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The intermediate filament protein vimentin is a major phosphoprotein in mammalian
fibroblasts, and reversible phosphorylation plays a key role in its dynamic rearrange-
ment. Selective inhibition of type 2A but not type 1 protein phosphatases led to hyper-
phosphorylation and concomitant disassembly of vimentin, characterized by a collapse
into bundles around the nucleus. We have analyzed the potential role of one of the major
protein phosphatase 2A (PP2A) regulatory subunits, B55, in vimentin dephosphoryla-
tion. In mammalian fibroblasts, B55 protein was distributed ubiquitously throughout the
cytoplasm with a fraction associated to vimentin. Specific depletion of B55 in living cells
by antisense B55 RNA was accompanied by disassembly and increased phosphorylation
of vimentin, as when type 2A phosphatases were inhibited using okadaic acid. The
presence of B55 was a prerequisite for PP2A to efficiently dephosphorylate vimentin in
vitro or to induce filament reassembly in situ. Both biochemical fractionation and
immunofluorescence analysis of detergent-extracted cells revealed that fractions of
PP2Ac, PR65, and B55 were tightly associated with vimentin. Furthermore, vimentin-
associated PP2A catalytic subunit was displaced in B55-depleted cells. Taken together
these data show that, in mammalian fibroblasts, the intermediate filament protein vi-

mentin is dephosphorylated by PP2A, an event targeted by B55.

INTRODUCTION

Protein phosphatase 2A (PP2A) is implicated in a sig-
nificant array of cellular processes, including metabo-
lism, DNA replication, transcription, translation, cell
cycle progression, and membrane-to-nuclear signal
transduction (for review, see Shenolikar, 1994; Wera
and Hemmings, 1995). Regulatory flexibility is con-
ferred by the association of a constant dimeric core of
a 36-kDa catalytic (PP2Ac) and a 65-kDa (PR65 or A)
subunit with a third, variable B subunit (Mayer-Jaekel
and Hemmings, 1994). To date three families of B
subunits have been identified, which we will refer to
as B55, B56, and B72, according to the predicted mo-
lecular weight of their founding member (Mayer et al.,
1991; Hendrix et al., 1993a; McCright and Virshup,
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1995). At least 10 individual genes code for B-type
regulators, with this number being further increased
by the additional presence of alternatively spliced
forms of certain messages (Hendrix et al., 1993a; Csor-
tos et al., 1996; McCright et al., 1996; Tanabe et al., 1996;
Tehrani et al., 1996; Zolnierowicz et al., 1996). By anal-
ogy to PP1, in which associated noncatalytic subunits
target the catalytic subunit to different subcellular
compartments and/or substrates, it was proposed that
the B-type regulators act as targeting subunits for
PP2A (Hubbard and Cohen, 1993). Indeed, B subunits
affect the substrate specificity of PP2A in vitro and in
vivo (Agostinis et al., 1987; Cegielska et al., 1994; Ka-
mibayashi et al., 1994; Mayer-Jaekel et al., 1994; Zhao et
al., 1997). Distinct subcellular localization has been
reported for some B subunits (McCright et al., 1996;
Tehrani et al., 1996). The 55-kDa regulatory subunit
B55 (or PR55) was one of the first B-type regulators to
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be identified in skeletal muscle preparations of PP2A,
and subsequent cDNA cloning revealed evolutionary
conservation from yeast to human (Healy et al., 1991;
Mayer et al., 1991; Pallas et al., 1992; Mayer-Jaekel et al.,
1993). The lack of functional B55 in yeast and Drosoph-
ila causes severe aberrations in mitotic transit (Healy et
al., 1991; Mayer-Jaekel et al., 1993; Wang and Burke,
1997) presumably because of the lack of dephosphor-
ylation of certain p34°4<? phosphorylated sites (Ferri-
gno et al., 1993; Mayer-Jaekel et al., 1994). It was re-
cently also reported that B55 associates with the
microtubule network (Sontag et al., 1995).

Intermediate filaments (IFs) are major components
of the cytoskeleton and nuclear envelope. They are
characterized by 10 nm diameter and marked insolu-
bility (for review, see Fuchs and Weber, 1994). The IF
superfamily comprises five classes of proteins, which
appear to share common secondary structure. Cyto-
plasmic IF proteins include vimentin in fibroblasts,
cytokeratins in epithelial cells, neurofilaments and/or
glial fibrillary acidic protein in neuronal tissues and
desmin in muscle cells. IF protein are among the most
prominent phosphoproteins found in cells, and re-
versible phosphorylation has been shown to play a
key role in their dynamic rearrangement (for review,
see Inagaki et al., 1996). For example the type III IF
vimentin has been shown to be phosphorylated in
vitro and/or in vivo by various protein kinases, in-
cluding PKA and PKC, and p34°4<2. Most of these
protein kinases phosphorylate vimentin in its amino-
terminal head domain, resulting in disassembly and
bundle formation. Inhibition of the phosphoserine—
threonine protein phosphatases using okadaic acid
(OA) or related compounds also leads to hyperphos-
phorylation and disassembly of vimentin IF networks
(Yatsunami ef al., 1991; Eriksson et al., 1992; Lee et al.,
1992).

We have previously shown that specific inhibition of
type 2A but not type 1 protein phosphatases' induces
hyperphosphorylation of cytokeratin 8 and 18 in
MCEF?7 epithelial cells (Favre et al., 1997). In this report
we have studied IF dephosphorylation in mammalian
Hs68 fibroblasts. By a number of criteria, we identified
the heterotrimeric PP2A-containing B55 regulatory
subunit as the major vimentin phosphatases in inter-
phase Hs68 cells. Specific inhibition of type 2A protein
phosphatases using OA led to dramatic hyperphos-
phorylation and disassembly of vimentin. Depletion
of B55 in living cells led to a similar vimentin disas-

TOA and related toxins have been shown to exhibit a similar
inhibitory potential toward certain PP1- and PP2A-related mi-
nor phosphatases than toward PP1 and PP2A themselves
(Brewis ef al., 1993; Chen et al., 1994). In this report we use the
terms “type 1” for PP1 and PP1-related and “type 2A” for PP2A
and PP2A-related enzymes. The terms PP1 and PP2A were
reserved for the respective holoenzyme family.
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sembly and increased phosphorylation. Recombinant
B55 strongly increased PP2A activity toward vimentin
in vitro and in situ. Moreover, a fraction of cytoplas-
mic PP2A, namely PP2Ac, PR65, and B55, was found
tightly associated with vimentin and could be dis-
placed from vimentin by functional knockout of B55.
Taken together these results suggest that PP2A, tar-
geted by the B55 regulatory subunit, dephosphory-
lates vimentin directly.

MATERIALS AND METHODS

Subunit-specific Antibodies

Anti-PP1 and anti-PP2A antibodies AbCrecomb, - ApC2%9/309, ApC169/182,
Ab65™comb and  Ab65'77/1% were used as described previously
(Fernandez et al., 1992; Turowski et al., 1995; Favre et al., 1994). The
B55 peptide CTNNLYIFQDKVN (Synthem, Nimes, France), corre-
sponding to the carboxyl-terminal region of B55 «, B, and y (Mayer
et al., 1991; Zolnierowicz et al., 1994) was coupled to thyroglobulin
using sulfo-m-maleimidobenzoyl-N-hydroxysulfo-succinimide ester
(Pierce, Rockford, IL). Rabbits were immunized using 0.3-1 mg of
the peptide-protein conjugate. Sera containing Ab55%7/448 were
screened by immunoblotting against recombinant B55 (Michelson et
al., 1996) and affinity purified using the immunogenic peptide (con-
jugated to BSA) immobilized on cyanogen bromide-Sepharose
(Pharmacia, Orsay, France) (Hendrix et al., 1993b). Monospecific
Ab55tecomb (Michelson et al., 1996) were obtained by absorption to
recombinant B55« transferred to a polyvinylidene difluoride mem-
brane and subsequent elution using 50 mM glycine, pH 2.3, 500 mM
NaCl, 0.5% Tween 20, and 0.1 mg/ml BSA as described (Mayer-
Jaekel et al., 1994). Affinity-purified antibodies were concentrated in
the presence of BSA by dialysis against sucrose and redialysis
against PBS as detailed elsewhere (Turowski and Lamb, 1998).

Expression Plasmids and Transient Transfections

An Xbal site was introduced by PCR into full-length human B55«
cDNA (Mayer et al., 1991) at position —18. Subsequently the 2-kb
Xbal fragment (using the 3" Xbal from the multiple cloning site) was
subcloned into the mammalian expression vector pECE (Ellis ef al.,
1986) in antisense orientation. The resulting construct pECE-B55as
was verified by restriction endonuclease digestion and DNA se-
quence analysis. Hemagglutinin (HA)-tagged B55 and B563 were
cloned into pCMV5 similar to the procedure described previously
(Andjelkovic et al., 1996). B56 cDNAs were subcloned in antisense
orientation into the pBI-EGPF Tet vector (Clontech, Palo Alto, CA),
which was coinjected with pTet-Off (Clontech). For microinjection
and transfection the plasmids were prepared by cesium chloride
centrifugation using standard procedures (Sambrook et al., 1989).

Hs68 fibroblasts were transfected with either pECE-B55as or
pCMV5-HA55a by the calcium phosphate method (Chen and
Okayama, 1988) with the modifications described by Alessi et al.
(1996). Five and 10 ug of pECE-B55as and pCMV5-HA55q, respec-
tively, were used per 60-mm dish of Hs68 cells. Incubation with the
DNA was done overnight, followed by 36 h of expression before
analysis.

Microinjection and Immunofluorescence Analysis

Human Hs68 fibroblasts (CRL-1365) were cultured and synchro-
nized by serum deprivation as described elsewhere (Girard et al.,
1992). Cells were subcultured 2-3 d before use onto 12-mm acid-
washed glass coverslips. Cells were injected as described (Lamb and
Fernandez, 1997). Before injection the plasmid, pECE-B55as, was
diluted to 0.1 mg/ml with PBS containing 1 mg/ml mouse, rabbit,
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Figure 1. Analysis of phosphoproteins and the cytoskeleton of OA- and TAU-treated cells. (A) Equal numbers of Hs68 fibroblasts, grown
on 12-mm glass coverslips, were treated with OA or TAU and metabolically labeled with [*2PJH,PO,, and the totality of cellular proteins was
separated by two-dimensional gel electrophoresis as described in MATERIALS AND METHODS. Shown are portions of the autoradiograms
containing vimentin (upper panels) and myosin light chain (lower panels). Untreated, phosphoproteins of untreated cells labeled for 60 min;
Okadaic Acid, phosphoproteins of cells treated with 1 uM OA during the 60-min labeling period; Tautomycin, phosphoproteins of cells
treated with 10 uM TAU during 2 h and the subsequent 60-min labeling period. Autoradiographs were exposed at —80°C for 2 h for vimentin and
for 6 h for MLC. (B) Hs68 fibroblasts were either left untreated or incubated with OA (1 uM for 45 min) or TAU (10 uM for 2 h). Subsequently they
were fixed in formalin and costained for vimentin and F-actin using mAb V9 and Bodipy-phalloidin, respectively. Bar, 5 um.
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Figure 3. Depletion of cellular B55 by pECE-B55as. (A) Hs68 were transiently transfected with the empty pECE plasmid (mock) or with the
B55 antisense construct pECE-B55as (B55as). Thirty-six hours after transfection 50 ug of total lysate were electrophoretically separated and
immunoblotted using Ab55<°™P, Immunodecoration using Ab55%73/448 revealed a similar disappearance of B55 in extracts of pECE-B55as-
transfected cells. In parallel experiments an efficiency of 60% transfection was determined using a green fluorescent protein expression
construct. (B and C) Cells were microinjected with the B55-antisense RNA-expressing construct pECE-B55as, mixed with mouse immuno-
globulin G, cultured for a further 15 h, fixed, and stained for B55 using Ab55%73/448 (B). The arrowheads indicate the microinjected cell as
identified by costaining for the microinjection marker antibody (C). Note that this cell has been exclusively microinjected in the nucleus. Bar,

5 pm.

or guinea pig immunoglobulin G (to act as a marker for injected
cells).

For immunofluorescence studies, cells were fixed in 3.7% form-
aldehyde in PBS and extracted with acetone (—20°C) or in methanol
(—20°C) as described (Turowski and Lamb, 1998). Alternatively, to
stain for cytoskeletal associated proteins, cells were extracted with
0.01% Triton X-100 in PBS before fixation. Subsequently, cells were
stained (Turowski ef al.,, 1995; Lamb and Fernandez, 1997) using
primary antibodies as follows: affinity-purified Ab55s at 1:10-1:20
(corresponding to a serum dilution of 1:100); affinity-purified AbCs
at 1:50 (idem); monoclonal anti-vimentin (clone V9; Boehringer
Mannheim, Meylan, France; and Sigma, St. Quentin Fallavier,
France) at 1:10; monoclonal anti-tubulin (clone DM1A; Blose et al.,
1984) at 1:2000; and Bodipy-phalloidin (Molecular Probes, Eugene,
OR) at 1 U/coverslip. In competition experiments diluted Ab55s
were preincubated for 30 min with immobilized recombinant B55.
Microinjected cells were identified by costaining with FITC-conju-
gated anti-mouse or anti-rabbit antibodies (Organon Tecknika,
Durham, NC) diluted 1:30 or amino-methylcoumarin-conjugated

Figure 2 (facing page). Subcellular distribution of the B55 subunit
in Hs68 fibroblasts. (A) Approximately 20 ug of total cell extracts
from Hs68 fibroblasts were electrophoretically separated (lane T)
and immunoblotted; ~10 ng of recombinant B55a (lane C) were
included as positive control. Immunoblots were decorated with
affinity-purified Ab55%73/445, (B) Hs68 fibroblasts were differentially
extracted for soluble cytoplasm (lane 1), insoluble cytoplasm (lane
2), nucleoplasm (lane 3), and the nuclear pellet also containing
microfilament and IFs (lane 4). Twenty micrograms of the soluble
(lanes 1 and 3) and equal volumes of the insoluble (lanes 2 and 4)
fractions were electrophoretically separated and immunoblotted
using Ab557<°™P_ An identical subcellular distribution was obtained
using affinity-purified Ab55473/448, Note that both antibodies recog-
nize different proteolytic fragments of recombinant B55 (lane C),
namely an amino terminus with Ab557<°™® and a carboxyl terminus
for Ab55%73/448_(C-H) Hs68 fibroblasts were grown on glass cover-
slips and formalin fixed. Cells were stained for B55 using either
Ab55%73/448 (C and D) or Ab55"¢<°™P (E-H). In D, F, and H, antibod-
ies were preincubated with recombinant B55 as described in MA-
TERIALS AND METHODS. The images resulting from the same
antibody staining were acquired and treated identically. (G and H)
Confocal section of ~180 nm through the middle of the nucleus. Bar,
5 pm.
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anti-guinea pig antibody diluted 1:10 (Jackson ImmunoResearch,
West Grove, PA). DNA was visualized using Hoechst dye (1 pg/ml
bisbenzimide). Cells were mounted and photographed on an East-
man Kodak (Rochester, NY) DCS 420 camera mounted on a Leica
(Wetzlar, Germany) DMRB fluorescent microscope. Alternatively
cells were photographed on a Zeiss (Thornwood, NY) Axiophot
microscope using conventional photography on slide film (Girard et
al., 1992). Images were scanned or acquired in Photoshop (Adobe
Systems, Mountain View, CA) and further treated and mounted on
a Silicon Graphics (Mountain View, CA) Indigo 2 workstation. In
cases of double exposures the color balance of the scanned images
was not varied to not distort colocalization information of the
image. Confocal microscopy and fluorescence measurements of
AbC1¢/182 were performed as previously described (using ImgCalc
fluorescence sensitivity software; Turowski et al., 1995).

Metabolic Pulse Labeling of Injected Cells or
Cells Treated with Phosphatase Inhibitors and
Two-dimensional Gel Electrophoresis

Hs68 fibroblasts were grown on small (~1 mm?) glass coverslips.
All cells on the coverslip were counted and injected with pECE-
B55as or pECE alone as a control and counted. For metabolic label-
ing the cells were transferred to a humidified chamber and overlaid
with 7 ul of phosphate-free Dulbecco’s modified Eagle’s medium
(supplemented with 8% dialyzed FCS) containing 1 mCi of
[*P]H,PO, (PBS13; Amersham, Les Ulis, France) as previously de-
scribed (Lamb ef al., 1989). Cells were briefly rinsed in PBS and lysed
by dropping the chip into 30 ul of boiling 50 mM Tris-Cl, pH 7.5, 5
mM dithiothreitol, 0.5% SDS, and 2% NP-40 containing ~10°-107
unlabeled carrier cells. Samples were boiled, lyophilized, resus-
pended in 20 ul of 1 mg/ml RNase A (protease-free; Worthington,
Freehold, NJ), and incubated for 10 min at 37°C. In a similar manner
cells treated with OA or tautomycin (TAU) were metabolically
labeled; Hs68 fibroblasts were grown on 12 mm coverslips to equal
density and overlaid with 30 ul of medium containing OA at 1 uM
or TAU at 10 uM and 3 mCi of [**P]JH,PO, (PBS13; Amersham).
Cells were treated with OA and TAU for 1 and 3 h, respectively, as
previously described (Favre et al., 1997). Labeling times were 1 h.
Lysis was performed as described for chip-injected cells in a volume
of 100 wl.

Before two-dimensional gel electrophoresis 150 ul of isoelectric
focusing sample buffer (9.5 M urea, 4% NP-40, 0.1 M dithiothreitol,
and 2% ampholines, pH 6—-8) were added to each sample. Isoelectric
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Figure 4. Vimentin disassembly and hyperphosphorylation after the functional knockout of B55. (A-D) Hs68 fibroblasts were microinjected
with pECE-B55as and cultured for 6 h (A and B) or 12 h (C and D). Cells were then stained for vimentin (A and C). Arrowheads indicate
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focusing was performed according to the method of O’Farrell (1975)
using ampholines, pH 3-10 (60%) and pH 4-7 (40%). Second di-
mensions were run on 12.5% acrylamide gels according to the
method of Blattler et al. (1972). Gels were stained using Coomassie
brilliant blue, dried, and exposed to autoradiography at —80°C on
film using two intensifying screens. Alternatively, gels were quan-
tified using a PhosphorImager and ImageQuant software (Molecu-
lar Dynamics, Bondoufle, France). The position of vimentin on
two-dimensional gels was determined by immunblotting using the
V9 mAD (Sigma).

Cell Fractionation, Vimentin Purification,
and Immunoblotting

Total cell lysates and cytoplasmic and nuclear fractions of Hs68
fibroblasts were prepared as previously described (Turowski et al.,
1995). Protein concentration in the soluble fractions was determined
using a Bradford detection reagent (Bio-Rad, Ivry sur Seine, France)
and BSA as a standard.

Extracts enriched in vimentin were essentially prepared as de-
scribed by Franke et al. (1978). Briefly, subconfluent Hs68 were
scraped into PBS, pelleted, and lysed in buffer V containing 50 mM
HEPES, pH 7.2, 140 mM NaCl, 1% Triton X-100, 5 mM MgCl,, 1 mM
dithiothreitol, and a mixture of protease inhibitors. The insoluble
material was collected by centrifugation and subjected to three
extractions in buffer V containing either 0.6 or 1.5 M KCl. The
resulting vimentin pellet was solubilized in SDS-PAGE sample
buffer. Proteins solubilized during the extraction steps were precip-
itated in 10% trichloroacetic acid at 4°C, extracted with ether:ethanol
(4:1), and resuspended in the same volume of 1X SDS-PAGE sample
buffer as the vimentin pellet to enable direct comparison.

Protein samples were made 1X in SDS-PAGE sample buffer (62.5
mM Tris-Cl, pH 6.8, 2% SDS, 8% glycerol, 0.001% bromphenol blue,
and 10 mM dithiothreitol), boiled, and subjected to SDS-PAGE on
10% gels (Laemmli, 1970). Rabbit skeletal muscle PP2Ac (Stone et al.,
1987), recombinant B55« (Michelson et al., 1996), recombinant PR65
(Turowski et al., 1997), and PP1 catalytic subunit (a gift from M.
Bollen, Katholieke Universiteit, Leuven, Belgium) were included as
positive controls. Proteins were subsequently electrotransferred
onto an Immobilon-P membrane (Millipore, St. Quentin Yvelines,
France), and immunodecoration was performed as described (Tu-
rowski et al., 1995). AbCs, Ab65s, and Ab55s were diluted 1:100-1:
500, respectively. Anti-vimentin V9 (Sigma) was used at 1:400; an-
ti-HA ascites (clone 12CA5; a generous gift from S. Leibovitch,
Institut Gustave Roussy, Villejuif, France) was used at 1:10"000.
Competition experiments were performed as described above for
immunofluorescence.

Figure 4 (facing page). microinjected cells as identified by costain-
ing against the marker antibody (B and D). (E and F) Similarly, Hs68
fibroblasts were microinjected with a B56 antisense construct
(manuscript in preparation) and subsequently stained for vimentin
(E) and injection marker (F). Note that antisense B56 did not induce
any changes in vimentin integrity. Bars, 5 um. (G) Hs68 fibroblasts
were grown on 1-mm? glass chips and microinjected with the con-
trol plasmid pECE or the antisense B55-expressing construct pECE-
B55as. Cells were subcultured for 6 h and then metabolically labeled
with [32P]H,;PO, for 3 h. Subsequently, phosphoproteins were ana-
lyzed by two-dimensional gel electrophoresis as described in MA-
TERIALS AND METHODS. Shown are portions of the autoradio-
grams containing vimentin (black arrowheads) and surrounding
proteins only (white arrowheads indicate hsp 28). Shown are phos-
phoproteins of 230 cells injected with the control plasmid pECE (left
panel) and 216 cells injected with the antisense B55 construct pECE-
B55as (right panel). Autoradiographs were exposed for 4 d at —80°C
and quantitated using a PhosphorImager.
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Recombinant B55

The insert encoding human B55a (Mayer et al., 1991) was subcloned
as a BamHI fragment into the baculovirus transfer vector pVL1392.
The resulting plasmid was transfected with wild-type baculoviral
DNA (AcMNPV) to generate recombinant baculovirus (AcHPR55«)
by homologous recombination in Spodoptera frugiperda (Sf9) cells
(Summers and Smith, 1987). For large-scale infection, 1 1 of Sf9 was
cultured in TC-100 medium supplemented with 10% FCS to a
density of 1.5 X 10°/ml, at which point they were infected with
AcHPR55« at a multiplicity of infection of 5. Cells were harvested
72 h after infection and lysed in 50 mM Tris-Cl, pH 7.5, 100 mM
NaCl, 1 mM EDTA, 1 mM DTT, 10% glycerol, 0.2% Triton X-100, 1
mM benzamidine, 0.1 mM tosyl-L-phenylanalylchloromethane, 0.1
mM tosyl-L-lysylchloromethylketone, 3 uM pepstatin A, 2 uM leu-
peptin, and 0.5 mM PMSF using a Dounce homogenizer. Subse-
quently, B55 was purified by chromatography on Q-Sepharose,
heparin-Sepharose and Mono Q (all from Pharmacia). A detailed
purification scheme will be published elsewhere (Myles and Hem-
mings, manuscript in preparation).

Protein Phosphatase Assays

Type 1 and 2A protein phosphatase activities of Hs68 cells remain-
ing after OA and TAU treatment were determined using phosphor-
ylase a and phosphopeptide as previously described (Favre et al.,
1997). The functionality of recombinant B55 preparations was as-
sayed using heterodimeric PP2A, (a gift from J. Goris, Katholieke
Universiteit, Leuven, Belgium), recombinant B55, and phosphory-
lase a at final concentrations of 1 nM, 10 nM, and 10 uM, respec-
tively (Turowski et al., 1997). Alternatively, histone H1, phosphor-
ylated by p34°4<2 (a gift from J.-C. Labbé¢, Centre de Recherche en
Biochimie Macromoléculaire, Montpellier, France) was used as sub-
strate at a final concentration of 5 uM (Mayer-Jaekel et al., 1994).

Vimentin Dephosphorylation In Vitro. Six 60-mm dishes of Hs68
were each metabolically labeled with 2.5 ml of 90% phosphate-free
medium containing 1 mCi of [**P]H,PO, (PBS13; Amersham) and 1
uM OA for 1.5 h. Cells were scraped and recovered by centrifuga-
tion, washed in 20 mM HEPES and 150 mM NaCl, pH 7.4, and snap
frozen. Subsequently, vimentin was purified as described above.
Hyperphosphorylated vimentin was initially found to be com-
pletely insoluble. Solubilization was performed by incubation in 8
M urea, 50 mM Tris-Cl, and 10 mM DTT, pH 7.5, at 37°C for 15 min
and dilution with SDS-PAGE sample buffer to 2X final (125 mM
Tris-Cl, pH 6.8, 4% SDS, 16% glycerol, 0.002% bromphenol blue, and
20 mM DTT). The mixture was incubated for 1 h on a rocking
platform, boiled, and centrifuged, and equal volumes were sepa-
rated on SDS-PAGE. Proteins were transferred to nitrocellulose. The
position of phosphovimentin was identified by autoradiography of
the membrane and by immunoblotting of a slice of the membrane
using antibody V9 (Sigma). Radioactive vimentin bands were ex-
cised and quantitated (~5 ug of protein as estimated by staining
with Ponceau red and 30,000 cpm, with <10% of variation between
the different strips). Vimentin was partially renatured by incubation
in 6 M guanidinium chloride and 50 mM Tris-Cl, pH 7.5, and
stepwise dilution using Tris-buffered saline. Subsequently, strips
were incubated in 100 ul of phosphatase buffer (50 mM Tris-Cl, 50
mM NaCl, 0.1 mM EDTA, 0.1% B-mercaptoethanol, and 0.67 mg/ml
BSA) containing mixtures of 1 nM PP2A,, 10 nM B55, 10 nM OA, or
1 nM PP1c. Incubation was done at 30°C for 10-40 min. Reactions
were stopped by retraction of the phosphovimentin strips, and the
phosphate released into the reaction mixture was quantitated by
liquid scintillation counting.

Vimentin Dephosphorylation In Situ. Hs68 fibroblasts were grown
on coverslips and treated with 1 uM OA for 1 h. Cells were then
permeabilized in buffer V for 2 min, and soluble cellular proteins
were extracted by subsequent extraction in buffer V supplemented
with 1.5 M KCl for 10 min (Franke ef al., 1978). Coverslips coated
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Figure 5. Microtubule and microfilament networks are unaffected in B55-depleted cells. Hs68 fibroblasts were microinjected with pECE-
B55as and cultured for 12 h as in Figure 4. (A and B) Cells were then stained for tubulin (A). Arrowheads indicate microinjected cell as
identified by costaining against the marker antibody (B). (C and D) Costaining for F-actin (C) and vimentin (D), respectively. Here the
corresponding guinea pig marker antibody (revealed with amino-methylcoumarin) is not shown but indicated by arrowheads. In each case
~50 cells were microinjected, and no effect on microtubule or actin distribution was observed. Bars, 5 um.

with vimentin lattices were equilibrated in protein phosphatase
assay buffer (50 mM Tris-Cl, pH 7.5, 50 mM NaCl, 0.1 mM EDTA,
0.67 mg/ml BSA, and 0.1% B-mercaptoethanol). For dephosphory-
lation assays, coverslips were overlaid with 30 ul of phosphatase
mixture diluted in assay buffer and incubated at 37°C in a humid-
ified chamber. PP2A,, B55, and OA were used at final concentra-
tions of 1, 10, and 10 nM, respectively. At various times thereafter
(between 0 and 45 min) reactions were stopped by fixation in
formalin and further processed for immunofluorescence analysis of
vimentin.

RESULTS

Inhibition of Type 2A Protein Phosphatases Leads
to Hyperphosphorylation and Disassembly of
Vimentin

Type 1 and type 2A protein serine-threonine phospha-
tases! can be selectively inhibited by defined concen-
trations of TAU and OA, respectively (Favre et al.,
1997). Significantly higher concentrations of each com-
pound, compared with their reported K; values, are
required to effectively inhibit each class of protein
phosphatases in cultured MCF7 human breast cancer
cells. We have also shown that such inhibition of type
2A but not type 1 protein phosphatases leads to hy-
perphosphorylation of cytokeratin IFs in MCF7 cells
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(Favre et al., 1997). Here we have examined whether
vimentin, the IF protein present in fibroblasts, became
hyperphosphorylated by similar, selective inhibition
of type 2A protein phosphatases. In Hs68 human fi-
broblasts TAU and OA inhibited type 1 and type 2A
activities at doses and time courses comparable with
those found for MCF7 cells. Specifically, treatment
with 1 uM OA for 1 h resulted in an inhibition of type
2A activity of 99% (*5% [SE]; n = 4), whereas type 1
activity was nearly unaffected (13 * 8% inhibition; n =
4). In contrast, treatment with 10 uM TAU for 3 h
inhibited type 1 phosphatases by 81% (=5%; n = 4),
whereas type 2A activity remained normal (107 * 6%;
n = 4). In subsequent experiments, equal numbers of
Hs68 fibroblasts were treated for either 1 h with 1 uM
OA or 3 h with 10 uM TAU. Cells were metabolically
labeled with [**P]H;PO,, and cellular phosphopro-
teins were analyzed by two-dimensional gel electro-
phoresis and autoradiography (Figure 1A). Vimentin
was heavily hyperphosphorylated in cells treated with
OA when compared with that of control or TAU-
treated cells (Figure 1A, upper panel). In contrast,
TAU treatment led to hyperphosphorylation of myo-
sin light chain (Figure 1A, lower panel), a bona fide
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substrate for PP1 in fibroblasts (Fernandez ef al., 1990).
OA treatment rather induced a diminution of myosin
light chain phosphorylation, which may be attribut-
able to a role of PP2A in regulating myosin light chain
kinase. We identified at least six other phosphopro-
teins (including src and hsp 90), the phosphorylation
state of which was unaffected by OA or TAU treat-
ment. Thus neither of the two inhibitors exhibited
generalized effects on protein phosphorylation (such
as affecting the cellular ATP pool), in agreement with
previous reports (Haystead et al., 1989). To confirm
that OA and TAU acted differentially on the cytoskel-
eton, Hs68 fibroblasts, incubated with either inhibitor,
were analyzed for their vimentin and F-actin distribu-
tion by indirect immunofluorescence (Figure 1B). In
OA-treated cells the normally fine, well-extended vi-
mentin network bundled, forming a cage-like struc-
ture around the nucleus, characteristic of its disassem-
bly in vivo (Inagaki et al., 1996, and references therein).
Although the cells rounded up, no significant reorga-
nization of stress fibers took place. In contrast, TAU
treatment led to increased staining for phalloidin, in-
dicative of enhanced polymerization of G- to F-actin.
Again this observation is in agreement with the re-
ported role of PP1 in dephosphorylating myosin light
chain (Fernandez et al., 1990). Vimentin from TAU-
treated cells underwent limited reorganization, but in
contrast to OA, no thick bundles were observed. Un-
der the experimental conditions used only 30-40% of
the cells showed modifications of the cytoskeleton
described here. After longer incubation times all cells
showed modified phenotypes. However, more
strongly inhibited cells rounded completely and fre-
quently detached, making high-resolution microscopy
impossible. For this reason we used the shorter incu-
bation times when some cells had not yet reacted
phenotypically to the drugs. From these results it is
clear that a type 2A protein phosphatase is implicated
in the modulation of vimentin phosphorylation and
organization in Hs68 fibroblasts.

The B55 Subunit Is a Ubiquitous, Cytoplasmic
Protein

Taking into account the abundance of vimentin in
fibroblasts, our further studies concentrated on a pos-
sible role of PP2A in the modulation of vimentin phos-
phorylation. PP2A constitutes a class of heterotrimeric
enzymes in which a variable protein, termed B, con-
fers substrate specificity (Mayer-Jaekel and Hem-
mings, 1994). We chose to study the B subunit in-
volved in vimentin phosphorylation, because this
would also conclusively identify PP2A as the vimentin
phosphatase. Our initial studies examined the subcel-
lular distribution of a major PP2A regulatory subunit
in Hs68 fibroblasts, namely B55. Two B55-specific an-
tisera were generated: Ab55473/448 against a carboxyl-
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terminal peptide of all three B55 isoforms and
Ab55comP for which full-length recombinant B55 was
used as antigen (Michelson et al., 1996). After affinity
purification both antibodies were monospecific in im-
munoblot analyses of human Hs68 fibroblasts (Figure
2, A and B). A single band at ~52 kDa, comigrating
with recombinant B55, was revealed in total extracts of
Hs68 cells. Soluble and insoluble fractions from cyto-
plasm and nuclei of Hs68 fibroblasts were prepared
and subjected to immunoblotting. As shown in Figure
2B, B55 was only detectable in the soluble cytoplasmic
fraction. A more detailed subcellular analysis was per-
formed using the anti-B55 antibodies in indirect im-
munofluorescence of mammalian fibroblasts. As illus-
trated in Figure 2, C and E, Ab55%73/448 a5 well as
Ab55tecomb gtained essentially the cytoplasmic com-
partment. Some of the cytoplasmic staining of
Ab557cemb (Figure 2, E and G) was fine and filamen-
tous, reminiscent of IF network staining and possibly
attributable to a direct association of B55 with vimen-
tin. For both antibodies, the nuclei were nearly devoid
of staining (Figure 2, C and E), which was confirmed
by confocal sections through the nucleus, which re-
vealed that <5% of B55 was nuclear (Figure 2G). Con-
focal sectioning also showed the light filamentous cy-
toplasmic staining pattern. The staining pattern of
both antibodies was specific, because it was essentially
lost by preincubating the antibodies with recombinant
B55 (Figure 2, D, F, and H). Similar staining patterns
were also observed when methanol was used as a
fixative or in REF-52 cells. Expression of HA-tagged
B55 by microinjection or transfection in Hs68 or 293
cells, respectively, revealed a similar, ubiquitous dis-
tribution in the cytoplasm (our unpublished results).
To further confirm the specificity of this subcellular
localization and for subsequent functional studies, an
antisense B55 RNA-expressing construct, pECE-Bb55as,
was prepared. When transiently transfected in Hs68
fibroblasts, a significant decrease of the B55 signal was
observed by immunoblot analysis of total extracts 36 h
after transfection (Figure 3A). Given a transfection
efficiency of ~60%, the antisense construct pECE-
B55as appeared an effective tool in depleting cells of
B55. Similarly, the microinjection of pECE-B55as in-
duced a marked loss of anti-B55 staining in a time-
dependent manner (Figure 3, B and C). Within 15 h
pECE-B55as induced a 71% reduction (=11%; n = 23)
of B55 immunofluorescence. Taken together these data
suggested that B55 is a cytoplasmic protein which is in
part associated with cytoskeletal structures, most
likely vimentin (also see below).

Lack of B55 Leads to Reorganization and Increased
Phosphorylation of the Vimentin IF

Phase-contrast microscopy of cells deprived of B55 by
antisense microinjection revealed the formation of
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Figure 6. Enhanced dephosphorylation of vimentin in the presence of recombinant B55. (A) Twenty microliters of recombinant B55
prepared as described in MATERIALS AND METHODS were electrophoretically separated, and proteins were visualized using Coomassie
brilliant blue. The molecular masses of marker proteins in kilodaltons (lane M) are indicated at the left. The major full-length and minor
proteolytically degraded forms of B55, as identified by immunoblotting, are indicated with arrowheads. (B) The effect of B55 on the activity
of purified dimeric PP2A, toward phosphorylase and (p34?<> phosphorylated) histone H1 was assayed. Before the assay, PP2A, (at 1 nM
final concentration) was preincubated with (black bars) or without (hatched bars) ~10 nM (final) recombinant B55 on ice. (C) Nitrocellulose strips
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dense cytoskeletal structures around the nuclei. Our
results using OA (Figure 1) and the immunolocaliza-
tion of B55 using Ab557<°™P prompted us to analyze
vimentin distribution in Hs68 cells lacking B55. Be-
cause B55-containing PP2A holoenzymes were re-
ported to be involved during mitotic progression
(Mayer-Jaekel et al., 1993), when both cellular mor-
phology and vimentin distribution are highly modi-
fied (Chou et al., 1990), we used only cells in inter-
phase. For this Hs68 fibroblasts were made quiescent
by serum deprivation and microinjected 2-3 h after
being refed, allowing analysis for 22-24 h before cells
entered mitosis (Girard et al., 1992). Hs68 cells, de-
prived of B55 by antisense injection, showed a dra-
matic reorganization of vimentin distribution. Specif-
ically, 6-9 h after microinjection the normally fine,
well-extended vimentin network retracted from the cell
edges and collapsed (Figure 4, A and B). The extent of
this reorganization was dependent on the time after
antisense B55 injection. Cells fixed 12-15 h after injec-
tion exhibited a complete contraction of the vimentin
into dense filament bundles around the nucleus (Fig-
ure 4, C and D). Longer times (>20 h) resulted in
complete rounding and subsequent detachment of
B55-depleted cells. Similar effects on vimentin were
also obtained after microinjection of affinity purfied
anti-B55 antibody AB55%73/48% (our unpublished re-
sults). Antisense depletion of B subunits other than
B55 in Hs68 cells did not have such effects on vimentin
(Turowski, Fernandez, and Lamb, manuscript in prep-
aration). A representative example is shown in Figure
4, E and F.

Figure 6 (facing page), containing hyperphosphorylated [3?P]vi-
mentin were prepared as described in MATERIALS AND METH-
ODS. Similarly to the phosphatase assays shown in B, strips con-
taining equal amounts of [**P]vimentin (~30,000 cpm and 5 ug of
protein) were incubated with either 1 nM dimeric PP2A, preincu-
bated with (open squares) or without (closed squares) 10 nM re-
combinant B55 or with 1 nM catalytic subunit of PP1 (triangles).
Phosphate release was determined and plotted against the assay
time. (D-I) Hs68 fibroblasts grown on coverslips were treated with
1 uM OA for 1 h. Soluble proteins were extracted using Triton X-100
and 1.5 M KCl, and the remaining vimentin lattices were extensively
washed in phosphatase assay buffer. Subsequently coverslips were
overlaid with 30 ul of protein phosphatase assay buffer containing
no phosphatase (D), 1 nM PP2A, (E), or 1 nM PP2A, and ~10 nM
recombinant B55 (F and G) and incubated at 37°C for 45 min.
Reactions were stopped by formalin fixation and further stained for
vimentin distribution. Bar, 5 um. (H) Quantitative representation of
the experiment shown in D-G; vimentin distribution resembling D
or E was counted as bundled, whereas that resembling F or G or
Figure 1B, upper left (unaffected vimentin), was counted as (re)as-
sembled. On average, 600 stained vimentin lattices of each coverslip
(i.e., assay point) were counted. In all assays ~20% of the vimentin
lattices had normal appearance and had not been affected by the
initial OA treatment. (I) Time course of vimentin dephosphorylation
by 1 nM PP2A, and 10 nM B55. Vimentin reassembly was deter-
mined as in H, and for each time point the corresponding back-
ground (no PPase) was subtracted.
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To examine whether the dramatic reorganization of
vimentin was associated with hyperphosphorylation,
the phosphorylation state of vimentin in cells lacking
B55 was analyzed. For this, Hs68 fibroblasts were
grown to equal densities on small (1-mm?) glass cov-
erslips, and all cells were counted and microinjected
with either the control plasmid pECE or the B55 anti-
sense construct pECE-B55as. Six hours after injection,
cells were metabolically labeled with [**P]H,PO, for
3 h, and the totality of the phosphoproteins was ana-
lyzed by two-dimensional gel electrophoresis and au-
toradiography. As shown in Figure 4G, vimentin from
exactly 216 cells, all injected with antisense B55 (right
panel), was phosphorylated to a greater extent than
that from exactly 230 control-injected cells (left panel).
Because the exact number of cells used in each exper-
iment is known, a direct comparison of the phospho-
proteins can be made. This was further illustrated by
the fact that the phosphorylation of no other major
phosphoprotein (such as hsp 28) changed between
experiments using similar cell numbers. Significantly,
we found from two such metabolic labeling experi-
ments that the amount of labeled vimentin increased
threefold.

Therefore, depletion of B55 induced an increased
phosphorylation of vimentin, which accompanied its
disassembly. In addition, reorganization of cytoskel-
etal structures after B55 antisense injection was re-
stricted to the vimentin IF: none of the injected cells
exhibited alterations of the microtubule network (Fig-
ure 5, A and B) or the F-actin (Figure 5, C and D).

Vimentin Dephosphorylation is Enhanced by
B55-Type Regulator

These results suggested that vimentin was directly
modulated by a B55-containing PP2A heterotrimer.
We next tested whether purified B55-containing het-
erotrimer dephosphorylated vimentin. Human B55
protein was expressed in Sf9 cells infected with a
recombinant baculovirus carrying B55a ¢cDNA and
purified to >80% homogeneity (Figure 6A). Added to
homogeneous, dimeric PP2A (PP24,), it induced an
approximately sixfold increase of the phosphatase ac-
tivity toward p34°d<2-phosphorylated histone HI1,
whereas phosphorylase phosphatase activity re-
mained unchanged (Figure 6B). This is consistent with
analyses of cell free extracts of Drosophila mutants
lacking functional B55 (Mayer-Jaekel et al., 1994) and
suggests that our recombinant B55 preparation was
fully functional. To study the effect of B55 on vimentin
dephosphorylation, vimentin, potentially hyperphos-
phorylated on PP2A-specific sites, was purified from
OA-treated Hs68 cells by Triton X-100 and KCl extrac-
tion (see MATERIALS AND METHODS and Figure 7).
It was further electrophoretically separated from all
contaminants, electrotransfered onto nitrocellulose,

2007



P. Turowski et al.

A B

SH0 VE C

VE VE

e -a HA-B55

nt t
Coomassie
blue
C .
anti-PP2Ac anti-PR65 anti-B55

anti-Vimentin

double

Figure 7. Association of PP2A with vimentin in Hs68 fibroblasts. (A and B) Vimentin was isolated from Hs68 fibroblasts by Triton X-100
and 0.6 M KCl extraction as described in MATERIALS AND METHODS. Material corresponding to one-third of a 100-mm dish of Hs68 was
electrophoretically analyzed; equal proportions of the soluble (lanes S; S/10, Y10 of S) and insoluble, vimentin-enriched (lanes VE) fractions
were electrophoretically separated. Subsequently, proteins were stained with Coomassie brilliant blue (A). Arrows indicate the positions of
vimentin (v) and actin (a). The migration of molecular mass markers is indicated at the left. Alternatively, gels were immunoblotted (B) for
the presence of PP2Ac and PR65 using AbC302/3% (upper panel) and Ab65'77/1% (middle panel). Approximately 5 ng of rabbit skeletal muscle
PP2Ac and ~10 ng of recombinant PR65 were included as a positive control (lanes C), and their positions are marked with arrowheads.
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and renatured by Tris-buffered saline-guanidinium
cycles. Subsequently, strips containing equal amounts
of phosphovimentin were incubated with various pro-
tein phosphatase mixtures, and the released phos-
phate was quantitated (Figure 6C). In this assay, ad-
dition of recombinant B55 stimulated the basal activity
of dimeric PP2A (PP2A,) toward vimentin by a factor
of ~5. PP1 or PP2A mixtures containing 10 nM OA
did not induce significant dephosphorylation of vi-
mentin. To further confirm that trimeric, B55-contain-
ing PP2A was also competent to dephosphorylate na-
tive vimentin, we developed an in situ assay. Cells
were grown on coverslips, treated with OA, and then
extracted with Triton X-100 and KCl to wash out most
soluble proteins (also see Figure 7). The resulting cy-
toskeletal lattices, highly enriched in vimentin, were
incubated with PP2A mixtures, and at various times
thereafter vimentin distribution was determined by
immunofluorescence. Incubation with buffer or PP2A,
alone had no effect on vimentin distribution: vimentin
was disassembled and strongly bundled in ~80% of
the cells (Figure 6, D and E). In contrast, after incuba-
tion with PP2A, and an excess of recombinant B55, a
significant number of the vimentin lattices had reor-
ganized, as characterized by a fine, filamentous stain-
ing pattern (Figure 6, F and G). Quantitative analysis
(~600 vimentin lattices were assessed for each time
point and incubation condition) revealed that only the
incubation with PP2A, plus recombinant B55 resulted
in efficient reassembly of vimentin into filaments (Fig-
ure 6H). Most importantly, this reorganization was
attributable to dephosphorylation by PP2A, because it
could be abolished by adding 10 nM OA to the assay.
Moreover, immunodepleted B55 preparations did not
enhance vimentin reorganization by PP2A,. Likewise,
semipurified, active preparations of B563 (McCright et
al., 1996; Zolnierowicz et al., 1996), a different PP2A
regulator present in Hs68 fibroblasts (Turowski, Fer-
nandez, and Lamb, manuscript in preparation), was
ineffective (our unpublished results). The extent of
vimentin reorganization induced by B55/PP2A in-

Figure 7 (facing page). Because of a high background staining in
the region at ~50 kDa, B55 could not be detected in an unequivocal
way using our polyclonal Ab55. Vimentin was isolated from Hs68,
transiently transfected to express HA-tagged B55. These prepara-
tions were immunoblotted using the monoclonal anti-HA (12CA5)
(lower panel). nt, vimentin from nontransfected cells; t, from trans-
fected cells. The arrowheads indicate the migration of HA-B55 as
determined by anti-HA immunoprecipitates, run on the same gel
and detected with Ab55c°mP, (C) Hs68 fibroblasts were grown on
glass coverslips and, before formalin fixation, extracted with 0.01%
Triton X-100. Subsequently, cells were stained for PP2Ac, PR65, or
B55 using AbCrecomP Ab65177/19%  or Ab55"<°mP  respectively, and
costained for vimentin. The staining for PP2A subunits was re-
vealed using FITC-conjugated reagents (upper panels), whereas
vimentin was detected using Texas Red (middle panels). The lower
panels show double exposures of the respective PP2A and vimentin
staining (see MATERIALS AND METHODS). Bar, 5 um.

Vol. 10, June 1999

Vimentin Dephosphorylation by PP2A

creased linearly with time (Figure 6I). Thus B55 en-
hanced the specificity of PP2A for vimentin both in
vitro and in situ.

PP2A Association with Vimentin

At this point our results suggested that PP2A might
dephosphorylate vimentin directly. PP2A is the major
protein phosphatase acting on neurofilaments and
found associated with this type of IF (Saito et al., 1995).
To corroborate an association of PP2A with vimentin,
fractions highly enriched in IFs were prepared from
Hs68 fibroblasts (Figure 7A) and immunoblotted for
the presence of PP2A subunits. Both PP2Ac and the
PR65 regulatory subunit were detected in these prep-
arations (Figure 7B). Immunoblotting of vimentin
preparations with Ab557c™b or Ab55473/448 gave rise
to several bands at ~55 kDa, the nature of which could
not be determined unequivocally. To circumvent this
problem, vimentin was isolated from Hs68 transfected
with pCMV-HA-B55« and expressing HA-tagged B55.
Specifically, HA-tagged B55 was detected associated
with vimentin from transfected cells (Figure 7B, lower
panel). This association was considered specific, be-
cause all three PP2A subunits were still present at an
ionic strength up to 1.5 M KCl. No PP1 was detected in
these vimentin fractions by immunoblotting. Compar-
ison of the levels of PP2A present on vimentin with
that of the soluble pool (Figure 7B) showed that the
majority of PP2A was soluble, and only a small sub-
population was associated with vimentin. An exact
estimation of how much PP2A is associated with vi-
mentin appeared difficult, because PP2Ac, PR65, and
B55 were found in each of the high-salt washes of the
vimentin pellet, implying that the actual amount de-
tected might be inferior to that associated in living
cells.

We have previously shown using a number of dif-
ferent antibodies that the majority of PP2Ac and PR65
is distributed throughout both the cytoplasmic and
the nuclear compartments (Turowski et al.,, 1995). In
turn B55 is essentially cytoplasmic (Figure 2). When
any of the antibodies against PP2Ac, PR65, or B55
were used in immunfluorescence analyses of cells,
mildly extracted with Triton X100 before fixation,
most of the diffuse staining in the cytoplasm and the
nucleus disappeared. A comparatively weak, filamen-
tous staining pattern was left, which coincided with
the corresponding vimentin staining (Figure 7C, up-
per and middle panels). This was especially striking in
double exposures of the two staining patterns (Figure
7C, lower panels). This colocalization of a fraction of
the three PP2A subunits, PP2Ac, PR65, and B55, with
vimentin after detergent solubilization of the bulk of
these proteins further reinforced that PP2A not only
dephosphorylated vimentin in Hs68 fibroblasts but
also associated with this substrate.
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Targeting by B55

In this respect it was significant to find that an anti-
body, directed against an internal region of the cata-
lytic subunit of PP2A (AbC'%°/182; Favre et al., 1994),
also showed a colocalization of PP2Ac with vimentin.
This antibody was specific for PP2Ac in immunoblots
of Hs68 (Figure 8A) and in immunoprecipitates from
whole-cell lysates (Favre et al., 1994). Immunofluores-
cence analysis of Hs68 cells stained with AbC'¢/182
showed a fine, filamentous staining (Figure 8B, left pan-
el), which seemed to colocalize with vimentin IFs. In-
deed, when superimposed with the corresponding vi-
mentin staining, most of this PP2Ac staining coincided
with vimentin (Figure 8B, right panel). Only a few,
mostly peripheral areas showed no costaining of PP2Ac
and vimentin (Figure 8B, residual, red staining, arrow-
heads; also see DISCUSSION). It is noteworthy that
AbC/182 gave rise to a signal colocalizing with vimen-
tin without detergent pre-extraction (compared with the
staining shown in Figure 7C), making it a valuable tool
to follow vimentin-associated PP2Ac. With the use of
this antibody we analyzed whether the PP2Ac-vimentin
interaction was mediated by B55. For this, the distribu-
tion of vimentin-associated PP2Ac was determined in
cells depleted of B55 by antisense injection. In these cells
the AbC!%%/182 staining followed the bundling of vimen-
tin, and this staining diminished at later time points of
antisense injection (Figure 8C). Moreover, the disappear-
ance of AbC'%/182 gtaining was specific and restricted to
vimentin-associated PP2Ac, because immunofluores-

Figure 8 (facing page). Targeting by B55. (A) Immunoblot analysis
of PP2A catalytic subunit from total cell lysates of Hs68 fibroblasts
using AbC'%°/182 were performed similarly to those in Figure 1.
Lane 1, ~20 ug of cell extract; lane C, 5 ng of rabbit skeletal muscle
PP2Ac. Positions of molecular mass markers are indicated at the left.
The bands revealed are competed by the antigenic peptide. (B) Hs68
fibroblasts were grown on glass coverslips and formalin fixed. Sub-
sequently, they were costained for the catalytic subunit using
AbC'%/182 revealed by FITC (left panel), and vimentin using mAb
V9, revealed by Texas Red, as described for Figure 7B. To visualize
colocalization of PP2Ac with vimentin, double exposures of both
signal were recorded (right panel). Note that PP2Ac colocalized
with most of the vimentin (yellow), but some regions of vimentin
were devoid of PP2Ac staining (red, arrowheads). (C and D) Hs68
fibroblasts, grown on glass coverslips, were microinjected with the
antisense B55 RNA-expressing construct pECE-B55as. After 12 h,
cells were fixed using formalin. In C cells were stained for vimentin-
associated PP2Ac using AbC'?/182 (left panel) and for the microin-
jection marker (right panel). In D cells were stained stained for total
PP2Ac using AbCrecomb (left panel) and for the microinjection
marker (right panel). Arrowheads indicate injected cells. (E) In
similar experiments as in C and D, cells were microinjected with the
control plasmid pECE or with pECE-B55as. Subsequently they were
stained for the totality of cellular PP2Ac using AbC <™ (Turowski
et al., 1995), vimentin-associated PP2Ac using AbC'%/182, or vimen-
tin using V9. Subsequently, the fluorescence of each microinjected
cell was quantitated using ImgCalc. The histogram shows average
fluorescence as determined from at least 30 injected cells for each
staining. Values found for control-injected cells were arbitrarily set
to 100%. Bars, 5 um.
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cence analysis of the totality of PP2Ac (as revealed by
AbCrecomb: Turowski et al., 1995) showed no discernible
changes (Figure 8D). The mean, total fluorescence of B55
antisense-injected cells stained for vimentin-associated
PP2Ac (using AbC!¢/182) total PP2Ac (using AbCrecomb),
or vimentin was determined and compared with that of
control-injected cells (Figure 8E). Whereas the amount of
total PP2Ac remained unchanged, that of vimentin-asso-
ciated PP2Ac decreased nearly fivefold in antisense B55
injected cells. This was not due to the disappearance or
solubilization of vimentin, because its overall staining
did not change to the same extent. Thus B55 depletion
resulted in a decrease of vimentin-associated PP2Ac,
indicating that B55 is required to target PP2A to vimen-
tin.

DISCUSSION

Observations implicating PP2A in a variety of fre-
quently antagonistic pathways were gathered in stud-
ies using inhibitors such as OA, mutants in yeast or
Drosophila, or in vitro analyses of defined holoen-
zymes (for review, see Shenolikar, 1994, Wera and
Hemmings, 1995). The question has remained, how-
ever, of which holoenzyme acts at a precise moment to
dephosphorylated a given substrate in a living cell.
We have used a combination of biochemical fraction-
ation, activity assays, pharmacological inhibition, and
antisense knockout of regulatory PP2A subunits in
living cells to identify specific heterotrimeric PP2A
holoenzymes in a given cellular process. In the current
report we show that heterotrimeric PP2A containing
the B55 regulatory subunit (PP2A) dephosphorylates
vimentin of living fibroblasts throughout interphase.

B55 Is a Cytoplasmic Regulator of PP2A

PP2A is a cytoplasmic and nuclear regulator in mam-
malian cells (Turowski et al., 1995). In the present
report we show, using immunoblots of fractionated
cell extracts and indirect immunofluorescence, that the
B55-type regulatory subunit is a predominantly cyto-
plasmic protein in Hs68 fibroblasts. Its cytoplasmic
localization is consistent with the absence of a nuclear
localization signal in the primary structure of B55
isoforms (Mayer et al., 1991; Zolnierowicz et al., 1994).
Moreover, all processes in which B55-containing PP2A
holoenzymes have been implicated to date appear to
be cytoplasmic (Healy et al., 1991; Mayer-Jaekel et al.,
1993, 1994; Uemura et al., 1993; Lee et al., 1994; Pitcher
et al., 1995; Hansra et al., 1996; Sontag et al., 1996). In
contrast, members of the B56 and B72 families of reg-
ulatory subunits might mediate nuclear functions of
PP2A (Hendrix et al., 1993a; McCright et al., 1996).
Our data also showed that a fraction of cytoplasmic
B55 is associated with the IFs in mammalian fibro-
blasts. Mild detergent extraction of cells before fixa-
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tion solubilized >90% of the cellular B55 as well as the
PP2Ac and PR65, indicating that the majority of B55-
containing heterotrimer (PP2A,) is present in a highly
soluble form. The remaining material was found co-
localized with vimentin IF. Using a similar pre-extrac-
tion technique, our laboratory has previously visual-
ized the association of PP1 with actin microfilaments
(Fernandez et al., 1990). Inmunochemical analysis of
purified vimentin, isolated under highly stringent
conditions, further corroborated a physical association
of PP2A; with vimentin.

B55 has been reported to be associated with the mi-
crotubule network (Sontag ef al., 1995). Under no circum-
stances have we observed an association of PP2A sub-
units with microtubules, not even when using cell
fixatives favoring microtubule stabilization (our unpub-
lished results). The filamentous staining pattern of AbCs,
Ab65s, and Ab55s described above colocalized with the
vimentin IF but not with microtubules. Also, during the
cofractionation of PP2A and vimentin, tubulin and mi-
crotubule-associated proteins were solubilized because
of the high-salt extraction performed on ice. Moreover,
depleting fibroblasts of B55 by antisense microinjection
did not cause any alterations in the microtubule net-
work, suggesting no obvious function for B55 in main-
taining interphase microtubule integrity. However,
given previous reports, it remains feasible that PP2A is
implicated in the reversible phosphorylation of microtu-
bule-associated proteins in neuronal cells (Merrick et al.,
1996; Sontag et al., 1996).

PP2A Targeted by B55 Dephosphorylates Vimentin
In Vivo

Hyperphosphorylation of vimentin and other IF pro-
teins leads to their disassembly, leading to bundling in
vivo (for review, see Inagaki et al., 1996). In this report
we have identified PP2A as a major phosphatase in-
volved in vimentin modulation. First, the inhibition of
type 2A protein phosphatases by OA in Hs68 fibro-
blasts induced marked hyperphosphorylation and re-
organization of vimentin, in accordance with other
reports (Yatsunami et al.,, 1991; Eriksson et al., 1992;
Lee et al., 1992; Lai et al., 1993). OA is a very potent
inhibitor of PP2A but appears to be equally potent in
inhibiting other PP2A-related phosphatases (Brewis et
al., 1993; Chen et al., 1994). However, the abundance of
phosphovimentin would rather imply PP2A as major
vimentin protein phosphatase and discount a role of
less-abundant PP2A-related phosphatases. In support
we could obtain similar disassembly of the vimentin
by functional knockout of B55, which is a regulatory
subunit of PP2A and not of any other protein phos-
phatases. The functional knockout of B55 also caused
increased vimentin phosphorylation. This increase
was less pronounced than that after OA treatment,
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and this difference probably reflects the direct and
instant inhibition of PP2A by OA and the indirect and
progressive action of B55 antisense knockout. The lat-
ter process is less efficient, because it depends on the
balance between B55 and Bb55-antisense transcription
rate, B55 protein stability, as well as B55 turnover in
PP2A, holoenzymes. Interestingly, in this respect, mi-
croinjection of affinity-purified anti-B55 antibodies
could produce similar changes in vimentin organiza-
tion within shorter incubation times (our unpublished
results). The exclusive role B55 plays in vimentin de-
phosphorylation was further underlined by the obser-
vation that B56 antisense expression (the other class of
PP2A regulatory subunits expressed in Hs68 fibro-
blasts; Turowski, Fernandez, and Lamb, manuscript in
preparation) had no effect on vimentin organization.

To study vimentin dephosphorylation by defined
phosphatase preparations, we examined phosphate
release from highly phosphorylated vimentin isolated
from OA-treated cells. Because such hyperphosphory-
lated vimentin was completely insoluble, we were
constrained to measure dephosphorylation on phos-
phovimentin adsorbed to nitrocellulose strips. In these
assays recombinant B55 increased the specificity of
dimeric PP2A by approximately fivefold, an increase
similar to that measured with histone H1, which is a
highly specific substrate for B55-containing PP2A (Fer-
rigno et al., 1993). Further confirmation that PP2A
could act on native vimentin was derived from an in
situ assay, which is based on the assumption that
vimentin phosphorylation induces its disassembly
and bundling, whereas dephosphorylation would in-
duce reassembly into filaments (Inagaki et al., 1996). In
these in situ assays the presence of B55 was an abso-
lute prerequisite for PP2A to induce vimentin filament
reassembly. Other lines of evidence indicated that vi-
mentin is a direct substrate for B55/PP2A. A fraction
of PP2Ac, PR65, and B55 tightly associated with vi-
mentin could be purified from mammalian fibroblasts.
Furthermore, using antibody AbC'®/182 we could
measure a disappearance of vimentin-associated
PP2Ac after B55 depletion. These results imply that
B-type regulators do not only modulate the specificity
of PP2A for its substrate but also play a role in target-
ing PP2A to a substrate. This is a concept that is
already largely accepted and proven for PP1 (Hub-
bard and Cohen, 1993) but remained to be shown for
PP2A. In conclusion, our observations, 1) hyperphos-
phorylation of vimentin by either OA treatment or B55
depletion, 2) physical association of PP2Ac, PR65, and
B55 with vimentin, 3) enhanced in vitro dephosphor-
ylation and in situ reassembly of vimentin in the pres-
ence of B55, and 4) the loss of PP2Ac from vimentin in
B55-depleted cells, indicate an unequivocal role of B55
in directly targeting PP2A core dimer to vimentin.
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Role of IF Dephosphorylation by PP2A

A number of observations suggest that PP2A might be a
general IF phosphatase. We have previously reported
that cytokeratins 8 and 18 become hyperphosphorylated
when type 2A but not type 1 enzymes are inhibited
(Favre et al., 1997). PP2A was also identified as a neuro-
filament phosphatase and, significantly, associates with
this type of IF (Saito et al., 1995). Whether PP2A is always
targeted to IF by B55 remains to be established.

What is the function of vimentin dephosphorylation
by PP2A during interphase? IF proteins are major
phosphoproteins within living cells and substrates for
a variety of protein kinases such as cAMP- and cGMP-
dependent protein, calcium- and calmodulin-depen-
dent protein kinase II, PKC, and p34°4<2 (for review,
see Inagaki et al., 1996). Whereas strong hyperphos-
phorylation and vimentin reorganization are observed
when the intracellular levels of cAMP-dependent pro-
tein kinases were significantly increased by direct mi-
croinjection (Lamb ef al., 1989), activation of endoge-
nous cAMP-dependent protein kinase or PKC using
cAMP analogues or phorbol esters generates only
modest changes in IF phosphorylation (DePhilip and
Kierszenbaum, 1982; Coca-Prados, 1985; Chou and
Omary, 1991; Deery, 1993). The discrepancy between
these results suggests the presence of excess IF phos-
phatase activity, explaining why inhibition of PP2A
(Yatsunami et al., 1991; Eriksson et al., 1992; Lee et al.,
1992; Lai et al., 1993) or interfering with its targeting
induces such a marked hyperphosphorylation of vi-
mentin (this report). From these data we favor the
hypothesis that the main role of PP2A is to prevent
inopportune reorganization of vimentin in response to
interphase kinase activation, as also previously sug-
gested by Lai ef al. (1993). In this respect it was inter-
esting to note that the colocalization of PP2A subunits
did not extend to the totality of the vimentin network
(also see Figures 7C and 8B). Indeed some regions of
vimentin appeared completely devoid of PP2A. This
might indicate that PP2A not only serves a “Sisyphus”
role in turning phosphate over on vimentin but is also
actively involved in regulating interphase IF dynam-
ics. IF reorganization is necessary for morphological
changes during differentiation, migration, and spread-
ing (Fuchs and Weber, 1994). Our observations that
B55/PP2A modulates vimentin phosphorylation
might be a key in understanding how mutant alleles of
B55 can lead to developmental defects in Drosophila
(Uemura et al., 1993; Shiomi et al., 1994). Such a role in
modulating IF dynamics may also explain the effects
of mutant B55 alleles on mitotic transit in yeast and
Drosophila (Healy et al., 1991; Mayer-Jaekel et al., 1993;
Wang and Burke, 1997), in which IF proteins, such as
vimentin and lamins, undergo significant, phosphory-
lation-induced reorganization.
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