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Abstract Our recently published data suggested the involvement of protein phosphatase 2A (PP2A) in endothelial
cell (EC) barrier regulation (Tar et al. [2004] J Cell Biochem 92:534–546). In order to further elucidate the role of PP2A in
the regulation of EC cytoskeleton and permeability, PP2A catalytic (PP2Ac) and A regulatory (PP2Aa) subunits were cloned
and human pulmonary arterial EC (HPAEC) were transfected with PP2A mammalian expression constructs or infected with
PP2A recombinant adenoviruses. Immunostaining of PP2Ac or of PP2Aaþ c overexpressing HPAEC indicated actin
cytoskeleton rearrangement. PP2A overexpression hindered or at least dramatically reduced thrombin- or nocodazole-
induced F-actin stress fiber formation and microtubule (MT) dissolution. Accordingly, it also attenuated thrombin- or
nocodazole-induced decrease in transendothelial electrical resistance indicative of barrier protection. Inhibition of PP2A
by okadaic acid abolished its effect on agonist-induced changes in EC cytoskeleton; this indicates a critical role of PP2A
activity in EC cytoskeletal maintenance. The overexpression of PP2A significantly attenuated thrombin- or nocodazole-
induced phosphorylation of HSP27 and tau, two cytoskeletal proteins, which potentially could be involved in agonist-
induced cytoskeletal rearrangement and in the increase of permeability. PP2A-mediated dephosphorylation of HSP27 and
tau correlated with PP2A-induced preservation of EC cytoskeleton and barrier maintenance. Collectively, our
observations clearly demonstrate the crucial role of PP2A in EC barrier protection. J. Cell. Biochem. 98: 931–953,
2006. � 2006 Wiley-Liss, Inc.
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Endothelial cells (EC) form a confluentmono-
layer on the surface of the inner wall of blood
vessels and also participate in the regulation of
many physiological and pathological processes.
One of their major functions is the separation of
blood from underlying tissues, allowing only
tightly controlled passage of macromolecules
and cells. Specialized transcellular systems of

transport vesicles and the coordinated opening
and closing of cell–cell junctions [Dejana, 2004]
participate to maintain endothelial integrity,
which is vital for the protection of vessels from
uncontrolled increases in permeability or
inflammation. Intercellular gap formation
evoked by bioactive agents results in increased
endothelial permeability, a typical feature of
acute inflammatory lung syndrome [Garcia
et al., 1986, 1995]. Gap formation and EC
barrier integrity are governed by coordinated
functioning of the components of the cytoskele-
ton. Reversible phosphorylation of numerous
cytoskeletal proteins has a crucial role in the
maintenance of appropriate alignment of the
cytoskeleton [Dudek and Garcia, 2001]. Acto-
myosin interaction and cell contraction criti-
cally depend on the level of phosphorylation of
myosin light chains (MLC) as it has been
previously established [Garcia et al., 1986,
1995]. Increased MLC phosphorylation initi-
ates F-actin stress fiber formation leading to
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paracellular gap formation and finally resulting
in EC barrier dysfunction. MLC phosphoryla-
tion level is determined by the balanced activ-
ities of MLC kinase [Verin et al., 1998; Birukov
et al., 2001] and myosin phosphatase (MP)
[Verin et al., 1995, 2001]. The latter enzyme
belongs to the type 1 family of Ser/Thr protein
phosphatases [Hartshorne et al., 1998; Kolosova
et al., 2003].

Only a few studies have suggested the
involvement of the other major type of Ser/Thr
specific protein phosphatases, protein phospha-
tase 2A (PP2A) in maintaining EC cytoskeletal
organization and barrier function [Diwan et al.,
1997; Gabel et al., 1999; Knapp et al., 1999; Tar
et al., 2004]. The PP2A holoenzyme consists of
three subunits. TheCcatalytic (PP2Ac, 36kDa),
andA (PP2Aa, 65kDa) structural subunits form
the constant core of the enzyme. Both subunits
have only two isoforms [Janssens and Goris,
2001]. However, the third subunit, commonly
referred to as B subunit, has numerous protein
families and each family has many isoforms
[Csortos et al., 1996; Janssens andGoris, 2001].
Therefore, a large number of different holoen-
zyme formsmay exist in the cells. Indeed, PP2A
was described as participating in many cellular
functions [Janssens and Goris, 2001].

Cytoskeletal targets of PP2A are not well
characterized. Several possible substrates
involved at the level of microfilaments or micro-
tubules in barrier function are allowed, due to
the high variability of the holoenzyme forms.
PP2A is recognized as a protein phosphatase
interacting with the microtubules (MT) and
MT-associated proteins (MAPs), such as tau
[Satillaro et al., 1981; Ishikawa et al., 1992;
Moraga et al., 1993; Ferhat et al., 1996; Togel
et al., 1998]. PP2A was also described as an
enzyme,whichdephosphorylates the small heat
shockprotein,HSP27.SmallHSPsareproposed
to regulate actin filament dynamics and to
stabilize microfilaments, after their dissocia-
tion from large to small aggregates and phos-
phorylation in a p38 MAPK-dependent manner
following exposure to stress [Lavoie et al., 1995;
Guay et al., 1997; Huot et al., 1997; Clerk et al.,
1998; Gusev et al., 2002].

Since the impact of both microfilaments and
microtubules is thought to be equally important
inmaintaining cytoskeletal structure as well as
EC barrier function [Lee and Gotlieb, 2003;
Petrache et al., 2003], it seems valuable to
clarify the substrates of PP2A both in microfila-

ments and microtubules; and to explore the
regulatory pathways in the cytoskeleton
mediated by PP2A.

We have recently published data suggesting
that PP2A and its physiological substrates are
involved in EC barrier regulation [Tar et al.,
2004]. We have shown that PP2A has MT-like
localization in human pulmonary artery EC
(HPAEC). In addition, PP2A, tau and HSP27
are present in MT-enriched fractions, this indi-
cates a functional complex formation between
PP2A and the MT cytoskeleton. Inhibition of
PP2A significantly potentiates the effect of MT
inhibitor, nocodazole, on transendothelial elec-
trical resistance (TER). It indeed suggests the
involvement of activity of PP2A inMT-mediated
EC barrier regulation. Nevertheless, the exact
role of PP2A in EC barrier function is still to be
explored.

We focused our present study on determining
the role of PP2A in EC cytoskeleton, and to
identify its cytoskeletal protein targets, which
are involved in endothelial barrier function.We
utilized mammalian expression vectors and
adenoviral system to introduce PP2A subunits
intoEC to study the impact of the enzyme on the
EC cytoskeleton structure, on barrier function,
and on the phosphorylation level of substrate
candidates, such as tau and HSP27.

MATERIALS AND METHODS

Reagents

Unless specified, reagentswere obtained from
Sigma (St. Louis, MO). Okadaic acid (sodium
salt) was purchased from Calbiochem (San
Diego, CA). Monoclonal antibodies against b-
tubulin and HSP27 were purchased from CRP,
Inc. (Covance Research Products Denver, PA).
C-myc andHA-tag specificmono- andpolyclonal
antibodies were purchased from Santa Cruz
Biotechnology, Inc. (Santa Cruz, CA); BD Liv-
ing Colors peptide polyclonal antibody raised
against GFPwas fromClontech (Palo Alto, CA).
Phospho-tau (pS262) polyclonal antibody was
from Biosource International (Camarillo, CA).
Phospho-HSP27 (pS82) specific polyclonal anti-
body was purchased from Cell Signaling Tech-
nology, Inc. (Beverly,MA). TexasRed-phalloidin
and Alexa 350-, Alexa 488-, Alexa 594-conju-
gated secondary antibodies and antifademount-
ing medium were purchased from Molecular
Probes (Eugene, OR). Mammalian expression
vectors pCMV-HA (3.8 kb) and pcDNA3.1/
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Myc-His (versionA, 5.5 kb)were purchased from
BD Biosciences, Clontech (Palo Alto, CA) and
Invitrogen(Carlsbad,CA),respectively.AdEasyTM

Adenoviral Vector System for adenovirus pro-
duction was purchased from Stratagene (La
Jolla, CA).

Cell Cultures

Human pulmonary artery endothelial cells
(HPAEC), human umbilical vein EC (HUVEC),
and human lung microvascular EC (HLMVEC)
were obtained from Clonetics, BioWhittaker,
Inc. (Frederick,MD) andwere cultured in endo-
thelial basal medium (EBM)-2 growth media
supplemented with 0.2 ml of hydrocortisone,
2 ml of human FGF-B, 0.5 ml of VEGF, 0.5 ml of
long-arm insulin-like growth factor-1 (R3-IGF-
1), 0.5 ml of ascorbic acid, 0.5 ml of human
epidermal growth factor (EGF), 0.5 ml of GA-
1000, and 0.5 ml of heparin (Clonetics)/500 ml
with 10% FBS. All cells were maintained at
378C in a humidified atmosphere of 5%CO2 and
95% air [Petrache et al., 2003]. HPAEC were
utilized at passages 6–10, HUVEC at passages
2–3, and HLMVEC at passages 4–8.
AD-293 cell line was obtained from Strata-

gene (La Jolla, CA). AD-293 cells were derived
from the commonly used HEK293 cell line, but
have improved cell adherence and plaque for-
mation properties. HEK293 cells are human
embryonic kidney cells transformed by sheared
adenovirus type 5 DNA. AD-293 cells, like
HEK293 cells produce the adenovirus E1 gene
allowing the production of infectious virus
particles when cells are transfected with E1-
deleted adenovirus vectors. Cells were cultured
in DMEM (containing 4.5 g/L glucose and
110 mg/L sodium pyruvate and 2 mM L-
glutamine), supplemented with 10% heat-inac-
tivated fetal bovine serum. Cells were main-
tained at 378C in ahumidified atmosphere of 5%
CO2 and 95% air [Graham et al., 1977; He et al.,
1998].

HUVEC cDNA Library Screening

HUVEC cDNA library screening was per-
formed as it was previously described [Csortos
et al., 1999]. Briefly, 106 clones of a random
hexamer and oligo dT primed HUVEC lgt 11
cDNA library (kindly provided by Dr. David
Ginsburg, Ann Arbor, USA) were screened. The
RT-PCR amplified human liver PP2Ac, and the
alfalfa PP2Aa subunit homolog (kindly pro-
vided by Dr. Viktor Dombrádi, University of

Debrecen, Hungary) DNA probes were ran-
domly primed, labeled with 32P, and hybridiza-
tion was carried out (1–2� 106 cpm/ml hybri-
dization buffer) at 558C with the immobilized
clones. Labeled DNA probes bound non-specifi-
cally to the membrane were removed by wash-
ing with 2�SSC at 608C. Positive signals were
detected by autoradiography. After at least
three cycles of subsequent screening of the
library the largest identified clones were tested
by sequencing and the full length cDNAs for
PP2Ac and PP2Aa were isolated/constructed
using standard cloning methodologies.

Mammalian Expression Plasmids

The entire coding sequence of PP2Ac (930 bp)
and PP2Aa (1770 bp) were amplified by PCR
using the isolatedHUVEC lambda phage clones
as template. The 50 end region of the specific
oligonucleotide primer pairs contained appro-
priate restriction sites, Sal I (50-TTGGTCG-
ACCATGGACGAGAAGGTG-30) and Kpn I (50-
GGGCGGTACCTTACAGGAAGTAGTCTG-30)
for PP2Ac; Kpn I (50-AAGCATGGTACCATGG-
CGGCGGCCGAC-30) and Xba I (50-GGGCTCT-
AGAGGCGAGAGACAGAACAG-30) for PP2Aa
to subclone the PCR products into the mamma-
lianpCMV-HA (PP2Ac) andpcDNA3.1/Myc-His
(þ) A version (PP2Aa) expression vectors. All
constructs and their open reading frames were
analyzed by sequencing using vector and PP2A
specific primers.

In Vitro Phoshatase Activity Assay

32P-labeledMLCwere prepared by phosphor-
ylation of 2 mg/ml MLC (MLC substrate was
obtained courtesy of Dr. Ferenc Erdődi, Uni-
versity of Debrecen, Hungary) with 10 mg/ml
MLCK in the presence of 15 mg/ml calmodulin,
0.2 mM CaCl2, 0.25 mM [g-32P]ATP (600–
1,000 counts/min/pmol) and 5 mM Mg-acetate
at 308C for 5 min. 32P-MLC (�1 mol phosphate/
mol MLC) was extensively dialyzed to remove
the excess of 32P-ATP [Kiss et al., 2002].

After transfection the cellswerewashed three
times with 1� PBS, then lysed in lysis buffer
(50mMTris,pH7.5,0.1mMEDTA,28mM2-ME,
0.5mMPMSF, 2mMbenzamidine). Tomeasure
phosphatase activity, the samples were diluted
1:20 with buffer containing 20 mM Tris-HCl
(pH 7.4), 0.1% 2-ME and 1 mg/ml BSA [Verin
et al., 2000]. Since MLC is an in vitro substrate
for both PP1 and PP2A, we used 5 nM okadaic
acid, a specific inhibitor of PP2A at this
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concentration [Cohen et al., 1990], to differenti-
ate between PP1 and PP2A activities.

The amount of phosphatasewas chosen in the
assays as such that no more than 30% of the
substrate would be converted during the incu-
bation time (10 min at 308C). The reaction was
started by the addition of the substrate, and the
released 32P was determined according to the
method of Erdodi et al. [1995]. Phosphatase
activities were measured in the cell extracts of
four independent transfections.

Transfection

Cells were grown to 70% of confluency,
incubated with the appropriate PP2A subunit
construct in the presence of FuGene 6 transfec-
tion reagent (Roche, Indianapolis, IN) according
to manufacturer’s protocol [Kolosova et al.,
2004]. After 24 h of incubation the cells were
washed 3� with 1� PBS and used for further
experiments.

Adenoviral Plasmids

The entire coding sequences of PP2Ac and
PP2Aa were subcloned into pShuttle-Ires-
hrGFP-2-HA vector using Eco RV (50-TGA-
TATCCGATGTACCCATACGAT-30) and Sal
I (50-GCGTCGACCTTACAGGAAGTAGTC-30),
or Eco RV (50-ATTGATATCCGATGGCGGCG-
GCC-30) and Xho I (50-GCTCTCGAGGGCGA-
GAGACAG-30) restriction sites, respectively.
These restriction sites were created by PCR
using appropriate primers. The entire coding
sequences of the recombinants were verified by
sequencing. Adenoviral recombinant plasmids
were prepared with homologous recombination
of the above plasmids with pAdEasy-1 viral
DNA plasmid according to manufacturer’s pro-
tocol (Stratagene, La Jolla, CA), and were
verified by restriction analysis. As control,
pShuttle-CMV-lacZ-pAdEasy-1 was used.

Viral Preparation

The virus was prepared according to the
published methods [He et al., 1998] and manu-
facturer’s protocol (Stratagene, La Jolla, CA)
with slight modifications. Purified recombinant
plasmids were linearized with the restriction
enzyme Pac I, ethanol precipitated, and trans-
fected into 50%–70% confluent AD-293 cells
(2� 106 cells/T-25 flask) using either LipoFec-
tamine or FuGene and OptiMEM according to

the manufacturer’s instructions. Transfection
was confirmed by detection of GFP using a
Nikon video-imaging system consisting of a
phase contrast inverted microscope. Seven to
10 days post-transfection the cells were scraped
off the plate in their culture medium. The
harvested cells were collected, and resuspended
in sterile PBS (2 ml/T-25 flask). The cells then
were subjected to four rounds of freezing (dry
ice/methanol), thawing (378C), and vortexing
(15 s at room temperature). The lysates were
centrifuged at 500g for 5–10 min at 48C. These
crude viral preparations were then used to
infect AD-293 cells (30%–50% of the viral
supernatants/T-25 flask). Cells were harvested
after 2–3 days in culture. Primary viral stocks
produced were in the 107–108 pfu/ml range.
After two rounds of infection using T-25 flasks,
to further amplify the virus T-75 flasks were
used. After another two rounds of infection
high-titer viral preparation was performed. All
cells were harvested, combined and spun for
5 min at 500g. The pellet was resuspended in
8ml sterile PBS followed by four cycles of freeze/
thaw/vortex processes. The lysate was centri-
fugedat 7,000gat 48C for5min.Eightmilliliters
of the clarified supernatant were mixed with
4.4 g CsCl and centrifuged at 32,000 rpm, at
108C for 7 h. The lower-band viral material was
isolated, collected and dialyzed against three
exchanges of TD buffer (137 mM NaCl, 6 mM
KCl, 0.7 mM Na2HPO4, 25 mM Tris-HCl, pH
7.5) supplemented with 1 mM CaCl2 and 1 mM
MgCl2. The purified virus (1010–1011 pfu/ml)
was aliquoted and stored with an equal volume
of 2� storage buffer (10 mM Tris, pH 8.0,
100 mM NaCl, 0.1% BSA, and 50% glycerol,
filter sterilized) at �20 or �708C.

Transfected/infected cells containing the HA-
and the GFP-tag were tested by Western blot
analysis or immunostaining procedure.

Viral Infection

Serial dilutions of the purified virus were
prepared in serum freemedium. Themedia was
aspirated from the plates of interest and
replaced with the diluted virus. Complete
medium containing serum and growth supple-
ments were added 1 h later [see: Materials and
Methods/Cell Culture; Yansong et al., 2000].
After overnight incubation the medium was
changed again to complete medium and after
24 h of incubation, infected cells were used in
further experiments.
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Measurement of Transendothelial
Electrical Resistance

The cellular barrier properties were moni-
tored with a highly sensitive biophysical assay.
The total electrical resistance was measured
dynamically across the monolayer using an
electrical cell-substrate impedance sensing sys-
tem (Applied Biophysics, Troy, NY) described
previously [Garcia etal., 1997;Schaphorst etal.,
1997]. Decreases in monolayer resistance to
electrical current flow, which correlated with
paracellular gap formation were measured
according to the method described by Giaever
and Keese, 1993.

Western Immunoblotting

Cells for Western immunoblotting after
transfection or infection protocols were washed
three times with 1� PBS then scraped from the
dishes and lysed with two times boiling SDS
sample buffer (125 mM Tris pH 6.8, 4% SDS,
10% glycerol, 0,006% bromophenol blue, 2%
2-mercaptoethanol), then passed through a
26-gaugeneedle. After 5minboiling, the protein
samples were centrifuged for 2 min and sepa-
rated by SDS–PAGE [Laemmli, 1970] on 10%
gels. Next the proteins were transferred to
nitrocellulose membranes (30 V for 18 h or
90 V for 2 h) as described [Towbin et al., 1992],
and incubated with specific antibodies of inter-
est. Immunoreactive proteins were detected
with enhanced chemiluminescent detection
system (ECL) according to the manufacturer’s
directions (Amersham, Little Chalfont, UK).

Immunofluorescent Staining

After specific treatments, EC grown on glass
coverslips were fixed in 3.7% formaldehyde
solution in PBS for 10 min at 48C, washed three
times with PBS, permeabilized with 0.2%
Triton X-100 in PBST for 30 min at room
temperature, and blockedwith2%BSA inPBST
for 30 min [Kolosova et al., 2004]. PBS/PBST
was replaced by TBS/TBST when phospho-
specific primary antibodies were employed.
Incubation with antibodies was performed in
the blocking solution for 1 h at room tempera-
ture. Alexa 350-, 488-, Alexa 594-conjugated
secondary antibodies were used for immunode-
tection. Actin filaments were stained with
Texas Red-phalloidin. After immunostaining
procedures slides were analyzed using a Nikon
video-imaging system consisting of a phase

contrast inverted microscope connected to a
digital camera and image processor. The images
were recorded and processed using Adobe
Photoshop program.

Confocal Laser Scanning Microscopy (CLSM)

Cell cultures prepared for immunofluores-
cent staining were imaged on a Zeiss LSM 410
confocal scanning laser microscope equipped
with Helium/Neon (543) and Krypton/Argon
(488, 647) laser detectors using 163–165 nm
pinholes. Individual random fields were col-
lected using a Plan-Apochromat 63�/1.4 oil DIC
immersion objective lens [Lontay et al., 2004].

A Leica SP2 A OBS laser scanning confocal
microscope (scanner with 2000-Hz line scans,
frame scan rate of 40 fps at 512� 32 pixels, scan
resolution up to 4,096� 4,096 pixels, zoom to
32�, scan rotation; interactive control panel
with digital potentiometers) was also used for
imaging protein co-localization. The scan detec-
tor was equipped with an acousto-optical beam
splitter (AOBS) to select/introduce most excita-
tion laser lines eliminating the need for main
dichroic mirrors.

Total RNA Isolation

Total RNA from cultured endothelial cells
was isolated using silica gel-based membrane
with the RNeasy kit (Qiagen, Valencia, CA),
according to themanufacturer’s protocol (http://
www1.qiagen.com).

Real-Time Reverse Transcriptase Polymerase
Chain Reaction (Real-Time RT- PCR)

Transcription levels of the MT-associated
protein tauweremeasured in 96-wellmicrotiter
plates with an ABI Prism 7700 Sequence
Detector System (Perkin-Elmer/Applied Bio-
systems, Foster City, CA). TaqMan Gene
Expression Assays (Cat. no. Hs00213491_m1)
which recognizes the common exon–exon junc-
tions of tau isoforms 1, 2, 3, and 4 were
purchased from Applied Biosystems. TaqMan1

rRNA Control Reagent was used as an endo-
genous control for normalization. Briefly, 50 ng
total RNA and one-step TaqMan Gold RT-PCR
Kit (Perkin-Elmer/Applied Biosystems, P/N
N808-0232) were mixed together as recom-
mended by the manufacturer’s protocol (www.
appliedbiosystems.com). Reverse transcription
was performed at 488C for 30 min followed by
AmpliTaq Gold activation at 958C for 10 min
and by 40 PCR cycles of 948C for 15 s and 608C
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for 1 min. Threshold cycle, Ct, which correlates
inversely with the target mRNA levels was set
as the cycle atwhich eachfluorescent signalwas
first detected above background. Reactions
without the reverse transcriptase or template
wereused to confirm thepurity and specificity of
all products. A relative standard curve method
was used to calculate the tau mRNA level in
each cell type (n¼ 3) and results expressed as
relative abundance to 18S rRNA.

RESULTS

Effect of PP2Ac Overexpression on Actin
Cytoskeleton in EC

We addressed the question to determine the
exact role of PP2A in pulmonary arterial endo-
thelial cell cytoskeleton arrangement. First we
cloned the PP2Aa (scaffolding) and PP2Ac
(catalytic) subunit from HUVEC cDNA library
(see Materials and Methods). Sequence ana-
lyses of the clones revealed three differences of
nucleotides in the PP2Aa clone compared to
published mammalian/human nucleotide sequ-
ence (GenBank accession no. BC001537), one
amino acid differed (D to V) in the protein
sequence at position 315 compared to the
published human protein sequence (GenBank
accession no. AAH01537); two nucleotides dif-
ference was found in the PP2Ac clone compared

to the human nucleotide sequence (GenBank
accession no. NM_002715); however at the level
of amino acid sequence we did not find any
changes compared to the published human
sequence (GenBank accession no. NP_002706).
Coding sequences of the two subunits were
subcloned into mammalian expression vectors
and transiently transfected into human pul-
monary EC as described in ‘‘Materials and
Methods.’’ Western immunoblotting shows
(Fig. 1) that the optimal transfection ratio
for the PP2Aa subunit construct was 3:2
(ml transfection reagent: mg DNA) after 24 h
post-transfection incubation time (Fig. 1A),
while for PP2Ac 6:1 ratio is the best (Fig. 1B).
In our experiments we used 24 h incubation
time for both PP2Aa and PP2Ac; and 3:2 or 6:1
ratio, respectively.

Gap formation in EC results in barrier
dysfunctionandhyperpermeability.Actin struc-
tures are of critical importance in cell contrac-
tion and gap formation as stress fiber formation
may lead to imbalance between tethering and
contractile forces regulating cell shape. Our
recent data linked PP2A activity with micro-
tubule and F-actin cytoskeleton remodeling
[Tar et al., 2004]. Therefore, we in-
vestigated the effect of the overexpressed PP2A
subunits on F-actin cytoskeleton structure
using non-transfected cells as inside controls in

Fig. 1. Overexpression of PP2A subunits in HPAEC. Western immunoblot detection of PP2Aa subunit (A),
and PP2Ac subunit (B) overexpression in EC after different post-transfection time and FuGene (ml): DNA (mg)
ratio. Transfection was performed as described in ‘‘Materials and Methods.’’
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immunofluorescent imaging. Figure2A–Cshow
that overexpression of PP2Ac leads to actin
cytoskeleton rearrangement; actin stress fibers,
which span the cells, become dramatically
thinner or almost completely disappear in the
transfected cells. In contrast, the cortical actin
ring on the cell periphery becomes thicker,
suggesting that PP2Acmaybe involved in stress
fiber depolymerization as well as in cortical F-
actin assembly. On the other hand, PP2Aa
overexpression alone does not have a detectable
effect onF-actin cytoskeleton in transfected cells
(Fig. 2D–F). However, as Figure 2C and F, and
their magnified insets demonstrate both sub-
units appear to co-localize with the peripherial
F-actin region.
We also obtained slide images of the trans-

fected EC by confocal microscopy. Distribution
of overexpressed PP2Ac is observed in the
nucleus and from the nucleus through the
cytosol to the membrane; co-localization of F-
actin and PP2Ac can mostly be detected in
cell periphery (Fig. 2G). Confocal microscopy
images also demonstrated the absence of actin
fibers in the cytosol in PP2Ac overexpressing
cells as we compare it to the neighboring control
cells.
We detected similar disappearance of stress

fibers and the enhancement of cortical actin
ringwhen PP2Ac and PP2Aawere co-expressed
(Fig. 3A–C).
In the next set of experiments we intended to

clarify whether the overexpressed PP2A has
any catalytic activity, and whether this activity
could cause the above effect on F-actin cytoske-
leton in ECs. Therefore, we measured the
catalytic activity of overexpressed PP2A in
in vitro phosphatase assay using 32P-MLC as a
substrate (see Materials and Methods). Since
MLC is an in vitro substrate for both PP1 and
PP2A, to differentiate between type 1 (PP1) and
type 2A (PP2A) activities, assays were per-
formed in thepresence (onlyPP1 is active, PP2A
is inhibited) or absence (both phosphatases are
active) of 5 nM okadaic acid (OA), a Ser/Thr
protein phosphatase inhibitor, specific for
PP2A in this concentration [Cohen et al.,
1990]. An approximately 30%–50% increase in
PP2A activity was detected in PP2Ac trans-
fected cell extracts compared to the controls
(Table I).
Nextwe examined the effects of the inhibition

of PP2A in cytoskeletal changes produced by
PP2A overexpression in intact HPAEC. When

the cells were treated with OA [Wera and
Hemmings, 1995], the F-actin cytoskeleton
structure of ECs co-expressing PP2Ac and
PP2Aa did not exhibit significant difference as
compared to the surrounding non-transfected
cells (Fig. 3D–F). This indicated that PP2A
activity is crucial for PP2A-mediated actin
remodeling.

Effect of the Overexpression of PP2Ac Subunit
on Thrombin- or on Nocodazole-Induced EC

Cytoskeletal Rearrangement

We studied the effect of thrombin and noco-
dazole to further elucidate the role of PP2A in
EC cytoskeletal arrangement and barrier reg-
ulation on EC transfected with PP2A subunits.
Thrombin is a recognized edemagenic agent
[Garcia et al., 1986, 1995], and nocodazole is an
MT inhibitor, both evoke stress fiber formation
and barrier compromise [Verin et al., 2001].
Immunostaining of HPAEC for F-actin and
either for PP2Ac (HA-tag) (Fig. 4A,B) or for
PP2Aa (c-myc-tag) (Fig. 4C,D) demonstrates
that PP2Ac transfection of ECs attenuated
stress fiber formation induced by thrombin (50
nM for 30 min), but PP2Aa transfection did not
have this kind of effect. Similarly, immunos-
taining of double-transfected HPAEC, with
PP2Ac (HA-tag) and with PP2Aa (c-myc-tag)
for F-actin demonstrates that PP2Aoverexpres-
sion significantly attenuated nocodazole-indu-
ced (200 nM, 30 min) stress fiber formation in
EC compared to the surrounding non-trans-
fected cells (Fig. 5A–C). More importantly, the
inhibition of the activity of PP2A by okadaic
acid (5 nM, 1.5 h) pre-treatment decreased
this attenuating effect of PP2A transfection
(Fig. 5D–F).

Our recent work [Tar et al., 2004] revealed
tight connection between MT and PP2A, there-
fore we stained b-tubulin in PP2A transfected
EC (Fig. 6) to visualize microtubules. Following
nocodazole treatment (200 nM for 30 min) the
structure of the microtubules was disrupted in
non-transfected control cells, but remained un-
effected inHPAEC overexpressing PP2Ac alone
(Fig. 6A,B) or co-expressing PP2Ac and PP2Aa
(Fig. 6E,F) demonstrating the stabilizing effect
of PP2A on the MT structure. Cells co-expres-
sing both A and C subunits were identified by
the A-fusion c-myc-tag staining and the pre-
servedMT staining of the cells. Inhibition of the
activity of PP2A by the pre-treatment with
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okadaic acid (5 nM for 1.5 h) completely
abolished the effect of PP2A overexpression on
nocodazole-induced MT dissolution indicating
that the activity of PP2A is relevant to stabilize
the MT (Fig. 6G–J).

Effect of Adenoviral Infection of PP2A on
Agonist-Induced EC Permeability

The barrier function of EC can be moni-
tored by a biophysical method; it detects the

Fig. 2.
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Fig. 3. Inhibition of PP2A prevents actin redistribution. HPAEC
were co-transfected with PP2Ac/pCMV-HA and PP2Aa/
pcDNA3.1/c-Myc-His mammalian expression plasmids. The
cells were treated with either vehicle (A–C), or 5 nM okadaic
acid (D–F) for 1.5 h, and triple-stained to simultaneously
visualize F-actin (red, A and D), PP2Ac (green, B and E), and
PP2Aa (blue, C and F). Actin microfilaments were stained with
Texas Red-phalloidin. Anti-HA tag polyclonal antibody and anti-

c-myc monoclonal antibody were used to detect PP2Ac and
PP2Aa, respectively. Cells expressing PP2Ac and PP2Aa are
shown by arrows. A–C and D–F series are both parallel images of
the same set of triple-stained cells. Shown are representative data
of at least three independent experiments. [Color figure can be
viewed in the online issue, which is available at www.
interscience.wiley.com.]

Fig. 2. PP2Ac overexpression evokes actin cytoskeleton redis-
tribution in endothelial cells. HPAEC were transfected with
PP2Ac/pCMV-HA (A–C, G) or with PP2Aa/pcDNA3.1/Myc-His
(D–F) mammalian expression plasmids. The cells were double-
stained to visualize PP2Ac (green, B) or PP2Aa (green, E)
simultaneously with F-actin (red, A and D). Actin microfilaments
were stained with Texas Red-phalloidin. Anti-HA tag polyclonal
antibody and anti-c-myc monoclonal antibody were used to
detect PP2Ac and PP2Aa, respectively. A–B and D–E are both
parallel images of the same set of double-stained cells. C: merge

of A and B to visualize localization of F-actin and PP2Ac
simultaneously. F: merge of D and E to show localization of F-
actin and PP2Aa simultaneously. Insets represent enlarged
peripheral regions (marked by white boxes) of EC. G: confocal
images of HPAEC overexpressing PP2Ac. The images represent z
serial sections with an individual slice thickness of 0.7–1.2 mm.
Cells expressing PP2Ac or PP2Aa are shown by arrows. Shown
are representative data of at least 3 independent experiments.
[Color figure can be viewed in the online issue, which is available
at www.interscience.wiley.com.]
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transendothelial electrical resistance (TER) of
the EC monolayers. Cell retraction evokes
increased permeability. Rounding or loss of
adhesion is reflected by a decrease in TER

[Giaever and Keese, 1993]. The transfection
level of endothelial cells with the mammalian
expression constructs is too low (10%–20%) to
examineTER [Tanner et al., 1997], thereforewe
generated adenoviral recombinant constructs
for PP2Ac and PP2Aa as described in Materials
and Methods. The presence of overexpressed
proteins in the infected EC was confirmed by
Western blot analysis of the cell lysates
(Fig. 7A,B) using anti-HA-tag and anti-GFP
antibodies. High infection efficiency (�100%)
was demonstrated by immunofluorescent stain-
ing with anti-HA-tag antibody (Fig. 7C).

We examined the effect of PP2A overexpres-
sion on thrombin-induced changes in TER.

TABLE I. In Vitro PP2A Activity
Measurement in HPAEC

PP2A activity, %

Vector control 100�11
PP2Ac 147�14
PP2Aa 106�10
PP2Aaþ c 166�17

Phosphatase activity was measured with 32P-MLC substrate as
described in Materials and Methods. Average phosphatase
activity values determined in four independent experiments are
expressed in the percentage of vector control�SD.

Fig. 4. PP2A overexpression attenuates the effect of thrombin.
HPAEC were transfected with PP2Ac/pCMV-HA (A–B) or PP2Aa/
pcDNA3.1/Myc-His (C–D) mammalian expression plasmid. The
cells were treated with 50 nM thrombin for 30 min, and double-
stained to simultaneously visualize F-actin (red, A and C), PP2Ac
(green, B), or PP2Aa (green, D). Actin microfilaments were
stained with Texas Red-phalloidin. Anti-HA tag polyclonal
antibody and anti-c-myc monoclonal antibody were used to

detect PP2Ac and PP2Aa, respectively. Cells expressing PP2Ac or
PP2Aa are shown by arrows. A–B and C–D are both parallel
images of the same set of double-stained cells. Insets represent
enlarged regions (marked by white boxes). Shown are represen-
tative data of at least three independent experiments. [Color
figure can be viewed in the online issue, which is available at
www.interscience.wiley.com.]

940 Tar et al.



Fig. 5. PP2A overexpression attenuates the effect of nocoda-
zole on F-actin cytoskeleton. HPAEC were co-transfected with
PP2Ac/pCMV-HA and PP2Aa/pcDNA3.1/Myc-His mammalian
expression plasmids. The cells were treated with either vehicle
(A–C), or 5 nM okadaic acid (D–F) for 1.5 h, after that with
200 nM nocodazole for 30 min (A–F), and triple-stained to
simultaneously visualize F-actin (red, A and D), PP2Ac (green,
B and E), and PP2Aa (blue, C and F). Actin microfilaments were
stained with Texas Red-phalloidin. Anti-HA tag polyclonal

antibody and anti-c-myc monoclonal antibody were used to
detect PP2Ac and PP2Aa, respectively. Cells expressing PP2Ac
and PP2Aa are shown by arrows. A–C and D–F series are both
parallel images of the same set of triple-stained cells. Insets
represent enlarged regions (marked by white boxes). Shown are
representative data of at least three independent experiments.
[Color figure can be viewed in the online issue, which is available
at www.interscience.wiley.com.]
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Fig. 6. PP2A overexpression stabilizes MT in HPAEC. HPAEC
were transfected with PP2Ac/pCMV-HA (A–B), with PP2Aa/
pcDNA3.1/Myc-His (C–D), or co-expressed with both (E–J)
mammalian expression plasmids. A–F: cells were treated with
200 nM nocodazole for 30 min. G–J: cells were pretreated with
5 nM okadaic acid for 1.5 h, then treated with either vehicle (G, H),
or 200 nM nocodazole (I, J). After the treatment the cells were
double-stained to visualize PP2Ac (red, B, H, J) or PP2Aa (red, D,
F) simultaneously with b-tubulin (green, A, C, E, G, I). Anti-HA-

tag, and anti-c-myc-tag polyclonal, and anti-b-tubulin mono-
clonal antibodies were used to detect PP2Ac, PP2Aa, and b-
tubulin, respectively. Cells expressing PP2Ac and/or PP2Aa are
shown by arrows. A–B, C–D, E-F, G–H and I–J are all parallel
images of the same set of double-stained cells. Shown are
representative data of at least three independent experiments.
[Color figure can be viewed in the online issue, which is available
at www.interscience.wiley.com.]
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HPAEC infected with either lacZ control or
PP2AcþPP2Aa recombinant adenoviruses (see
Materials and Methods) were treated with
either vehicle (0.1% DMSO), or thrombin
(20 nM) at 1 h of TER measurement, followed
bymonitoring TER for additional 5 h. Figure 8A
demonstrates that thrombin increases perme-
ability alone, but the infection of EC with
adenoviral PP2A constructs significantly atte-
nuated thrombin-induced decrease in TER.
This indicates the direct involvement of PP2A
in barrier protection against thrombin-induced
EC barrier compromise. Similarly, PP2A over-
expression attenuated the effect of nocodazole

(200 nM added at 30 min) on EC permeability
(Fig. 8B).

Effect of the Overexpression of PP2A on
Nocodazole/Thrombin-Induced

Phosphorylation of Cytoskeletal Proteins

Wehave recently shown the association of the
regulatory cytoskeletal protein, HSP27, with
MT fractions in EC by Western blot [Tar et al.,
2004]. Other studies also suggested that an
increase in HSP27 phosphorylation level seems
to lead to actin polymerization through the p38
MAP-kinase signaling pathway [Larsen et al.,

Fig. 7. Adenoviral infection of HPAEC. HPAEC were grown to
90% confluency then infected with recombinant adenoviral
constructs of PP2Ac, PP2Aa, or both. After 24 h incubation
Western-blot analysis of the infected cells were performed; A:
GFP-tag of recombinant proteins was detected by anti-GFP
polyclonal antibody, and B: HA-tag of recombinant proteins was

detected by anti-HA polyclonal antibody. C: Overexpression
was also detected by immunofluorescent staining for PP2Ac and
PP2Aa with anti-HA-tag polyclonal antibody. [Color figure can
be viewed in the online issue, which is available at www.inters-
cience.wiley.com.]
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Fig. 8. The impact of thrombin and nocodazole on TER is
smaller in PP2A-infected cells. HPAEC were infected with either
PP2Aa-GFP, lacZ (both used as control), or PP2Ac-GFP; or
double infected with PP2Aa-GFP and PP2Ac-GFP adenoviral
constructs as described in Materials and Methods and were
treated with either 0.1% DMSO (vehicle), 20 nM thrombin (A) or
200 nM nocodazole (B). TER was monitored for 5 h as described
in Materials and Methods. Initial resistance values varied
between 800 and 1,200 O. Normalized resistance values are
shown. Solid arrows indicate the time of agonist addition. Results
are from three representative experiments. A: & vehicle treated
with 0.1% DMSO, ~ pShuttle-CMV-lacZ-pAdEasy-1 infect-
ed cells, * pShuttle-Ires-hrGFP-2-HA–PP2Aaþ pShuttle-Ires-

hrGFP-2-HA–PP2Ac double infected cells, & vehicle treated
with 20 nM thrombin, ~ pShuttle-CMV-lacZ-pAdEasy-1
infected cells treated with 20 nM thrombin, * pShuttle-Ires-
hrGFP-2-HA–PP2Aaþ pShuttle-Ires-hrGFP-2-HA–PP2Ac dou-
ble infected cells treated with 20 nM thrombin. B: & vehicle
treated with 0.1% DMSO, & vehicle treated with 200 nM
nocodazole,~ pShuttle-Ires-hrGFP-2-HA–PP2Aa infected cells
treated with 200 nM nocodazole,* pShuttle-Ires-hrGFP-2-HA–
PP2AaþpShuttle-Ires-hrGFP-2-HA–PP2Ac double infected
cells treated with 200 nM nocodazole. Insets show the
percentage of maximal effect of thrombin (A) or nocodazole (B)
on normalized resistance (average of three independent experi-
ments).

944 Tar et al.



1997; Schafer et al., 1998; Hedges et al., 1999].
HPAECs were co-transfected with PP2Ac and
PP2Aa, and treated with nocodazole (200 nM,
30 min) or thrombin (20 nM, 30 min) to clarify
the linkage between HSP27 dephosphorylation
and the activity of PP2A. Immunostaining for

phospho-HSP27, F-actin, and PP2Aa (c-myc-
tag) indicated that PP2A-transfected cells
following nocodazole or thrombin treatment
contained significantly less phospho-HSP27
compared to non-transfected controls (Fig. 9).
Overexpression of PP2Ac or co-expression of

Fig. 9. PP2Ac overexpression attenuates HSP27 phosphoryla-
tion evoked by nocodazole or thrombin treatment. HPAEC were
co-transfected with PP2Ac/pCMV-HA and PP2Aa/pcDNA3.1
mammalian expression plasmids. The cells were treated with
either vehicle (A–C), or with 200 nM nocodazole for 30 min (D–
F), or with 20 nM thrombin for 30 min (G–I), and triple-stained to
simultaneously visualize P-HSP27 (green, A, D, and G), F-actin
(red, B, E, and H), and PP2Aa (blue, C, F, and I). Actin

microfilaments were stained with Texas Red-phalloidin. Anti-
phospho-HSP27 (pS82) polyclonal and anti-c-myc monoclonal
antibodies were used to detect P-HSP27 and PP2Aa, respec-
tively. The A–C, D–F, and G–I series are parallel images of the
same set of triple-stained cells. Cells expressing PP2Ac and
PP2Aa are shown by arrows. Inset represents enlarged region
(marked by white box). [Color figure can be viewed in the online
issue, which is available at www.interscience.wiley.com.]
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PP2Aa and PP2Ac changes the appearance of
actin cytoskeleton; however the overexpression
of the PP2Aa subunit alone does not change the
actin structure (see Fig. 2A,D) in HPAEC.
Therefore cells co-expressing both A and C
subunits were identified 1) by the A subunit
fusion c-myc-tag staining and 2) by the typical
low-level F-actin staining of C subunit over-
expressing cells. BothPP2A subunits co-expres-
sion does not change the level of HSP27
phosphorylation, but it leads to the disappear-
ance of stress fibers in untreated HPAECs as it
is demonstrated in Figure 9A–C. Nocodazole,
or thrombin-induced increase of HSP27 phos-
phorylation level was observed in the non-
transfected control cells, however there was
no increase in the PP2A-overexpressing cells
(Fig. 9D,G), and they maintained the original
actin cytoskeleton arrangement even after the
nocodazole/thrombin treatment (Fig. 9E,H).

In addition, our recently published data
suggested [Tar et al., 2004] that PP2A could be
involved in the determination of the phosphor-
ylation level and the subcellular localization of
theMT-associated protein tau, inEC. Inhibition
of PP2A by okadaic acid treatment of EC
increased the level of tau phosphorylation; and
the majority of the phospho-tau protein was
detected in the cytosol fraction with Western
blot analysis [Tar et al., 2004]. However, the
level of tau expression in EC was still to be
determined. To evaluate the level of tau expres-
sion in various endothelial cell types, we used
the real time RT-PCR method which allows the
detection of PCR amplification during the early
exponential growth phase therefore provides a
distinct advantage over traditional PCR detec-
tion where the PCR amplification at the final
phase or end-point is detected. Our results
showed that HPAEC expresses the highest
amount of tau mRNA level as compared to the
other tested cell types (Fig. 10) suggesting that
tau may participate in the arrangement of
HPAEC cytoskeleton.

Immunostaining of untreated HPAEC with
anti-phospho-tau antibody indicates equally
low level of phospho-tau in both PP2A over-
expressing and control cells (Fig. 11A–C). It is
present in the cytosol and in the nucleus,
however MT-like distribution cannot be obser-
ved. This is consistent with our recently pub-
lished data [Birukova et al., 2004]. Nocodazole
(200 nM, 30 min), or thrombin (20 nM, 30 min)
treatment evoked an increase in the phosphor-

ylation level of tau in the control cells. However,
the phosphorylation level of tau did not change
in PP2A overexpressing cells (Figs. 11D–
F and 12). Our confocal images shown in
Figure 12 suggest co-localization of PP2A and
phospho-tau in thrombin treated cells. This
suggests that PP2A is able to dephosphorylate
tau in HPAEC.

DISCUSSION

The results of our recent study suggested that
PP2A, and its physiological substrates are
involved in EC barrier regulation and that
PP2A may participate in the regulation of
endothelial cell permeability [Tar et al., 2004].
In this report we provide additional new
data regarding the possible function of PP2A
in EC.

To further clarify the role of PP2A in the
regulation of EC cytoskeleton structure we
cloned and prepared mammalian expression
plasmids of the catalytic C subunit (PP2Ac) and
the regulatoryAsubunit (PP2Aa).HPAECwere
transfected with the recombinant expression
plasmids. Previous reports indicated proble-
matic overexpression of PP2Ac, since it is
a tightly regulated protein [Baharians and
Schonthal, 1998]. However, functional expres-
sion of PP2Ac was achieved with an N-terminal
HA-tag [Wadzinski et al., 1992]. Therefore we
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Fig. 10. Detection of tau expression levels in various human
endothelial cells by real-time RT-PCR. Transcript abundance of
tau in human lung microvascular EC (HLMVC); human
pulmonary artery EC (HPAEC) and human umbilical vein EC
(HUVEC) was determined by real time RT-PCR as described in
Materials and Methods. Results were normalized to correspond-
ing 18S rRNA intensity, relative abundance of tau was calculated
and log transformed. Significance of differences in the abun-
dance of tau between HPAEC and other cell types was evaluated
by unpaired t-test. Error bars represent standard deviation derived
from three individual experiments.
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performed transient expressionswith 24 h post-
transfection time; and for the expression of
PP2Ac we also utilized an expression vector
providing N-terminal HA-tag. The activity
of the expressed PP2A was demonstrated by
in vitro phosphatase assays and by specific
inhibition of the enzyme by okadaic acid.
Endothelial cells have low transfection effi-
ciency [Tanner et al., 1997], which was con-
firmed by our observations too. On the other
hand, according to the immunostainingpictures
the recombinant protein was present in high
concentration in the cells, which expressed the
recombinant proteins. After all, we detected
only about 30%–50% increase in PP2A activity

compared to the appropriate controls. The cells
containing either the recombinant PP2Ac or the
recombinant PP2Aa and PP2Ac looked healthy
and they did not differ from the neighboring
(control) cells in term of shape, this suggests
that the catalytic subunit was likely properly
associated with native regulatory proteins; or
with the recombinant A subunit. The recombi-
nantAsubunit canbindnativeB-subunit(s) and
control the PP2A activity. The A subunit serves
as a coordinator to assemble the catalytic C
subunit and one of the B subunits of PP2A. The
structure of the A subunit is quite well under-
stood, the catalytic and the different B subunits
bind to the A subunit at well-established

Fig. 11. PP2Ac overexpression attenuates tau phosphorylation
evoked by nocodazole treatment. HPAEC were co-transfected
with PP2Ac/pCMV-HA and PP2Aa/pcDNA3.1 mammalian
expression plasmids. The cells were treated with either vehicle
(A–C), or with 200 nM nocodazole for 30 min (D–F), and triple-
stained to simultaneously visualize P-tau (green, A and D), F-
actin (red, B and E), and PP2Aa (blue, C and F). Actin
microfilaments were stained with Texas Red-phalloidin. Anti-

phospho-tau (pS262) polyclonal and anti-c-myc-tag monoclonal
antibodies were used to detect P-tau and PP2Aa, respectively.
The A–C and D–F series are parallel images of the same set of
triple-stained cells. Cells expressing PP2Ac and PP2Aa are shown
by arrows. Shown are representative data of at least three
independent experiments. [Color figure can be viewed in the
online issue, which is available at www.interscience.wiley.
com.]

Phosphatase 2A Protects Endothelial Cytoskeleton 947



portions of the protein [Groves et al., 1999].
The regulatory B-subunit drives the PP2A
holoenzyme to appropriate, native substrates,
therefore we speculate that the recombinant C

subunit binds to either native or recombinant
regulatory A and endogenous B subunits. In
agreement with this speculation, the recent
publication of Strack et al. [2004] presents data

Fig. 12.
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indicating the critical role of PP2A heterotri-
mers in mammalian cell survival.
The overexpression of PP2Ac and the co-

expression of PP2Ac and PP2Aa rearranged the
actin cytoskeleton as we demonstrated by
immunofluorescent staining; it also led to a
dramatic decrease in the amount of stress fibers
in the cells and furthermore the peripheral
actin region became thicker. Cortical actin
assembly and thickening with enhanced TER
was shown earlier in HPAEC and BPAEC upon
sphingosine 1-phosphate, Sph-1-P, a lipid grow-
th factor, treatment [Garcia et al., 2001]. Both
PP2Ac and PP2Aa subunits seemed to co-
localize with F-actin, this suggests protein–
protein interactions between PP2A and actin or
actin-binding protein(s). Association of PP2A
with actin and other cytoskeletal proteins were
also found in epithelial cells of the lung and of
the kidney [Nunbhakdi-Craig et al., 2003]. The
atrial G-protein-regulated inwardly rectifying
Kþ-channels are also assembled in a signaling
complex containing PP2A and actin [Nikolov
and Ivanova-Nikolova, 2004].
Although it is well-accepted that PP2A

associates with MT/MAP [Sontag et al., 1995,
1999; Litersky et al., 1996; Gong et al., 2000,
2000a; Hiraga and Tamura, 2000; Kobayashi
et al., 2001], the overexpression of PP2A did not
significantly affect MT structure of quiescent
EC. However, while nocodazole treatment
destroyed MT structure in the non-overexpres-
sing cell, PP2A overexpression preserved the
MT network suggesting protective effect of
PP2A activity on MT structure.
We and others have previously shown that

both the MT-inhibitor nocodazole and the
receptor-mediated edemagenic agonist, namely
thrombin, induce a profound EC barrier dys-
function via rearrangement of F-actin cytoske-
leton [Verin et al., 2001; Kawkitinarong et al.,
2004]. Overexpression of active PP2A pre-
vented or at least considerably reduced the
effect of these agents on the F-actin. We can
conclude that these data for the first time

demonstrated the critical role of PP2A in
maintaining EC cytoskeletal structure.

In order to directly examine the effect of PP2A
on EC permeability, we generated recombinant
adenoviral constructs of PP2Aa and PP2Ac
subunits. We successfully infected EC with re-
combinant adenoviral constructs with approxi-
mately 100% transfection efficiency, as we
demonstrated by Western blot analysis and
immunofluorescent staining with specific anti-
bodies. Infection of HPAEC with PP2Aaþ c
significantly attenuated the thrombin-, or the
nocodazole-induced decrease in transendothe-
lial electrical resistance. These novel data
indicated that PP2A is directly involved in the
EC barrier protection most likely via depho-
sphorylation of specific cytoskeletal targets,
which results in the preservation of EC cytos-
keleton.

To identify the physiological substrates for
PP2A in EC cytoskeleton, first we focused on
two cytoskeletal regulatory proteins, HSP27
and tau.

It was shown, thatHSP27 has an effect on EC
barrier regulation, via both actin stress fiber
and focal adhesion formation [Schneider et al.,
1998], and furthermore it has been also recog-
nized as a potent regulator of cytoskeletal
dynamics [Keezer et al., 2003]. Several studies
have shown that overexpression of HSP27
increases the stability of F-actinmicrofilaments
during the exposure to such stresses as hyper-
thermia, oxidants, and cytochalasin D [Lavoie
et al., 1993; Huot et al., 1995; Guay et al., 1997],
but the exact mechanism is poorly understood.
However, the phosphorylation state of HSP27
determines its effect on actin polymerization
[Benndorf et al., 1994; Gusev et al., 2002]. Non-
phosphorylated small HSP monomers are
active in inhibiting actin polymerization while
phosphorylated monomers and non-phosphory-
latedoligomeric formsare inactive [Lavoie etal.,
1993; Benndorf et al., 1994]. The majority of
published data indicated that under non-stimu-
lating conditions HSP27 is diffusely distributed

Fig. 12. PP2Ac overexpression attenuates tau phosphorylation
evoked by thrombin treatment. HPAEC were co-transfected with
PP2Ac/pCMV-HA and PP2Aa/pcDNA3.1 mammalian expres-
sion plasmids. The cells were treated with 20 nM thrombin for
30 min, and triple-stained to simultaneously visualize P-tau
(green, B and F), F-actin (red, C), and PP2Aa (blue on A, BUT
shown as red on E). Actin microfilaments were stained with Texas
Red-phalloidin. Anti-phospho-tau (pS262) polyclonal and anti-
c-myc-tag monoclonal antibodies were used to detect P-tau and

PP2Aa, respectively. A–C are parallel images of the same set of
triple-stained cells. Cell expressing PP2Ac and PP2Aa is shown
by arrows; E, F are enlarged confocal images of this cell. D, G:
merge of A–C or E, F, respectively, to show possible co-
localization of phospho-tau, F-actin and PP2Aa, or phospho-tau
and PP2Aa simultaneously. Shown are representative data of at
least three independent experiments. [Color figure can be viewed
in the online issue, which is available at www.interscience.
wiley.com.]
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in the cytoplasm [Miron et al., 1991; Loktionova
et al., 1996, 1998; Loktionova and Kabakov,
1998; Wang and Bitar, 1998; Schafer et al.,
1999], although according to other publications
it is co-localized with actin [Ibitayo et al., 1999].
Recent in vivo results ofHirano et al. [2004] also
suggest correlation between endothelial barrier
dysfunction evoked by lipopolysaccharide with
phosphorylation of HSP27.

HSP27 is a terminal substrate of the stress-
activated p38 MAPK cascade [Armstrong et al.,
1999; Gerthoffer and Gunst, 2001], but the
dephosphorylation of HSPs is largely unex-
plored. A novel interaction between heat shock
transcription factor 2 (HSF2) and the PR65/A
subunit of PP2Awas described and showed that
HSF2 is able to compete with the PP2Ac for
binding toPR65 [HongandSarge, 1999].Others
suggested that both PP2A and PP2B can depho-
sphorylateHSP27 in vitro.However, the in vivo
phosphorylation level ofHSP27 is affectedwhen
cells are treated with the inhibitors of PP1 and
PP2A orwith the inhibitor of PP2A, butwith the
inhibitor of PP2B. These findings suggest that
PP2A is the key enzyme dephosphorylating
HSP27 in the cells. The ability of PP2A to
dephosphorylate HSP27 is shown to be regu-
lated by the phosphorylation state of PP2A itself
[Cairns et al., 1994].

Our immunoflourescent staining demon-
strates that the treatment of EC with nocoda-
zole or thrombin led to significant increase
in HSP27 phoshorylation in nontransfected
cells. On the other hand PP2A subunits
overexpression significantly decreased the
level of nocodazole/thrombin-induced HSP27
phosphorylation, which correlates with the
protective effect of PP2A on EC barrier. Noco-
dazole-induced MT dissolution increased F-
actin stress fiber formation only in the control,
but it did not in the PP2A-transfected cells. This
indicates the involvement of PP2A activity in
the dynamic cross-talk between the actin cytos-
keleton and the MT.

Microtubule-associated protein, tau, is an
in vitro substrate for a number of protein
kinases including p38 MAP kinase [Reynolds
et al., 1997; Geschwind, 2003]. Tau has several
isoforms, they are formed by alternative mRNA
splicing of a single gene [Garcia and Cleveland,
2001]. Tau is predominantly found in neuronal
cells, but it has been reported in several non-
neuronal cells also including fibroblasts and
lymphocytes [Cross et al., 1996; Ingelson et al.,

1996; Thurston et al., 1996]. Our data demon-
strated that the transcript level of tau is the
highest inHPAECas compared to other investi-
gated cell types. In its unphosphorylated form,
tau promotes assembly of microtubules and
inhibits the rate of depolymerization [Luduena
et al., 1984; Drechsel et al., 1992]. Phosphoryla-
tion of tau by several kinases decreases its
capacity to bind microtubules as well as to
promote microtubule assembly [Singh et al.,
1994; Litersky et al., 1996; Gupta and Abou-
Donia, 1999]. Dephosphorylation of hyperpho-
sphorylated tau restores its ability to promote
microtubule assembly [Wang et al., 1995], thus,
biological function of tau is regulated by
phosphorylation. Our data indicate that the
overexpression of PP2A significantly decreased
the phosphorylation level of tau induced by
nocodazole or thrombin. It correlates with the
attenuation of nocodazole-induced cytoskeleton
rearrangement and permeability.Moreover our
data advocate co-localization of PP2A and tau in
HPAEC.Collectively, these results suggest that
both tau and HSP27 might be physiological
cytoskeletal substrates of PP2A in endothelium,
and theymay be involved in PP2A-mediated EC
barrier protection.
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