
respective horseradish peroxidase-labeled sec-
ondary antibodies followed by the ECL West-
ern blotting detection system (Amersham).
Quantitation was performed by using laser
densitometry (Molecular Dynamics, Sunny-
vale, CA). Relative levels of proteins are de-
fined as the pixels of respective proteins in
each fraction divided from the sum of the pixels
of proteins in three fractions under the same
treatment.

Immunofluorescence Microscopic Analysis

Cells on coverslips were washed in PBS at
room temperature and fixed in 1:1 cold
methanol-acetone at —20°C for 20 min. After
fixation, cells were rinsed in PBS twice and
permeabilized in 0.1% Triton X-100 in PBS
containing 1% fetal bovine serum for 1 h. Sub-
sequently, the cells were processed for double
staining of PP1 or PP2A and vimentin at room
temperature, and all antibodies were diluted in
dilution solution (0.1% Triton X-100, 0.2% bo-
vine serum albumin, 0.5 mM PMSF, and 1 mM
DTT in PBS). First, the cells were incubated
with rabbit polyclonal antibody against PP1 or
PP2A (diluted 1:20) for at least 4 h and then
with FITC-conjugated goat anti-rabbit IgG (di-
luted 1:50) for 1 h. After extensive washing
with PBS, cells were further stained for vimen-
tin filaments with mouse anti-vimentin anti-
bodies (diluted 1:50) for 1 h followed by 1 h of
incubation with rhodamine-conjugated goat

anti-mouse IgG (diluted 1:50). To investigate
whether PP2A and the IF network are indeed
colocalized in 9L cells, a modified biotin-
streptavidin fluorescence staining method was
used. The cells were first extracted with Triton
X-100 [Wisniewski and Goldman, 1998] before
the immunostaining procedure. PP2A was
stained with rabbit anti-PP2A antibodies fol-
lowed by biotin-conjugated goat anti-rabbit
IgG (1:50) and streptavidin-allophycocyanin
(1:50). The sample was then washed exten-
sively with PBS, and the vimentin IF network
was stained with mouse anti-vimentin antibod-
ies and FITC-conjugated goat anti-mouse IgG
as already described. The samples were finally
washed with PBS before being mounted in an
anti-bleaching mountant (5% propylgallate/
80% glycerol/PBS) and stored in the dark at
4°C until observation. Images of immunocyto-
chemically labeled samples were viewed using
a Zeiss confocal microscope (LSM510) with an
Argon laser and a HeNe laser, appropriate fil-
ters (excitation wavelengths are 488, 543, and
613 nm, respectively), and a Plan-neofluor
100X (N.A. 1.3) objective. Images were re-
corded with 512 X 512 pixel resolution and
were processed using Adobe Photoshop. The
resulted micrographs were printed using a Fuji
digital color printer (Pictrography 3000).

RESULTS

Only PP2A Is Inhibited in 9L RBT Cells
Treated With 400 nM OA

In a previous study, we reported that treat-
ment with 400 nM OA would result in hyper-
phosphorylation and reorganization of vimen-
tin IFs [Lee et al., 1992]. To further explore the
biochemical mechanism(s) underlying the hy-
perphosphorylation of vimentin, we attempted
to distinguish the inhibitory effect of OA on
PP1 and PP2A in cells treated with 400 nM OA
for 2 h. PPase activity in the cellular fractions
was assayed in the presence of inhibitor 2 and
OA, which were included to differentiate the
activity of PP1 and PP2A [Cohen, 1991]. As
shown in Figure 1, the enzymatic activity of
PP1 (PPase activity measured <2 nM OA mi-
nus that measured <200 nM inhibitor 2 plus
2 nM OA) in the cytosol decreased 7.4% in cells
after treatment with 400 nM OA for 2 h. How-
ever, PP2A activity (PPase activity measured
in the absence of inhibitors minus that mea-
sured <2 nM OA) decreased 94.6% after the
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Fig. 1. Protein phosphatase activity in the cytosol and IF-
enriched fractions in cells treated with 400 nM OA for 2 h.
Untreated and OA-treated (400 nM, 2 h) cells were lysed and
fractionated into cytosol and IF-enriched fractions. The PPase
activity in the fractions were measured in the absence or pres-
ence of inhibitors where 200 nM inhibitor 2 plus 2 nM OA was
used to inhibit PP1 and 2 nM OA was used to inhibit PP2A. The
cellular PPase activity detected in the absence of inhibitors is
denoted as “Total,” the left group of bars in the graphs. The
enzymatic activity of PPT in each sample was calculated by

OA treatment. It is found that PP2A activity in
the IF-enriched fraction was much higher than
that in the cytosol and that PP2A activity ac-
counted for 72.11% of the total PPase activity
in the IF-enriched fraction. In OA-treated cells,
the activity of PP2A decreased 86.2%, whereas
that of PP1 remained unchanged (Fig. 1).
These assays indicated that only PP2A is sub-
stantially inhibited in cells treated with
400 nM OA for 2 h and that a large portion of
PP2A activity is associated with the IF-
enriched fraction. Therefore, inhibition of
PP2A is likely to be responsible for vimentin
hyperphosphorylation in the OA-treated cells.

PP2A Dephosphorylates Phosphovimentin
With a Higher Efficiency

To investigate whether PP1 and PP2A are in-
deed vimentin phosphatase, in vitro dephosphor-
ylation experiments were performed. To prepare
the substrate of this experiment, we purified hy-
perphosphorylated vimentin from OA-treated
and 3?P;-labeled 9L RBT cells by immunoprecipi-
tation. The immunoprecipitated 32P;-labeled
phosphovimentin, while still on the protein
A-Sepharose beads, was subjected to dephos-
phorylation by equal units of purified PP1 and
PP2A. The substrate was then eluted from the
beads and analyzed by SDS-PAGE followed by
autoradiography as well as Western blotting.
Within 10 min, the radioactivity of the sub-
strate decreased 20% after treatment with PP1

subtracting the PPase activity measured in the presence of 2 nM
OA plus 200 nM inhibitor 2 (both PP1 and PP2A were inhib-
ited) from that measured in the presence of 2 nM OA (only
PP2A was inhibited) and was denoted as “PP1,” the middle
group of bars in the graphs. PP2A activity was calculated by
subtracting the PPase activity measured in the presence of 2 nM
OA (only PP2A was inhibited) from that measured in the ab-
sence of inhibitor (no PPase was inhibited) denoted as “PP2A,”
the right group of bars in the graphs. Data are mean = SD and
n = 4 independent experiments. P < 0.01.

but decreased 80% after treatment with PP2A
(Fig. 2, left panel). Equal amounts of substrate
included in the reactions were ascertained by
immunoblots (Fig. 2, right panel). The data
indicate that PP2A is more active toward 2P;-
labeled vimentin.

Biochemical Colocalization of Vimentin and
PP2A in Fractionated 9L RBT Cells During
and Recovering From the OA Treatment

To investigate whether PP1 and PP2A func-
tion as vimentin phosphatases by associating
with intracellular vimentin IF's, we used a bio-
chemical fractionation technique by which cel-
lular components were divided into cytosol (sol-
uble), nuclear, and cytoskeleton fractions to
probe the localization of vimentin and the
PPases. In control cells, vimentin localized ex-
clusively in the cytoskeleton fraction, but the
PPases were found in all three fractions. On
OA treatment, a significant portion of vimentin
became solubilized and migrated to the cytosol
fraction, and this process was basically revers-
ible as the solubilized vimentin returned to the
cytoskeleton fractions in cells recovering from
the treatment (Figs. 3 and 4). Interestingly,
PP2A exhibited a similar redistribution pro-
cess; it seemed that a fraction of PP2A origi-
nally in the cytoskeleton fraction migrated to
the soluble fraction during the OA treatment
and returned during the recovery period (Figs.
3 and 4). In contrast, distribution of PP1 in the
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Fig. 2. Selective dephosphorylation of phosphovimentin for
OA-treated 9L RBT cells by PP2A. Cells were prelabeled with
32p. for 1 h and then were treated with 400 nM OA for 2 h in
the presence of the isotope. After treatment, the cells were lysed
and phosphovimentin was precipitated by anti-vimentin anti-
bodies and protein A-Sepharose. The immunoprecipitates were
then resuspended in assay buffer and respectively incubated

soluble, nuclear, and cytoskeleton fractions re-
mained relatively constant during the treat-
ment and recovery processes (Figs. 3 and 4). To
further assure whether vimentin and PP2A are
indeed associated, the cellular lysates of un-
treated or treated cells were fractionated and
were further processed for immunoprecipita-
tion, using antibodies against vimentin. After-
wards, the immunocomplexes were processed
for Western blotting to detect the presence of
PP1 and PP2A. As expected, while analyzing
the cellular lysate of untreated cells, we de-
tected no vimentin in cytosol as well as nuclear
fractions. Moreover, in the cytoskeleton frac-
tion, a portion of PP2A was coprecipitated with
vimentin and no PP1 was detected (Fig. 5, left
panel). In OA-treated cells, most of vimentin
was present in the cytosol fraction, and neither
PP2A nor PP1 has been detected in the precip-
itated immunocomplexes (Fig. 5, right panel).
This further substantiates the possible associ-
ation of PP2A and vimentin in normal cells and
that this association would be disturbed while
the filamentous structure of IF was reorga-
nized.

Association of PP2A and Vimentin as Revealed
by Immunofluorescence Microscopy

The possible association of vimentin and
PP2A as indicated by the biochemical fraction-
ation studies was further certified by using

with PP1 (lanes 2 and 5) and PP2A (lanes 3 and 6). Equal
volumes of 2 X sample buffer were then added, and the samples
were loaded onto SDS gels. After electrophoresis, the gels were
processed for autoradiography (left panel) or Western blotting
(right panel). Vm, vimentin. Noted that PP2A dephosphorylates
phosphovimentin essentially with a much higher efficiency
compared to that of PP1.

immunofluorescence microscopy. Cells were
treated as described (400 nM OA, 2 h), and the
intracellular localization of vimentin, PP1, and
PP2A was revealed by double immunostaining
by using anti-vimentin together with either
anti-PP1 or anti-PP2A as the primary antibod-
ies. In control cells, vimentin exhibited its nor-
mal filamentous structure (Fig. 6A,E), but PP1
was found to be abundant in the nuclear region
and dispersed throughout the cytoplasm (Fig.
6C). After the OA treatment, vimentin ap-
peared to disassemble and retract from the cy-
toplasm to the perinuclear region (Fig. 6B,F).
Concurrently, the proportion of PP1 in nuclei
increased and dispersed homogeneously in the
nuclear compartment (Fig. 6D). Interestingly,
the staining pattern of PP2A closely resembled
that of vimentin in the untreated cells; in fact,
PP2A appeared to disperse along the tracks
coinciding with the vimentin filaments (Fig.
6E,G). On OA treatment, unlike vimentin fila-
ments, which underwent an extensive rear-
rangement resembling a retraction of the IF
network toward the nuclear periphery (Fig.
6B,F), PP2A appeared to disperse throughout
the cell and no longer colocalized with vimentin
(Fig. 6H). Taken together, the immunofluores-
cence microscopic analyses demonstrated that
PP2A localized along vimentin filaments in
control cells but departed from vimentin and
dispersed throughout the cytoplasm after it
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Fig. 3. Redistribution of vimentin and PP2A from cytoskeleton
fraction to cytosol fraction in OA-treated 9L RBT cells. Cells
were treated with 400 nM of OA for 1 or 2 h and were allowed
to recover under normal growing conditions for up to 10 h. The
cells were harvested at the end of the treatment or after recov-
ery at time intervals as indicated. Subsequently, the cells were
fractionated into cytosol (C), nuclear (N), and cytoskeleton (CS)
fractions as described in the Materials and Methods. Equal
amounts of cellular proteins in each fractions were fractionated
by SDS/PAGE, and the relevant proteins, vimentin (Vm), PP1,
and PP2A, were respectively recognized by immunoblotting as
indicated. Representative data from three independent experi-
ments are shown.

was inhibited by OA. To ascertain whether
PP2A is directly associated with vimentin fila-
ments in cells, we used a biotin-streptavidin
system to strengthen the resolution in the im-
munostaining procedure. Shown in Figure 6 is
the combination of six slices of cell images. A
portion of the staining pattern of PP2A ap-
peared merged with that of vimentin around
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Fig. 4. Quantitative analysis of redistribution of vimentin and
PP2A from cytoskeleton fraction to cytosol fraction in OA-
treated 9L RBT cells. The bands of interest in the immunoblots
of Figure 3 were subsequently quantified by densitometric
scanning. Representative data from three independent experi-
ments are shown.
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Fig. 5. Association of PP2A and vimentin revealed by immu-
noprecipitation. Cells were untreated (CON, left panel) or
treated with 400 nM of OA for 2 h (OA-treated, right panel).
The cells were harvested at the end of the treatment. Subse-
quently, the cells were fractionated into the cytosol (C), nuclear
(N), and cytoskeleton (CS) fractions as described in the Mate-
rials and Methods section. After preclearing by incubation with
1 pg of protein G-Sepharose (Amersham Pharmacia Biotech)

the nucleus (Fig. 7A,C,E). Moreover, in the
area that is farther from the nucleus where the
vimentin IFs are wider spread, a significant
portion of the spotty staining of PP2A appeared
to line up along with the vimentin filaments
(horizontal arrows in Fig. 7). Noticeably, there
was no staining of PP2A in the region where
there was no vimentin filament (vertical ar-
rows in Fig. 7). This result clearly showed that
a portion of PP2A and the vimentin network
are indeed colocalized.

Low Concentration of OA (40 nM) Also Induces
Reorganization of Vimentin Filaments and PP2A

To further assure that inhibition of PP2A is a
major inducer of IF reorganization on OA
treatment, we used 40 nM OA (the concentra-
tion that was known to inhibit PP2A only) to
examine whether the alterations of IFs and
PPases are the same as that under 400 nM OA.
As shown in Figure 8, vimentin filaments reor-
ganized into perinuclear region after 12-h
treatment with 40 nM OA (Fig. 8B,H). Concur-
rently, PP1 became more concentrated in the
nuclear region (Fig. 8E) and PP2A began to
disperse in the cytoplasm (Fig. 8K) as in cells
treated with 400 nM for 2 h (compared to Fig.
6). After 24-h treatment, vimentin exhibited a
strong nuclear rim staining (Fig. 8C,I) and,
interestingly, PP2A also showed a faint nu-
clear rim staining with dispersed spots in the
cells (Fig. 8L). Therefore, low concentrations of
OA would also cause the reorganization of vi-

OA-Treated
C N CS

for 2 h at 4°C followed by centrifugation to remove pellets, the
cell lysates were incubated with anti-vimentin antibodies for
2 h. Immunocomplexes were further precipitated with 1 pg of
protein G-sepharose, washed five times with IPP buffer, and
finally mixed with an equal amount of 2X sample buffer for
SDS-PAGE followed by Western blotting using antibodies
against vimentin (Vm), PP1, and PP2A.

mentin filaments as well as concurrent redis-
tribution of PP2A. These observation substan-
tiate our notion that PP2A is an authentic
vimentin phosphatase that associates with vi-
mentin IFs and may be responsible for maintain-
ing the integrity of vimentin IFs in living cells.

DISCUSSION

We have demonstrated that phosphovimen-
tin can be efficiently dephosphorylated by
PP2A. By using biochemical fractionation and
immunofluorescence staining, we have also
shown that PP2A colocalizes with the vimentin
filaments in the control cells, but both of them
become solubilized and separate from each
other in cells treated with OA. Our results
showed that both purified PP1 and PP2A can
act on phosphovimentin obtained from OA-
treated and 3?P;-labeled cells and that PP2A
dephosphorylates the phosphovimentin much
more efficiently. Conversely, there is no differ-
ence in dephosphorylation efficiency if the sub-
strate (32P;-labeled phosphovimentin) was pre-
pared from in vitro phosphorylation of purified
vimentin by protein kinase A, protein kinase C
(PKA, PKC), or cdc2 kinase in the presence of
[v->2P]ATP (data not shown). Therefore, vi-
mentin may be phosphorylated by a concerted
action of multiple kinases and this, instead of
that phosphorylated by an individual kinase,
serves as an authentic selective substrate to-
ward PP1 and PP2A in vivo. However, another
possibility is that, instead of authentic selectiv-
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CON
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Fig. 8. Treatment of 9L RBT cells with 40 nM OA for prolonged periods yields similar effects on cellular distribution
of vimentin and PPases compared to those with 400 nM OA for 2 h. Cells were treated with 40 nM for 12 or 24 h
and then processed for double immunostaining as previously described. Again, the micrographs show that vimentin,
PP1, and PP2A redistribute in cells on the OA treatment and that PP2A, but not PP1, is colocalized with vimentin
in both the untreated and treated cells.

ity for phosphovimentin, PP2A, not PP1, is se- In contrast to protein kinases, whose sub-
lectively targeted to dephosphorylate vimentin strate specificity is mainly determined by the
by some specific regulatory component(s) to presence of sequence motifs flanking the tar-
maintain the integrity of vimentin filaments. geted amino acid residue, PPases appear to

Fig. 6. PP2A, but not PP1, apparently is associated with vimentin in control and OA-treated 9L RBT cells. Before (CON) and after
treatment of 400 nM OA for 2 h (OA), the cells were fixed, permeabilized, and processed for double staining using mouse
anti-vimentin (A, B, E, and F) together with either rabbit anti-PP1 (C and D) or anti-PP2A (G and H) as the primary antibodies.
Rhodamine-conjugated goat anti-mouse IgG and FITC-conjugated goat anti-rabbit IgG were used as the secondary antibodies. The
micrographs in (A-D) clearly show that PP1 localizes around the nucleus in the control cells, and that there may be a certain degree
of nuclear localization after the OA treatment; also, its distribution is distinctly different from that of vimentin. By contrast, the
distributions of PP2A and vimentin are almost superimposed in both the untreated and treated cells (E-H). Vm, vimentin. Scale bar =
10 pm.

Fig. 7. Colocalization of vimentin and PP2A in 9L cells revealed by double-staining confocal micrograph. Untreated 9L cells were
fixed, permeabilized, extracted with Triton X-100, and processed for double staining using rabbit anti-PP2A and mouse anti-vimentin
as the primary antibodies. Subsequently, PP2A was visualized by using biotin-conjugated goat anti-rabbit IgG (1:50) and streptavidin-
allophycocyanin, whereas vimentin was visualized by using FITC-conjugated goat anti-mouse IgG. Micrographs are the projection of
six optical sections (collected at 2-um intervals) showing the vimentin network (A and B, green channel in E) and the distribution of
PP2A [C and D, red channel in (E)] were shown (upper panels). Lower panels [(B), (D), and F) are the magnification of the box marked
in (E). Regions with staining for both vimentin and PP2A appeared yellow in the merged images [(E) and (F)]. The micrographs clearly
show that a significant portion of PP2A docks on the vimentin filaments. Vm, vimentin. Scale bar = 10 pm.
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lack any obvious sequence specificity. Instead,
the substrate specificity is primarily deter-
mined by spatiotemporal distribution. Consis-
tent with our current findings, there are two
recent reports that suggest the role of PP2A in
the dephosphorylation of IF proteins, more spe-
cifically, neurofilament (NF) proteins. It has
been shown that NF-H phosphorylated in vitro
by cdk5 is efficiently dephosphorylated by skel-
etal muscle PP2A and by a partially purified
PP2A-like PPase from spinal cord [Veeranna et
al., 1995] and that NF-L is dephosphorylated
by NF-associated PP2A [Saito et al., 1995].
With regard to cellular proteins that are in-
volved in maintaining cell shape and mobility,
PP2A is found to be associated with epidermal
filaggrin [Kam et al., 1993], which promotes
the aggregation of keratin filaments in vitro
and functions as an IF-associated protein [Dale
et al., 1990]. Additionally, PP2A containing the
Ba subunit is reported to be associated with
MTs in a variety of cells, and binds and regu-
lates the phosphorylation state of Tau, which
promotes assembly and stability of MTs [Son-
tag et al., 1995]. Conversely, PP1 has been
shown to be associated with myofibrils [Chish-
olm and Cohen, 1988] as well as to be able to
dephosphorylate myosin light chain, and thus
functions in the modulation of actin MF orga-
nization [Fernandez et al., 1990]. Furthermore,
it has been shown that a significant portion of
PP1 is localized in the cytoplasm, where the
bulk of the actin is also located [Fernandez et
al., 1990]. Therefore, PP1 may be responsible
for maintaining the proper dynamic states of
actin MFs, directly or indirectly.

We have shown that a significant portion of
PP2A colocalizes with vimentin filaments and
is involved in its dynamics properties. More-
over, we also observed that a slight portion of
PP2A was also associated with MT in 9L RBT
cells (data not shown). Therefore, besides PP2A
directly associated with IF to regulate, another
possibility is that the regulatory role of PP2A
to vimentin IF organization may also be ex-
erted via other mediator(s) such as tubulin.
This finding would be consistent with Sontag et
al. [1995], who demonstrated that PP2A en-
zymes containing the Ba subunit associate
with MTs in a variety of cell types. PP2A also
has been reported to bind and regulate the
phosphorylation state of Tau protein, which
promotes assembly and stability of MTs [Son-
tag et al., 1995]. In addition, several lines of

evidence indicated that MTs interacts with IF
based on the same associated protein between
these two systems. For instance, a ubiquitous
70-kDa protein termed B-internexin was ini-
tially identified as an MT-associated protein
[Green and Liem, 1989] and shown indirectly
to associate with IF [Napolitano et al., 1985].
Therefore, PP2A might regulate the cytoskele-
ton integrity via association with both micro-
tubules and vimentin to regulate their assem-
bly state.

In addition to association with vimentin IF
network to regulate its integrity, PP2A may
also regulate the phosphorylation state of vi-
mentin via several protein kinase(s) such as
cdc2 kinase [Yamashita et al., 1990], p42
mitogen-activated protein kinase [Chajry et
al., 1996], PKA [Liauw and Steinberg, 1996],
PKC [Sontag et al., 1997], and CaMKII [Zhu et
al., 1996], all of which are vimentin kinases,
and have been shown to be downregulated by
PP2A. Recently, we have shown evidence of
activation of MAPKAPK-2 on OA treatment,
and inhibitor for the upstream activator of
MAPKAPK-2 could partially inhibit vimentin
hyperphosphorylation under OA treatment
[Cheng and Lai, 1998]. Based on the fact PP2A
would inactivate MAPKAPK-2, whether PP2A
would act in concert with MAPKAPK-2 or
other kinase(s) for maintaining cytoskeletal in-
tegrity warrants further investigation.

The present data indicate that, in mamma-
lian cells, PP2A plays an important role in
regulation of IF organization. In control cells,
PP2A associates with IF to maintain the integ-
rity by counteracting the action of kinase(s).
On OA treatment, the inhibited PP2A could no
longer operate, and thus the phosphate moi-
eties on the cytoskeletal proteins are bound to
increase. Concomitantly, several kinases that
had activity regulated by phosphorylation
could be activated and phosphorylate its sub-
strates. Because the MT and IF systems are
also highly regulated by phosphorylation, the
whole cytoskeletal network would collapse be-
cause of abruptly increased phosphorylation.
This would be consistent with the studies in
which several reports show that PPase inhibi-
tors induce disassembly of IFs [Inagaki et al.,
1996] and microtubule disintegration [Howell
et al., 1997] under this condition. In this state,
nonfunctional PP2A would leave the substrate
and disperse throughout the cytoplasm. Dur-
ing recovery, PP2A resumes its function and
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gradually reassociates with IFs to remove ex-
cess phosphate and maintain low phosphate
moiety and thus the integrity of IF's.

Altogether, these results demonstrate that
PP2A, better than PP1, serves as a phospha-
tase to dephosphorylate vimentin, and show
that PP2A operates in vivo to dephosphorylate
vimentin by associating with vimentin fila-
ments. Although further work is still required
to confirm the collaboration of kinase(s) and
PP2A in regulation of the IF structure as well
as the cytoskeleton, the present work illus-
trates for the first time that PP2A plays a ma-
jor role in modulating the IF integrity in living
cells.
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