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Weshowedpreviously thatmicrotubuledisruptor2-methoxyestradiol
(2ME) induces hyperpermeability of the endothelial monolayer via
mechanisms that include the activation of p38 and Rho kinase
(ROCK) and rearrangement of the actin cytoskeleton. Using the
protein kinase C (PKC) inhibitors Ro-31–7549 and Ro-32–0432, we
show in vitro and in vivo that 2ME-induced barrier dysfunction is also
PKC-dependent. The known PKC substrates ezrin, radixin, andmoe-
sin (ERM) were recently implicated in the regulation of endothelial
permeability. This studytestedthehypotheses thatERMproteinsare
phosphorylated in response to 2ME, and that this phosphorylation
is involved in 2ME-induced barrier dysfunction. We show that
the application of 2ME leads to a dramatic increase in the level of
ERMphosphorylation. This increase is attenuated in cells pretreated
with the microtubule stabilizer taxol. In human pulmonary artery
endothelial cells (HPAECs), the phosphorylation of ERM occurs in
a p38-dependent and PKC-dependent manner. The activation of
p38 appears to occur upstream from the activation of PKC, in re-
sponse to 2ME. Phosphorylated ERM are localized at the cell periph-
ery during the early phase of response to 2ME (15 minutes), and
colocalize with F-actin branching points during the later phase of
response (60 minutes). Using the short interfering RNA approach,
we also showed that individual ERM depletion significantly attenu-
ates 2ME-induced hyperpermeability. HPAECmonolayers, depleted
of ERM proteins and monolayers, overexpressing phosphorylation-
deficientERMmutants, exhibit lessattenuationof2ME-inducedbarrier
disruption in response to the PKC inhibitor Ro-31–7549. These results
suggest a critical role of PKC activation in response to microtubule-
disrupting agents, and implicate the phosphorylation of ERM in the
barrier dysfunction induced by 2ME.
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2-methoxyestradiol (2ME) is a natural derivative of estradiol
metabolism, which exhibits antiproliferative and antiangiogenic
properties when used at pharmacological concentrations (1). 2ME
is currently undergoing clinical trials to establish its efficacy as an
anticancer drug, and to reveal its potential toxicities. One major

problem encountered so far involves the low bioavailability of
the orally delivered drug (2–5), which prompted the use of the
nanodispersed 2ME form in trials (6, 7), and also instigated a
search for 2ME analogues with better availability and a lower rate
of degradation (8–11). At the same time, several studies using
2ME solo or in combination with other agents reported vascular-
related side effects such as edema, angioedema, and dyspnea (2–6).
These data reveal the multifaceted nature of the responses evoked
by the anticancer agent 2ME. An elucidation of the signaling
pathways leading to 2ME-induced vascular barrier dysfunction
will help manage the unwanted side effects of 2ME, and ensure
the safe clinical use of this promising anticancer compound.

Unlike receptor-interacting estradiol, 2ME elicits its effects
by binding directly to microtubules (MTs) (12). Similar to col-
chicine, 2ME affects the process of MT polymerization. In
endothelial cells, MT-disruptive compounds are known to in-
duce a complex signaling response, leading to compromise of
the endothelial barrier (13–15). Previously we reported that
2ME causes barrier dysfunction in HPAEC monolayers, and
that this process is dependent on the disruption of MTs and
the activation of Rho kinase (ROCK) and p38 cascades (16).
With the realization that barrier-disruptive signaling events may
not be limited to the activation of ROCK and p38, we studied
the involvement of protein kinase C (PKC) in response to 2ME.

Ezrin/radixin/moesin (ERM) proteins are well-known PKC
substrates, emerging as potential candidates in the regulation
of barrier permeability (17–19). Believed to serve as cross-linkers
between the actin cytoskeleton and plasma membrane, ERM were
also shown to be engaged in cell motility and adhesion. Moreover,
their ability to organize and maintain specialized membrane
domains implied a more diverse function, because these domains
define the activation of certain signaling cascades (20).

ERMare characterizedby thepresenceof anN-terminal domain,
capable of associating with the membrane, and the C-terminal do-
main, interacting with F-actin. The function of ERM is conforma-
tionally regulated by head-to-tail folding (21), which in turn is
controlled by phospholipid binding and phosphorylation (22–25).
Numerous kinases were shown to phosphorylate ERM on the con-
servative threonine residue in the C-terminal domain, including
ROCK (24) and PKCs a, b, and u (17, 26, 27). Other kinases, such
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CLINICAL RELEVANCE

Clinical studies testing the anticancer efficacy of novel agent
2-methoxyestradiol (2ME) reported toxicities associated
with vascular leakage and respiratory problems. We studied
mechanisms linking 2ME-induced microtubule disruption
to the activation of signaling pathways leading to endo-
thelial hyperpermeability. We found that the activation of
protein kinase C and the subsequent phosphorylation of
ERM comprise the processes contributing to 2ME-induced
vascular barrier dysfunction.
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as p38 mitogen-activated protein (MAP) kinase (17, 19), were in-
directly implicated in the regulation of ERM phosphorylation.

This study tested the hypotheses that ERMproteins are phos-
phorylated on the regulatory threonine residue in response to
2ME, and are involved in the 2ME-induced barrier dysfunction
seen in HPAECmonolayers and murine pulmonary vasculature.

MATERIALS AND METHODS

Materials

2ME was purchased from Sigma (St. Louis, MO). The ROCK inhibitor
Y-27632, p38 inhibitor SB203580, and PKC inhibitors Ro-31–7549 and
Ro-32–0432 were purchased from Calbiochem (La Jolla, CA).
Antibody-recognizing total ERM, phosphorylated ERM (ezrin Thr567,
radixin Thr564, and moesin Thr558), phosphorylated PKC isotypes
(Thr638/641 for abg, and Thr538 for u), myosin light chains (MLCs),
diphosphorylated MLCs, heat shock protein 27 (HSP27), and phosphor-
ylated HSP27 were purchased from Cell Signaling (Beverly, MA). Beta-
actin antibody was purchased from Sigma. The glyceraldehyde 3-phosphate
dehydrogenase antibody was purchased from Abcam (Cambridge,
MA). The V5 antibody, ezrin, radixin, and moesin short interfering
RNA (siRNA), and the reagents used for immunofluorescent staining
were purchased from Invitrogen (Carlsbad, CA). Nonspecific control
siRNA-1 was purchased from Ambion (Austin, TX).

Animal Experiments

Male C57BL/6N mice (weighing 20–25 g) were purchased from Charles
River Laboratories (Wilmington, MA). 2ME initially dissolved in
DMSO/propylenglycol mixture (1/40, vol/vol) was diluted twice with
saline immediately prior to the injection. All injections were adminis-
tered to the ketamine (150 mg/kg of body weight)/acetopromazine
(15 mg/kg)-anesthetized animals. 2ME was administered intravenously
via jugular vein in the final volume not exceeding 60 mL. Ro-32–0432
was dissolved in DMSO and diluted 100 times with saline immediately
before the injection. We administered 1 mg/kg Ro-32–0432 intrave-
nously in the tail vein, 4 hours before the administration of 2ME. The
same dose was readministered together with the dose of 2ME in the
jugular vein. Evans blue dye (EBD)–albumin conjugate was adminis-
tered in the tail vein (30 mg/kg) 1 hour before the animals were killed.
All animal studies conformed to National Institutes of Health guidelines.
The experimental procedure was approved by the Institutional Animal
Care and Use Committee of Georgia Health Sciences University.

Measurement of Lung Permeability

In each anesthetized animal, the chest cavity was opened. For assess-
ment of wet/dry lung weight, lungs were excised without further manip-
ulation, photographed, blotted, weighed, and dried for 24 hours at 65˚C.
Their weight was documented, and lungs were allowed to dry for another
24 hours, after which the weight was assessed again to assure complete
drying of the tissue. For the collection of bronchoalveolar lavage fluid
(BALF), lungs were perfused with 1 ml of Hanks’ balanced salt solution
via the trachea. BALF was centrifuged 15 minutes at 500 3 g. The
concentration of protein in the supernatant was assessed using a BCA
Protein Assay Kit (Pierce, Rockford, IL). We washed blood from the
same lungs by injecting saline/EDTA via the right ventricle, and col-
lected the lungs for further analysis. The right lung was used for the
analysis of proteins, and the left lung was homogenized in formamide
to extract EBD (18 hours at 60˚C). The homogenate was spun for
30 minutes at 5,000 3 g. The optical density of supernatants was
determined at 620 nm and 750 nm. The concentration of extravasated
EBD was calculated using a standard curve, and normalized to lung
weight (28).

Cell Culture

HPAECs and human lung microvascular endothelial cells (HLMVECs)
were purchased from Lonza (Walkerville, MD), and used at passages
5–7. They were cultured in media containing 5% FBS, and maintained
at 378C in a humidified atmosphere of 5% CO2/95% air.

The measurement of transendothelial permeability, endothelial cell
(EC) imaging, Western immunoblotting, the depletion of endogenous
ERM in ECs, the cloning of human endothelial ERM proteins, the
transfection of ECs, and statistical analyses are described in the online
supplement.

RESULTS

2ME Causes Barrier Dysfunction In Vitro and In Vivo

Our previous study showed that 2ME was able to evoke in-
creased permeability in HPAEC monolayers, as evidenced by
a decrease in transendothelial electrical resistance (TER) and
an increase in FITC–dextran flux across the monolayer (16).
We compared the effects of 2ME on macrovascular (HPAEC)
and microvascular (HLMVEC) endothelia, and show that both
types of cell respond to 2ME with MT disintegration, followed
by an induction of stress-fiber formation (Figure E1). The assess-
ment of changes in TER and FITC–dextran flux demonstrates
that although both macrovascular and microvascular monolayers
manifest barrier dysfunction in response to 2ME, the magnitude
and duration of HPAEC barrier compromise are higher than
those of HMLVECs (Figure E2). This makes the HPAEC amore
suitable model for studying mechanisms of 2ME-induced endo-
thelial hyperpermeability.

We also showed that the 2ME-induced decrease in TER can
be detected in HPAEC monolayers, both in the absence and
presence of serum. In the absence of serum, 5–25 mM 2ME causes
a rapid and dramatic drop in TER within the first 10 minutes.
Partial barrier restoration is evident within the next hour (Figure
1A). In the presence of serum, higher amounts of 2ME are re-
quired to elicit the maximal response (Figure 1B). Monolayers
treated with 125 mM 2ME manifest a sustained response, failing
to restore their barrier function within 1.5 hours after treatment
with 2ME.

We studied the effects of administering intravenous 2ME on
lung vascular permeability in mice. We observed that adminis-
tering a single dose of 2ME caused a significant increase in
the extravasation of EBD from the blood lumen to the lung tis-
sue (Figure E3A). The assessment of wet/dry lung weight ratio
confirmed that the lungs of mice exposed to 2ME accumulated
fluid (Figure E3B), consistent with the manifestation of lung
edema. However, the increase of protein level in BALF was in-
significant (Figure E3C). The extravasation of EBD was maximal
3 hours after the injection, and subsided to the control level within
the next 20 hours (Figure 1C). The injection of different doses of
2ME revealed that the maximal effect on EBD extravasation was
achieved at 5 mg/kg (Figure 1D). This dose corresponded to
a concentration of approximately 200 mM 2ME in blood.

Effect of 2ME on Barrier Dysfunction Is Attenuated by PKC

Inhibitors Ro-31–7549 and Ro-32–0432

Wepreviously showed that the response of HPAECs to 2MEwas
mediated by the signaling pathways linking MT disruption with
the activation of p38 and ROCK cascades (16). Here we exam-
ined the involvement of the PKC cascade in 2ME-induced bar-
rier disruption. Figures 2A and 2B show that the PKC inhibitors
Ro-31–7549 and Ro-32–0432 were able to attenuate the 2ME-
induced decrease in TER, both in the absence and presence of
serum. Pretreatment with 10 mM of the inhibitors allowed for an
approximately 55% and 45% suppression of the decrease in
TER in the absence and presence of serum, respectively.

We next studied the effects of Ro-32–0432 on 2ME-induced
vascular leakage in vivo. We found that a single administration
of Ro-32–0432, 4 hours before injection with 2ME, and followed
by a second dose of Ro-32–0432 administered together with the
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dose of 2ME, significantly attenuated the 2ME-induced extrav-
asation of EBD into lung tissue (Figure 2C). The administration
of Ro-32–0432 in the absence of 2ME was accompanied by
a nonsignificant increase in vascular leakage. This increase
was consistent with the increase in basal permeability seen in
response to high concentrations of Ro-32–432 in vitro (20 mM;
data not shown).

Using phospho-specific anti-PKC antibodies, we showed that
exposure to 2ME led to a marked increase in the phosphoryla-
tion of the PKCs abg and u (Figure 2D). These data confirmed
that PKC is activated in the endothelium in response to 2ME,
and demonstrated that the activation of PKC is not limited
to classic PKC isotypes. We then studied the effects of PKC
inhibitors on the status of PKC abg and u phosphorylation.

Figure 1. The effect of 2-methoxyestradiol (2ME)

on barrier function. (A and B) Human pulmonary

artery endothelial cells (HPAECs) were grown on

gold microelectrodes to a resistance of 1,000 V.
The media were changed to serum-free (A) or

complete (B), 1 hour before stimulation. Mono-

layers were challenged with vehicle control (cntr;

0.05% DMSO) or indicated concentrations of
2ME. Values for transendothelial electrical resis-

tance (TER) were normalized to the time point

of adding 2ME. Values represent the mean 6
SEM of three parallel experiments. (C and D)

Male C57BL/6N mice were subjected to intrave-

nous administrations of (C) vehicle control (black

columns) or 5 mg/kg 2ME (gray columns) for the
times indicated, or (D) vehicle control or indi-

cated concentrations of 2ME for 3 hours. The

extravasation of Evans blue dye (EBD) in lung

tissue was assessed as described in MATERIALS AND

METHODS. Values represent the mean6 SEM, with

numbers of animals indicated in the figure.

*P , 0.05, compared with corresponding con-
trol samples. Ru, relative units.

Figure 2. The effect of protein kinase C (PKC)

inhibitors Ro-32–0432 and Ro-31–7549 on

2ME-induced barrier dysfunction. (A and B)

HPAECs were grown on gold microelectrodes
to the resistance of 1,000 V. Media were

changed to serum-free (gray bars) or complete

(black bars), 1 hour before stimulation. Mono-
layers were pretreated with the vehicle control

(0 mM inhibitor) or indicated concentration

of Ro-32–0432 (A) and Ro-31–7549 (B) for 15

minutes, and then challenged with 10 mM
2ME. Values of TER were normalized to the time

point of adding 2ME. The maximal response to

2ME was assessed and presented as fold re-

sponse in the absence of inhibitor. (C) Male
C57BL/6N mice were subjected to an intrave-

nous administration of 1 mg/kg Ro-32–0432 or

the corresponding vehicle, and then challenged

with 10 mg/kg 2ME or vehicle for 3 hours. The
extravasation of EBD in lung tissue was assessed

as described in MATERIALS AND METHODS. (A–C) Val-

ues represent the mean 6 SEM from parallel
experiments (n ¼ 3 for A and B). *P , 0.05,

compared with corresponding pretreatment ve-

hicle control (no inhibitor). #P, 0.05, compared

with corresponding treatment control (no 2ME).
(D) Western blot analysis of cell lysates from

HPAEC monolayers, pretreated with vehicle control, 10 mM Ro-31–7549, or 10 mM Ro-32–0432 for 15 min, and then treated with 10 mM 2ME for

the times indicated. After transfer, membranes were probed with phospho (p)–PKCabg–specific, phospho-PKCu–specific, and b-actin–specific anti-

bodies. Representative blots of three parallel experiments are depicted. Normalized intensities of phospho-PKCabg and phospho-PKCu are presented as
mean 6 SEM.
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Surprisingly, the application of PKC inhibitor Ro-31–7549
resulted in an increase of basal phosphorylation (seen in the
absence of 2ME) for PKC abg. The application of Ro-32–
0432 resulted in an increase of basal phosphorylation for PKC
u. Importantly, compared with corresponding control samples
in the absence of 2ME, the 2ME-induced increase in PKC abg
and u phosphorylation was markedly suppressed by pretreat-
ment with Ro-31–7549 and Ro-32–0432 (Figure E4), consistent
with the reported specificity of these inhibitors toward classic
and novel PKC isotypes (29).

2ME Induces the Phosphorylation of ERM In Vitro and

In Vivo

Because PKCs a, b, and u were previously implicated in the
phosphorylation of ERM (17, 26, 27), we analyzed whether
ERM proteins are phosphorylated in response to 2ME. The
Western blot analysis of HPAEC monolayers showed that
2ME induced a time-dependent increase in the concentration
of phospho-ERM. The maximal phospho-ERM signal was seen
5–15 minutes after the application of 2ME. This signal subsided
to control level 60 minutes after the initial challenge (Figure
3A). Comparing the time course of the 2ME-induced drop in
TER (Figure 1A) to the time course of ERM phosphorylation
(Figure 3A) showed that an increase in ERM phosphorylation
correlated with the onset of 2ME-induced hyperpermeability.
The analysis of lung extracts from 2ME-treated mice showed
that the concentration of phospho-ERM markedly increased in
response to 2ME in vivo (Figure 3B). Here, again, the increase in
phospho-ERM concentration was seen 3 hours after exposure to
2ME, and subsided 24 hours later, coinciding with the increase and
decrease of lung permeability in response to 2ME (Figure 1C).

To ascertain that the phosphorylation of ERM is a result of
the chain of events initiated by 2ME-induced MT disruption, we
pretreated HPAEC monolayers with the MT stabilizer taxol.
Pretreatment with taxol diminished the ability of 2ME to induce
an increase in ERM phosphorylation (Figure 3C), suggesting
that MT disruption is a starting point in the signaling response
leading to the phosphorylation of ERM.

We next assessed whether the 2ME-induced phosphorylation of
ERM is attenuated by the PKC inhibitors Ro-31–7549 and Ro-
32–0432. We observed that both Ro-31–7549 and Ro-32–0432 ef-
fectively suppressed the 2ME-induced increase in phospho-ERM

concentration (Figures 4A and 4B, and Figure E5), suggesting that
this increase is PKC-dependent. Because ERM are also known to
constitute a substrate for ROCK-dependent phosphorylation, and
ROCK was shown to be activated in response to 2ME (16), we
studied how the inhibition of ROCK affects the phosphorylation
of ERM in HPAEC monolayers. We showed that pretreatment
with Y-27632 did not exert a significant effect on the phosphory-
lation of ERM. At the same time, the phosphorylation of MLC,
subject to regulation via the ROCK/MYPT/PPase1–dependent
pathway, was significantly reduced in the presence of Y-27632
(Figure 4A and Figure E5). We also analyzed how the inhibition
of p38 affected the 2ME-induced phosphorylation of ERM, and
showed that the p38 inhibitor SB203580 attenuated an increase
in the phospho-ERM signal (Figure 4B and Figure E5). The effect
of SB203580 was also evident in the phosphorylation of HSP27,
a downstream substrate of the p38/MAP kinase-activated protein
kinase-2 cascade.

Because both PKC and p38 inhibitors affected the phosphor-
ylation of ERM, we assessed the possibility of cross-regulation
between PKC and p38-dependent pathways. First, we examined
the effects of inhibiting PKC on the phosphorylation of p38 in
2ME-treated cells. The pretreatment of HPAEC monolayers
with the PKC inhibitors Ro-31–7549 (Figure 4C) and Ro-32–
0432 (data not shown) resulted in a significant increase in the
concentration of phospho-p38, both in the absence and presence
of 2ME. These data suggest that the attenuation of ERM phos-
phorylation by Ro-31–7549 and Ro-32–0432 (Figures 4A and 4B)
cannot be attributed to the subsequent inactivation of p38, because
p38 was overactivated by PKC inhibitors. Next, we examined the
effects of inhibiting p38 on the phosphorylation of PKC in 2ME-
treated cells. The pretreatment of HPAEC monolayers with the
p38 inhibitor SB203580 significantly reduced the 2ME-dependent
phosphorylation of PKCs u (Figure 4D) and abg (data not shown).
These data indicate that the attenuation of ERM phosphoryla-
tion by SB203580 (Figure 4B) can be attributed to the inac-
tivation of PKC, suggesting that the activation of PKC in
2ME-challenged cells is p38-dependent.

Phosphorylation Affects the Localization of ERM in HPAECs

To advance our understanding of the involvement of ERM in
response to 2ME, we examined the distribution of ERM and
the phospho-ERM signal with an immunofluorescent approach.

Figure 3. The effect of 2ME

on the phosphorylation of

ERM. (A) Western blot analy-
sis of cell lysates from mono-

layers, pretreated with vehicle

(veh) control (0.05% DMSO)

or 10 mM 2ME for the times
indicated. A blot representative

of three parallel experiments

is depicted. (B) Western blot

analysis of lung lysates from
animals injected with vehicle

control (n ¼ 3) or 5 mg/kg

2ME (n ¼ 3) for 1, 3, and
24 hours. (C) Western blot

analysis of cell lysates from

monolayers, pretreated with

vehicle control (0.05% DMSO)
or 10 mM taxol for 15 minutes

and then challenged with

10 mM 2ME for the times

indicated. After transfer, membranes were probed with phospho-ERM–specific, ERM-specific (A–C), glyceraldehyde 3-phosphate dehydrogenase
(GAPDH)–specific (A and C), and b-actin–specific (B) antibodies.
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In quiescent HPAECs, the ERM signal was visible on the cell
periphery, where it colocalized with the cortical actin structures
(Figure 5, left, and Figure E6, left). In stimulated cells, ERM
staining mostly coincided with newly formed stress fibers, al-
though the intensity of the ERM signal did not always follow
the intensity of F-actin staining (Figure 5, left, compare the struc-
tures indicated by arrows with asterisks). The latter fact suggested
that some F-actin structures contained higher amounts of ERM,
whereas others were ERM-deficient. In contrast to ERM stain-
ing, phospho-ERM staining was almost undetectable in quie-
scent monolayers. In certain areas of quiescent monolayers,
a phospho-ERM signal was detected in the spike-like struc-
tures overlapping cell–cell contact areas (Figure 5, right, arrow 1).
Treatment with 2ME induced an increase in the amount of

phospho-ERM signal, consistent with immunoblotting studies.
In cells stimulated with 2ME, the distribution of phospho-ERM
was drastically different from that of total ERM. In contracting
HPAECs (15 minutes after the initial challenge), the phospho-
ERM signal not only did not colocalize with stress fibers, but
rather populated the peripheral cytoplasmic areas devoid of F-ac-
tin structures (Figure 5, right, arrow 2). During the partial resto-
ration phase (60 minutes after the initial challenge), a phospho-
ERM signal was evident in several structures: spike-like struc-
tures originally seen in quiescent cells (Figure 5, right, arrow 1),
peripheral cytoplasmic areas seen during the early response (Fig-
ure 5, right, arrow 2), and bright clusters colocalized with the
F-actin branching points (Figure 5, right, arrow 3). Different
localizations of ERM and phospho-ERM proteins suggest that

Figure 4. The effects of PKC,

Rho kinase (ROCK), and p38
inhibitors on the 2ME-induced

phosphorylation of ERM. HPAECs

were grown in 12-well plates

and pretreated with vehicle con-
trol, 10 mM Ro-31–7549, 10 mM

Ro-32–0432, 5 mM Y-27632,

or 20 mM SB203580 for 15

minutes, and then challenged
with vehicle control (0 minutes)

or 10 mM 2ME for the times in-

dicated. MLC, myosin light

chain; HSP27, heat shock pro-
tein 27. (A and B) After transfer,

membranes were probed with

phospho-ERM–specific (A and
B), diphospho-MLC–specific

(A), phospho-HSP27–specific

(B), and GAPDH-specific (A and

B) antibodies. Blots are represen-
tative of three parallel experi-

ments. (C and D) After transfer,

membranes were probed with

phospho-p38–specific (C ),
phospho-PKCu–specific (D),

and b-actin–specific (C and D) antibodies. Histograms depict normalized intensities (mean 6 SEM, n ¼ 3) of phospho-p38 bands (C) or phospho-

PKCu bands (D). *P , 0.05, compared with corresponding pretreatment vehicle control.

Figure 5. The effects of 2ME on the localization

of ERM and phospho-ERM in HPAECs. Cells

grown on glass coverslips were pretreated with
vehicle control or 10 mM 2ME for the times indi-

cated, fixed, and double-stained with anti-ERM

antibody and Alexa594–phalloidin (left), or with

anti–phospho-ERM antibody and Alexa594–phal-
loidin (right). 2ME induces the formation of stress

fibers in HPAECs. The ERM signal colocalizes with

cortical actin structures in quiescent cells and

stress fibers in 2ME-challenged cells, although
some F-actin structures display preferential or de-

ficient staining with ERM antibodies (left, arrows

with asterisks). The phospho-ERM signal, almost
undetectable in quiescent monolayers, is evident

only in peripheral spike-like structures overlap-

ping cell–cell borders (right, arrow 1). Within 15

minutes of applying 2ME, the phospho-ERM sig-
nal is detected in peripheral areas, where it does

not colocalize with F-actin structures (arrow 2).

One hour after applying 2ME, a phospho-ERM signal is detectable in the spike-like structures characteristic of quiescent cells (arrow 1), in peripheral

areas devoid of F-actin (arrow 2), and in clusters colocalizing with areas of intense F-actin staining (arrow 3). Merged images (ERM/F-actin and phospho-
ERM/F-actin) are presented in Figure E6.

Bogatcheva, Zemskova, Gorshkov, et al.: Role of ERM in 2ME-Induced Barrier Dysfunction 1189



phosphorylation changes the properties and function of ERM.
Changes in the localization of phospho-ERM during the phase
of active contraction (15 minutes of treatment with 2ME) and
the phase of partial barrier restoration (60 minutes of treat-
ment) indicate that phospho-ERM may be involved in both
processes.

Knockdown of ERM Suppresses 2ME-Induced

Barrier Hyperpermeability

To evaluate the role of individual ERMproteins in 2ME-induced
barrier dysfunction, we used siRNAs targeting ezrin, radixin, and
moesin mRNA. Pretreatment with specific siRNAs inhibited the
expression of corresponding proteins, without affecting the ex-
pression of other ERM proteins (Figure 6A). In HPAECs, ezrin,
radixin, and moesin appear as bands of similar molecular weight.
Using anti-ERM antibody raised against the peptide surrounding
Thr567 of human ezrin (conservative within ERM), we showed
that total ERM expression was significantly affected by pretreat-
ment with moesin siRNA only, suggesting that moesin is the
major ERM in HPAECs.

The analysis of the effect of individual knockdowns on the
resistance of quiescent monolayers revealed that the depletion
of individual ERM proteins does not significantly affect basal
permeability (Figure 6B). On the contrary, the 2ME-induced drop
in TER was markedly alleviated by the depletion of ezrin, radixin,
or moesin (Figure 6C). Interestingly, although the depletion of
radixin alleviated the early phase of 2ME-induced barrier dys-
function without affecting the late phase, the depletion of ezrin
and moesin augmented the barrier during early and late responses
to 2ME. The effect of moesin depletion superseded the effects of
ezrin and radixin depletion during the late phase of response to
2ME.

The Phosphorylation of ERM Is Critical for 2ME-Induced

Barrier Dysfunction

Because our previous data showed that ERMand phospho-ERM
are likely to have distinct functions during the response to 2ME,
we asked whether the effect of ERM depletion on the response
of 2ME is mediated by a deficit of total ERM or phospho-ERM.

To answer this question, we assessed whether the alleviating ef-
fect of PKC inhibitors on 2ME-induced barrier dysfunction
would still be evident in the absence of ERM. Nonsilencing
RNA (NS)–pretreated cells responded to 2ME with a rapid loss
of transendothelial resistance, which was partially restored
within the next hour (Figure 7A). Ro-31–7549 pretreatment of
these monolayers significantly attenuated the effect of 2ME.
This attenuation reached 52% at maximum, and was clearly
seen until 40 minutes after the addition of 2ME. HPAEC mono-
layers pretreated with a mixture of ezrin, radixin, and moesin
siRNAs responded to 2ME with a decrease in TER of a signif-
icantly lower magnitude than that of NS-pretreated cells. When
ERM-depleted monolayers were pretreated with Ro-31–7549,
the attenuation of the 2ME-induced decrease in TER reached
37% at maximum, and was evident for only a short period of
time (first 15 minutes of response). These data clearly show that
both the depletion of ERM and inhibition of PKC protect
HPAEC monolayers from 2ME-induced barrier dysfunction.
They also show that in the absence of ERM, the alleviating
effect of PKC inhibition on 2ME-induced barrier dysfunction
is less pronounced.

To substantiate the causative role of ERM phosphorylation
in 2ME-induced barrier disruption, we compared the effects
of the PKC inhibitor on the 2ME-induced response of HPAECs
overexpressing the phosphorylation-deficient mutants of ezrin
(Thr567Ala), radixin (Thr564Ala), and moesin (Thr558Ala).
Western blot analysis confirmed that cells transfected with
wild-type or mutant ERM proteins expressed detectable concen-
trations of these proteins 48 hours after nucleofection (Figure
7C). The analysis of ERM phosphorylation showed that mono-
layers overexpressing mutant ERM displayed less of an increase
in phospho-ERM concentrations than did monolayers overex-
pressing wild-type ERM (Figure 7D). Because nucleofected
monolayers (including those subjected to sham nucleofection)
were slow to form contacts and were vulnerable to changes of
medium, we performed our experiments in the presence of
serum. Wild-type ERM-expressing monolayers responded to
2ME with a significant decrease in TER. This decrease was
attenuated by pretreatment with Ro-31–7549 (Figure 7B). At-
tenuation reached 21% at maximum, and was clearly observed

Figure 6. The effect of ERM depletion on the
permeability of HPAEC monolayers. Cells grown

in 12-well plates or electric cell-substrate im-

pedance sensing (ECIS) chambers were pre-

treated with 50 nM individual short interfering
RNAs (siRNAs) for 48 hours. (A) Western blots of

cell lysates from monolayers pretreated with

nonsilencing (NS), ezrin (Ezr)–specific, radixin

(Rad)–specific, andmoesin (Moe)–specific siRNAs.
After transfer, membranes were probed with

ezrin-specific, radixin-specific, moesin-specific,

and ERM-specific antibodies. b-actin staining

was used as loading control. (B) The effect
of individual ERM depletions on the basal re-

sistance of HPAECs. The resistance of unchal-

lenged monolayers was analyzed (n ¼ 4) and
expressed as fold of the resistance of unchal-

lenged cells pretreated with nonsilencing

siRNA. ESRsi, ezrin-specific siRNA; RADsi, radi-

xin-specific siRNA ; MOEsi, moesin-specific
siRNA. (C) The effects of individual ERM deple-

tions on 2ME-induced hyperpermeability. The

resistance of siRNA-pretreated monolayers was

normalized to the time point of adding 2ME. TER values of vehicle control–treated monolayers (curves at the top) and 10 mM 2ME-treated
monolayers (curves at the bottom) were pooled from three parallel experiments and expressed as mean 6 SEM.
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during the first 30 minutes of response. Mutant ERM-expressing
monolayers responded to 2ME with a decrease in TER of lower
magnitude than in wild-type ERM-expressing cells. The atten-
uation of the decrease in 2ME via Ro-31–7549 reached 13% at
maximum, and was only significant during the first 15 minutes of
response. In accordance with the results in Figure 7A, these
data show that the alleviating effect of PKC inhibition was less
pronounced in cells expressing phosphorylation-deficient forms
of ERM.

DISCUSSION

We previously showed that theMT-disrupting agent 2ME causes
EC monolayer hyperpermeability for ions and macromolecular
tracers (16). Here we show that 2ME induces endothelial bar-
rier dysfunction in vivo, as made apparent by the increased
extravasation of EBD and water from the murine vascular lu-
men to pulmonary tissue. Similar to H2O2 and histamine, which
disrupt the endothelial barrier within minutes of initial chal-
lenge in vitro (30, 31) but require longer exposures to induce
detectable vascular leakage in vivo (32–34), 2ME-induced
changes in vascular permeability reach a significant level only
3 hours after the addition of 2ME (Figure 1). Our data confirm

the previously shown barrier-disruptive effect of 2ME (16), and
provide a physiological explanation for the vascular-related side
effects manifested in clinical trials of 2ME (2–6).

We previously showed that 2ME-induced barrier compromise
depends on the activation of p38 and ROCK pathways (16).
Here we showed (for the first time, to the best of our knowl-
edge) that the PKC pathway is also activated in response to
2ME, and this activation contributes to the loss of barrier func-
tion, because PKC inhibitors alleviate 2ME-induced vascular
permeability in vitro and in vivo. Whereas the involvement of
PKC in barrier dysfunction induced by different edemagenic
agents is well-documented (35, 36), the data regarding the acti-
vation of PKC in response to MT disruption are novel, and
extend our understanding of the mechanisms linking cytoskele-
tal rearrangement to downstream signaling pathways.

Because ERMproteins are known substrates for PKC (17, 26,
27, 37), this study next examined the process of ERM phos-
phorylation in response to 2ME. Our results demonstrated that
ERM were readily phosphorylated in 2ME-treated HPAEC
monolayers and lung tissue, and an increase in the phosphory-
lation of ERM was driven by MT disruption as a primary event.
We found that the phosphorylation of ERM in HPAECs
depended on the activity of PKC and p38, but was not regulated

Figure 7. The effect of ERM

depletion or the suppression
of ERM phosphorylation on

Ro-31–7549–mediated allevia-

tion of barrier dysfunction in

2ME-treated HPAECs. (A) Cells
grown on gold microelectro-

des were pretreated with non-

silencing (squares and circles)

RNA or a mixture of ERM-
specific siRNAs (ERMsi; triangles

and inverse triangles) for 48

hours. Media were changed to

serum-free, 1 hour before the
experiment. Cells were then

preincubated with 2.5 mM Ro-

31–7549 (Ro; circles and inverse
triangles) or vehicle control

(squares and triangles), and

challenged with 5 mM 2ME.

The resistance of siRNA-pre-
treated monolayers was normal-

ized to the time point of adding

2ME. Values of TER were pooled

from three parallel experiments
and expressed as mean 6 SEM.

Ro-31–7549 attenuated the re-

sponse to 2ME between time
points, as indicated by an asterisk

in NS-transfected monolayers,

and by a pound sign in ERM siRNA–transfected monolayers. (B) Cells were electroporated to introduce a mixture of wild-type (wt) ezrin-expressing,

radixin-expressing, and moesin-expressing vectors (squares and circles), or a mixture of phosphorylation-deficient mutants (m) of these proteins
(triangles and inverse triangles), and then plated in the ECIS chambers. Forty-eight hours later, the media were changed to fresh and complete, 1

hour before the experiment. Cells were then preincubated with 5 mM Ro-31–7549 (circles and inverse triangles) or vehicle control (squares and

triangles), and challenged with 25 mM 2ME. The resistance of transfected monolayers was normalized to the time point of adding 2ME. Values of

TER were pooled from three parallel experiments and expressed as mean 6 SEM. Pretreatment with Ro-31–7549 attenuated the response to 2ME
between time points, as indicated by an asterisk in wild-type ERM–transfected monolayers, or by a pound sign in mutant ERM–transfected monolayers.

(C) Western blots of lysates from HPAECs nucleofected with vectors expressing green fluorescent protein (GFP), ezrin (wild-type and mutant), radixin

(wild-type and mutant), and moesin (wild-type and mutant). After transfer, membranes were probed with V5 tag-specific antibodies. GAPDH staining
was used as loading control. (D) HPAECs were nucleofected with a mixture of wild-type or mutant ERM, and then stimulated with 10 mM 2ME, lysed,

and subjected to Western blot analysis. The intensity of phospho-ERM bands was normalized to the intensity of ERM bands, and expressed as fold of

control values. Values represent the mean 6 SEM of three independent transfections. *P , 0.05, compared with corresponding time point of cells

expressing wild-type ERM.

Bogatcheva, Zemskova, Gorshkov, et al.: Role of ERM in 2ME-Induced Barrier Dysfunction 1191



in a ROCK-dependent manner. Our results were different from
those in previous studies (19) showing that the phosphorylation
of ERM was ROCK-dependent in response to advanced glyca-
tion end products. Altogether, these observations suggest that
upstream pathways leading to the phosphorylation of ERM
can vary from endothelium to endothelium or from stimuli to
stimuli.

Although the site of ERM phosphorylation does not contain
the consensus sequence recognized by p38 kinase, ERM can be
phosphorylated by some downstream kinases of the p38-dependent
cascade. To assess whether PKC-dependent and p38-dependent
increases in the phosphorylation of ERM are two independent
events, or one kinase lies upstream of another, we assessed whether
the activity of p38 is regulated by PKC in 2ME-challenged cells.We
discovered that PKC inhibitors do not inhibit p38, but rather cause
the hyperactivation of p38. These data suggest that the activation
of PKC is not likely to lie upstream of the p38 cascade in 2ME-
challenged cells. We next asked whether the activity of PKC is
regulated by p38 in response to 2ME.We found that the phosphor-
ylation of both classic and novel isotypes of PKC is attenuated by
p38 inhibition, suggesting that the phosphorylation of ERM in re-
sponse to 2ME occurs in a p38→PKC–dependent manner. How-
ever, the colocalization of PKCs a and b with MTs, as seen in
certain types of cells (38, 39) allowed us to speculate that, to some
extent, the activation of classical PKC isoforms may be a direct
result of MT disruption, and therefore can be achieved indepen-
dently of the p38 activation process.

The experiments demonstrating that ERM are phosphory-
lated in response to 2ME prompted us to examine the role of
ERM in 2ME-induced cytoskeletal changes. In quiescent cells,
ERM proteins were shown to be present in the cytoplasm in in-
active form, whereas the phosphorylation of a conservative thre-
onine residue near the C-terminus enabled them to interact
with both the cytoskeleton and membrane (37). However, in
some cells, an association of ezrin or radixin with the actin
cytoskeleton or cell membrane was evident in the absence of
stimuli (40, 41). We found that in quiescent HPAECs, the ERM
signal colocalizes with cortical actin, whereas the phospho-
ERM signal is very low and can only be detected in certain
monolayer areas with spike-like structures present on the cell
borders. In 2ME-challenged cells, the intracellular localization
of ERM significantly differed from the localization of phospho-
ERM, suggesting that only a minor fraction of ERM is phos-
phorylated. Our data were consistent with previous reports (17,
18) showing that phospho-ERM were mostly localized to the
peripheral area in endothelial cells undergoing contraction and
a loss of monolayer integrity. Of interest, the colocalization of
phospho-ERM with F-actin branching points was also described
in endothelial cells (42). These branching points were enriched
with signaling molecules such as PKCa/bII, suggesting an inte-
gration of mechanical and soluble signals at these locales. The
presence of phospho-ERM/F-actin–enriched microstructures in
the cells undergoing the late phase of response to 2ME led us to
hypothesize that phospho-ERM act to reorganize the endothe-
lial cytoskeleton, during both the onset of barrier compromise
and the phase of partial barrier restoration.

We next examined the role of ERM in 2ME-induced hyper-
permeability by depleting these proteins, using a siRNA ap-
proach. Ezrin, radixin, and moesin siRNAs were efficient and
specific in inhibiting the expression of their presumed targets.
The depletion of any of the three ERM proteins attenuated
the increase in 2ME-induced permeability. These data clearly
suggest that ERM proteins are critically involved in the develop-
ment of 2ME-induced endothelial permeability.

Because we show here that ERM colocalize with F-actin
structures in quiescent and 2ME-challenged cells, we next asked

if the effect of ERM depletion on barrier dysfunction was depen-
dent on the reduction of ERMphosphorylation or on an ablation
of the association of ERMwith the cytoskeleton. Insofar as ERM
proteins are not the sole substrates for PKC, we were also inter-
ested in determining the extent of Ro-31–7549–dependent alle-
viation of barrier dysfunction in the absence of ERM. Using
triple ERM siRNA knockdown, we tested the effect of Ro-
31–7549 on 2ME-induced hyperpermeability, and found that
the effect of Ro-31–7549 was less pronounced in ERM-
depleted monolayers. We extended these studies using unphos-
phorylatable ERM constructs, and confirmed that the Ro-31–
7549–mediated alleviation of barrier dysfunction was less sustained
when the unphosphorylatable form of ERM was present. These
data corroborated the critical role of ERM phosphohorylation in
the development of 2ME-induced barrier compromise.

The underlyingmechanism through which ERMproteins reg-
ulate 2ME-induced cytoskeletal changes and permeability
remains to be determined. ERM proteins are known to promote
the de novo assembly of F-actin (43), to interact with and acti-
vate focal adhesion kinase (44), and to activate Rho signaling
via the Rho guanosine diphosphate dissociation inhibitor (Rho
GDI) (45). The latter fact is of specific interest for our future
studies, because Rho signaling is known to be activated in 2ME-
challenged cells, and critically involved in the development of
2ME-induced barrier dysfunction (16). So far, the interaction of
ERM with Rho GDI was only shown to be dependent on the
phosphorylation of Thr235 (N-terminal ERM domain) by
cyclin-dependent kinase 5 (46). Future studies will be needed
to show whether the PKC-dependent phosphorylation of ERM
at the C-terminal site regulates this interaction. If that is the
case, the MT disruption–dependent activation of PKC with the
consequent phospho-ERM–dependent inactivation of Rho GDI
may represent yet another pathway by which MT rearrange-
ment is linked to the formation of stress fibers and endothelial
contraction.

In conclusion, the present study demonstrates that in
endothelial cells, 2ME evokes a complex signaling response that
includes the activation of PKC and the phosphorylation of ERM
proteins. The phosphorylation of ERM, occurring in a p38/PKC–
dependent manner, changes the localization of ERM. ERM
proteins are critically involved in the barrier-disruptive re-
sponse induced in the endothelium by 2ME. This study extends
previous knowledge about the involvement of PKC and ERM in
endothelial barrier regulation, and also characterizes an addi-
tional mechanism of 2ME-induced barrier dysfunction.
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