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Staphylococcus aureus is a major etiological agent of sepsis
and induces endothelial cell (EC) barrier dysfunction and
inflammation, two major hallmarks of acute lung injury. How-
ever, the molecular mechanisms of bacterial pathogen–induced
EC barrier disruption are incompletely understood. Here, we
investigated the role of microtubules (MT) in the mechanisms of
EC barrier compromise caused by heat-killed S. aureus (HKSA).
Using a customized monolayer permeability assay in human
pulmonary EC and MT fractionation, we observed that HKSA-
induced barrier disruption is accompanied by MT destabiliza-
tion and increased histone deacetylase-6 (HDAC6) activity
resulting from elevated reactive oxygen species (ROS) produc-
tion. Molecular or pharmacological HDAC6 inhibition res-
cued barrier function in HKSA-challenged vascular endothe-
lium. The HKSA-induced EC permeability was associated
with impaired MT-mediated delivery of cytoplasmic linker–
associated protein 2 (CLASP2) to the cell periphery, limiting
its interaction with adherens junction proteins. HKSA-in-
duced EC barrier dysfunction was also associated with
increased Rho GTPase activity via activation of MT-bound
Rho-specific guanine nucleotide exchange factor-H1 (GEF-
H1) and was abolished by HDAC6 down-regulation. HKSA
activated the NF-�B proinflammatory pathway and increased
the expression of intercellular and vascular cell adhesion
molecules in EC, an effect that was also HDAC6-dependent
and mediated, at least in part, by a GEF-H1/Rho-dependent
mechanism. Of note, HDAC6 knockout mice or HDAC6
inhibitor–treated WT mice were partially protected from
vascular leakage and inflammation caused by both HKSA or
methicillin-resistant S. aureus (MRSA). Our results indicate
that S. aureus–induced, ROS-dependent up-regulation of
HDAC6 activity destabilizes MT and thereby activates the
GEF-H1/Rho pathway, increasing both EC permeability and
inflammation.

Staphylococcus aureus (SA)2 infections are the predominant
cause of sepsis, which is still the twelfth leading cause of death
in the U. S. population. Severe sepsis is the most common cause
of mortality among critically ill patients in noncoronary inten-
sive care units (1, 2). Both sepsis and SA-induced pneumonia
are major contributors in the development of acute lung injury
(ALI) and its life-threatening complication, acute respiratory
distress syndrome (3). Antibiotic therapy is provided to treat
SA infections, but the pathogenesis associated with killed bac-
terium and widespread emergence of drug-resistant species
such as methicillin-resistant SA (MRSA) remain a daunting
challenge. MRSA infection is a major cause (38%) of ventilator-
associated pneumonia in surgical intensive care units, and a
large population of MRSA pneumonia develops severe sepsis
and septic shock (4, 5).

Cellular wall components of SA, peptidoglycan G and lipo-
teichoic acid, are potent activators of endothelial permeability
and inflammation, which drive acute respiratory distress syn-
drome (6, 7). We demonstrated previously that heat-killed SA
(HKSA) increases permeability in cultured human pulmonary
endothelial cells (HPAEC) and induces vascular leakage and
inflammation in mice (8). Detrimental effects of SA on pulmo-
nary endothelium can be triggered by the activation of p38 and
Erk1/2 MAP kinases, NF-�B inflammatory cascade, and small
GTPase RhoA (6). Our recent report suggests an important role
of microtubule (MT) dynamics in the regulation of SA-induced
endothelial dysfunction and inflammation (9).

The small GTPases RhoA, Rac1, and Rap1 play an active role
in vascular endothelial cytoskeletal remodeling and the regula-
tion of endothelial barrier integrity (10). These GTPases act as a
molecular switch by cycling between GTP-bound active and
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GDP-bound inactive states. The activation of RhoA triggers
endothelial cell (EC) barrier disruption and promotes inflam-
mation. The Rho pathway of EC permeability involves the phos-
phorylation and inactivation of myosin phosphatase by Rho-asso-
ciated kinase resulting in increased levels of phosphorylated
regulatory myosin light chains and actomyosin contractility
(reviewed in Ref. 11). On the other hand, Rho signaling further
activates the NF-�B signaling cascade leading to increased expres-
sion of EC adhesion molecules including intercellular adhesion
molecule-1 (ICAM-1), EC-specific vascular cell adhesion mole-
cule-1 (VCAM-1), and inflammatory cytokines IL-6, IL-1�, and
IL-8, ultimately resulting in augmented inflammation (12–14).

The MT cytoskeleton plays a critical role in the control of cell
division and intracellular trafficking of organelles and proteins.
Increasing evidence suggests that MT also play an active role in
the regulation of endothelial permeability via cross-talk with
the actin cytoskeleton (15, 16). MT cycle between polymerized
and depolymerized states, which is determined by post-trans-
lational modifications such as the acetylation/deacetylation of
tubulin and by numerous MT-associated proteins (17). A
plethora of studies have documented that MT destabilization
induced by various agonists impairs endothelial function by
activating the Rho pathway (18 –23). Indeed, MT may directly
regulate Rho activity via guanine nucleotide exchange factor H1
(GEF-H1), whose activity is suppressed if GEF-H1 is in the MT-
bound state. Once released from the MT during MT disassem-
bly, GEF-H1 activates Rho (24, 25).

Furthermore, histone deacetylase 6 (HDAC6), a member of
the class II HDAC, has emerged as a key regulator of MT
dynamics (26, 27). A role for HDAC6 in MT-dependent endo-
thelial dysfunction was initially suggested by findings that
HDAC6 activity promotes the destabilization of MT by
deacetylating �-tubulin, whereas inhibition of HDAC6 attenu-
ates lung dysfunction caused by thrombin or lipopolysaccha-
ride (LPS) (28 –30). A similar pattern of endothelial barrier pro-
tection has also been achieved using the MT-stabilizing agent,
Taxol (31, 32). However, the precise role of MT and the molec-
ular/cellular mechanisms involved in bacterial pathogen–
induced endothelial barrier dysfunction and inflammation
remains to be investigated.

Cytoplasmic linker–associated protein 2 (CLASP2) is a MT
plus-end tracking protein that promotes the stabilization of
dynamic microtubules (33). CLASP2 is directly involved in
MT–actin cytoskeleton interactions (34) and MT stabilization
at the cell cortex (35). The regional immobilization of CLASP2
allows MT stabilization and promotes directionally persistent
fibroblast and epithelial cell motility (35). CLASP2 interaction
with adherens junction protein p120 catenin observed in kera-
tinocytes (36, 37) suggests its additional role in linking MT with
cell junction complexes. These features suggest that CLASP2 is
a potentially important regulator of MT–actin cytoskeleton
cross-talk and EC barrier regulation.

In this study, we explored the role of MT dynamics in HKSA-
induced endothelial barrier dysfunction and lung inflamma-
tion. By employing molecular and pharmacological inhibitors,
we elucidated the mechanisms of HKSA-induced activation of
HDAC6 that cause MT destabilization and MT-dependent sig-
naling, leading to increased endothelial permeability and vas-

cular inflammation. We also evaluated the protective effects of
HDAC6 inhibition as a potential therapeutic for HKSA or
MRSA-induced vascular leak and inflammation in vivo.

Results

HKSA-induced EC barrier disruption is accompanied by MT
destabilization

Our earlier study showed that the destabilization of MT
mediates EC dysfunction caused by Gram-positive bacteria–
derivedpeptidoglycanG(9).WefurtherinvestigatedtheMT-de-
pendent mechanism of EC permeability and inflammation
caused by HKSA. HKSA robustly increased endothelial perme-
ability in a dose-dependent fashion, as reflected by decreased
transendothelial electrical resistance (TER) (Fig. 1A). We also
analyzed the effect of HKSA on EC monolayer macromolecular
permeability using a permeability assay developed by our group
(38) and described under “Experimental procedures.” HKSA
increased in a dose-dependent manner the permeability of the
human pulmonary EC monolayer for a FITC– dextran tracer
(Fig. 1B). To evaluate the effects of an HKSA challenge on MT
dynamics, we performed a MT fractionation assay that investi-
gated HKSA-induced changes in the pools of polymerized and
depolymerized tubulin. The results showed that HKSA treat-
ment markedly decreased the pool of polymerized MT, sug-
gesting increased MT disassembly (Fig. 1C).

HKSA increases HDAC6 activity in a redox-dependent fashion

We further investigated the mechanism of HKSA-induced
MT destabilization mediating HKSA-induced EC permeability.
Acetylation of tubulin confers increased MT stability (39).
HKSA treatment markedly decreased the pool of acetylated
tubulin-positive MT in pulmonary EC detected by immuno-
fluorescence staining with acetylated tubulin-specific antibody
(Fig. 2A). Combined visualization of acetylated tubulin and
VE-cadherin–positive intercellular junctions shows coordinated
decline in acetylated tubulin and VE-cadherin immunoreactivity
in HKSA-challenged EC (Fig. 2B). Imaging data were further con-
firmed by Western blot analysis of total cell lysates from control
and HKSA-challenged EC. The results show a sustained decrease
of acetylated tubulin in the total tubulin pool (Fig. 2C).

HDAC6, a member of the HDAC family, is localized in cyto-
sol and has been shown to deacetylate MT (30). We examined
whether HDAC6 was involved in HKSA-induced EC dysfunc-
tion. Using a biochemical HDAC6 activation assay, we found
that HKSA indeed increased HDAC6 activity (Fig. 2D). HKSA-
induced HDAC6 activation was attenuated by the reactive oxy-
gen species (ROS) scavengers N-acetylcysteine and amifostine,
an FDA-approved compound with reported antioxidant prop-
erties (40) (Fig. 2D).

Inhibition of HDAC6 attenuates HKSA-induced EC barrier
disruption

To further evaluate the role of HDAC6 in HKSA-induced
endothelial barrier disruption, we employed pharmacological
and molecular inhibitors of HDAC6. EC pretreatment with the
HDAC6-specific inhibitor tubastatin A (TubA) completely
abolished the HKSA-induced decrease in the pool of acetylated
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tubulin as determined by Western blot analysis (Fig. 3A). Im-
munofluorescence staining of the microtubule cytoskeleton
showed that HKSA induced partial disassembly of peripheral
MT was abrogated by pretreatment with TubA (Fig. 3B). TubA
also strongly attenuated HKSA-induced actin cytoskeletal

remodeling by inhibiting the formation of paracellular gaps
(Fig. 3C, marked by arrows). The efficacy of TubA in attenuat-
ing HKSA-induced EC barrier dysfunction was further demon-
strated by monitoring TER changes in HKSA-stimulated
EC monolayers. The HKSA-induced drop in resistance was

Figure 1. HKSA-induced EC permeability is accompanied by MT destabilization. A, HPAEC monolayers grown on gold microelectrodes were challenged
with the indicated concentrations of HKSA, and TER was monitored for 20 h. B, cells grown on 96-well plates with immobilized biotinylated gelatin were
exposed to HKSA for 2 h. After completion of stimulation, FITC–avidin (25 �g/ml) was added to the cells, and they were incubated for 3 min followed by washing
with PBS and measurement of FITC fluorescence in a Victor X5 plate reader. Normalized values are expressed as mean � S.D.; n � 6, *, p � 0.05. C, MT
fractionation from control and HKSA-treated (2 � 108 particles/ml, 6 or 24 h) EC was performed by separation of soluble depolymerized tubulin and insoluble
tubulin polymers assembled into MT by centrifugation as described under “Experimental procedures.” Densitometry results are shown as mean � S.D. n � 5;
*, p � 0.05.

Figure 2. HKSA decreases the pool of acetylated microtubules and increases HDAC activity in a redox-dependent manner. A, the levels of acetylated MT
in control and HKSA-treated (2 � 108 particles/ml, 6 h) cells were determined by immunofluorescence staining with acetylated tubulin antibody. Bar � 5 �m.
B, co-staining of control and HKSA-stimulated (6 h) EC monolayers with antibodies to acetylated tubulin and VE-cadherin. VE-cadherin–positive adherens
junctions outline the cell borders. Shown are representative results of three independent experiments. Bar � 10 �m. C, the total cell lysates collected from the
cells were treated with HKSA for the indicated times, and acetylated tubulin levels in total cell lysates were analyzed by Western blotting (upper panel). Lower
panel, shows total a-tubulin levels. Shown are representative results of three independent experiments. D, EC were stimulated with HKSA (3 h) followed by an
HDAC6 activity assay. Where indicated, cells were pretreated for 30 min with the ROS scavenger N-acetylcysteine (NAC, 1 mM) or amifostine (Afst, amifostine
trihydrate, WR2721, 4 mM). The results are presented after normalizing to background controls. *, p � 0.05; n � 5. Veh, vehicle.
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attenuated by EC pretreatment with TubA (Fig. 3D, left) or
siRNA-mediated HDAC6 knockdown (Fig. 3D, right).

HKSA causes AJ disassembly and impairs interactions between
MT and AJ proteins

To investigate the mechanism of HKSA-induced breakdown
of cell junctions, we performed immunofluorescence staining
of pulmonary EC with adherens junction protein VE-cadherin.
HKSA treatment dramatically decreased VE-cadherin localiza-
tion at cell– cell junctions and caused intercellular gap forma-
tion (Fig. 4A, shown by arrows). The HKSA-induced disappear-
ance of VE-cadherin from cell– cell contacts was rescued by the
HDAC6 inhibitor TubA (Fig. 4A). HKSA induced the disassem-
bly of the VE-cadherin–p120 catenin complex as evidenced by
co-immunoprecipitation assay and also caused a decrease in
the VE-cadherin presence at the cell surface, as demonstrated
by a surface protein biotinylation assay. After in situ biotinyla-
tion of cell surface proteins in control and stimulated EC mono-
layers, the level of biotinylated VE-cadherin was assessed by
Western blotting. The HKSA-induced decrease of the VE-cad-
herin presence at the cell surface was attenuated by HDAC6
inhibitor (Fig. 4B). Reciprocal co-immunoprecipitation assays

using VE-cadherin and p120 catenin antibodies showed that
HKSA-induced dissociation of the VE-cadherin–p120 catenin
protein complex was attenuated by TubA (Fig. 4C). The disap-
pearance of VE-cadherin from the cell surface upon HKSA
challenge may be caused by enhanced internalization, reduced
recycling of VE-cadherin back to the cell surface, or both, and it
ultimately leads to AJ disassembly and EC barrier compromise.

The interaction between the MT plus-end– binding protein
CLASP2 and p120 catenin regulates MT dynamics at the AJ in
keratinocytes (36). Using a surface protein biotinylation
assay, we found that siRNA-specific knockdown of CLASP2
decreased the pool of biotinylated VE-cadherin, reflecting
increased VE-cadherin internalization and AJ disassembly in pul-
monary EC (Fig. 5A). These data suggest functional interactions
between CLASP2 and the EC adherens junction complex. Inter-
estingly, HKSA stimulation caused CLASP2 redistribution from
the EC membrane/cytoskeletal fraction, suggesting CLASP2 dis-
appearance from the EC cortical compartment (Fig. 5B). Western
blotting panels (Fig. 5B, right) confirm the expression of cell mem-
brane (VEGFR2 and Na�/K�-ATPase) and cytosolic (HSP90 and
GAPDH) protein markers in the corresponding fractions.

Figure 3. HDAC6 inhibitor attenuates HKSA-induced EC barrier dysfunction. HPAEC were treated with vehicle (Veh) or HDAC6 inhibitor TubA (10 �M, 30
min) followed by HKSA challenge (2 � 108 particles/ml, 6 h); MT integrity, actin cytoskeleton remodeling, and paracellular gap formation were monitored. A,
top, acetylated tubulin levels were determined by Western blotting. Bottom, depicts total �-tubulin levels in samples. B, microtubule organization was
monitored by immunofluorescence staining with �-tubulin antibody. The outlined areas in the top row (inserts 1–3) are depicted as corresponding higher-
magnification images in the bottom row, revealing details of peripheral MT organization. Bar � 5 �m. C, cells were stained with Texas Red phalloidin to visualize
F-actin. Cell nuclei were visualized by DAPI counterstaining. Paracellular gaps are shown by arrows; bar � 10 �m. Shown are representative results of three
independent experiments. Veh, vehicle. D, cells were stimulated with HKSA (arrowheads) in the presence or absence of TubA (left panel), or they were
transfected with HDAC6-specific or nonspecific siRNA prior to HKSA challenge (right panel). TER was monitored over a 20-h time period.
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Co-immunoprecipitation assays using p120 catenin anti-
body showed the presence of CLASP2 in p120 catenin
immunocomplexes, which was significantly decreased in the
HKSA-treated group. Importantly, pharmacological inhibi-
tion of HDAC6 activity preserved CLASP2–p120 catenin
interactions in HKSA-stimulated EC (Fig. 5C).

HKSA-induced EC inflammation is mediated by HDAC6

We next sought to determine whether HDAC6 plays a role
in HKSA-induced EC inflammation. Activation of the NF-�B
pathway is a central mechanism of the HKSA-induced EC
inflammatory response reflected by increased NF-�B phos-
phorylation and nuclear translocation (41). We monitored
phospho-NF-�B levels as a measure of NF-�B activation in
HKSA-treated pulmonary EC. HKSA increased phospho-
NF-�B levels, an effect that was attenuated by pharmacolog-
ical inhibition of HDAC6 activity using TubA (Fig. 6A).
Along with NF-�B phosphorylation, the degradation of the
NF-�B inhibitory subunit, IkB�, is another indicator of
NF-�B activation. The results showed that HKSA treatment
decreased cellular levels of IkB�, an effect that was also
blocked by the HDAC inhibitor (Fig. 6A). NF-�B activation
leads to its nuclear translocation. Immunofluorescence anal-
ysis of NF-�B intracellular localization showed HKSA-in-
duced NF-�B localization in the nuclei of stimulated cells,
which was attenuated by TubA (Fig. 6B). EC adhesion mol-
ecules ICAM-1 and VCAM-1 are key regulators of the neu-
trophil recruitment at the sites of inflammation, and their

expression is triggered by NF-�B pathway (42). HKSA
caused potent up-regulation of ICAM-1 and VCAM-1
expression in pulmonary EC. This effect was suppressed by
HDAC6 inhibitor TubA (Fig. 6C), which also abolished the
HKSA-induced decrease in acetylated tubulin (Fig. 6C,
bottom panel). Similarly, HKSA-induced ICAM-1 and
VCAM-1 expression was attenuated by molecular inhibition
of HDAC6 using gene-specific siRNA (Fig. 6D). HDAC6
inhibition also suppressed the HKSA-induced production of
inflammatory cytokines IL-6 and IL-8 and soluble ICAM1 by
HKSA-stimulated pulmonary EC (Fig. 6E).

To test directly the role of HDAC6 activity in HSKA-induced
EC inflammation, we overexpressed WT HDAC6 and the cat-
alytically deficient (CD) HDAC6 mutant and determined the
levels of phospho-NF-�B, ICAM-1, and VCAM-1 in HKSA-
challenged pulmonary EC. Although HKSA caused pro-
nounced NF-�B phosphorylation in EC with ectopic expression
of WT HDAC6, the NF-�B phosphorylation response was
abrogated in pulmonary EC with ectopic expression of the cat-
alytically inactive HDAC6 (CD-HDAC6) mutant (Fig. 6F). In
line with its effects on NF-�B phosphorylation, ectopic expres-
sion of the CD-HDAC6 mutant suppressed HKSA-induced
expression of ICAM-1 and VCAM-1 (Fig. 6F).

HKSA-induced EC inflammation is mediated by MT-bound
GEF-H1 and Rho activation

The activation of RhoA GTPase signaling plays an essential
role in mediating both EC permeability and inflammation (10).

Figure 4. HDAC6 inhibitor rescues HKSA-induced cell junction breakdown by reversing compromised membrane targeting and interactions of
adherens junction proteins. A, immunofluorescence staining of HPAEC with VE-cadherin antibody after HKSA challenge (2 � 108 particles/ml, 6 h) was
performed to monitor cell junction remodeling. Cell nuclei were visualized by DAPI counterstaining; bar � 10 �m. Shown are representative results of three
independent experiments. B, EC monolayers were treated with HKSA alone (4 h) or in combination with TubA, and a surface biotinylation assay was performed.
C, reciprocal co-immunoprecipitation (IP) assays in similar experiments were performed with VE-cadherin antibody (left) or p120 antibody (right). Precipitated
immunocomplexes were analyzed by Western blotting with the indicated antibodies. Bar graphs depict a quantitative analysis of Western blotting densitom-
etry data. Results are shown as mean � S.D. n � 5; *, p � 0.05. Veh, vehicle.
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Furthermore, MT may directly modulate the Rho pathway via
MT-bound RhoA-specific guanine nucleotide exchange factor
GEF-H1 (25). In this context, we investigated whether HKSA
induces Rho activation via the MT–GEF-H1 mechanism.
HKSA treatment increased GEF-H1 activity as evaluated by the
GEF-H1 activation pulldown assay described under “Experi-
mental procedures.” GEF-H1 activation was attenuated by
siRNA-induced HDAC6 knockdown (Fig. 7A). Activation of
the GEF-H1–RhoA pathway in HKSA-stimulated EC was
further reflected by increased Rho kinase-specific phosphory-
lation of myosin phosphatase and increased phosphorylation of
the regulatory myosin light chain (Fig. 7B). These effects were
attenuated by HDAC6 knockdown.

To verify the role of MT-bound GEF-H1 in mediating
HKSA-induced inflammation, we employed GEF-H1 gene–
specific siRNA to deplete GEF-H1 endogenous expression. The
results show that depletion of GEF-H1 suppressed the HKSA-
induced NF-�B phosphorylation. Likewise, GEF-H1 knock-
down attenuated the HKSA-induced expression of VCAM-1
(Fig. 7C).

HDAC6 inhibition prevents HKSA-induced lung inflammation
in vivo

The protective effects of the HDAC6 inhibitor TubA were
further tested in the murine model of HKSA-induced lung
injury. Mice challenged with HKSA developed prominent acute
lung injury with increased total cell counts and protein content
in bronchoalveolar lavage (BAL) fluid (Fig. 8A). The pathologic
effects of HKSA were significantly attenuated in the TubA-
treated groups.

The lung vascular leak evaluated by Evans Blue extravasation
into the lung parenchyma demonstrated a pronounced accu-

mulation of the dye in the lungs of HKSA-challenged mice,
which was markedly attenuated by i.v. injection of HDAC6
inhibitor (Fig. 8B). We also employed a noninvasive fluores-
cence imaging tool to monitor HKSA-induced vascular leak in
the same animals on different days. The accumulation of an
intravenously injected Angiosense 680 EX tracer in mice lungs
reflects lung vascular leak, and clearance of the tracer from the
lungs corresponds to vascular barrier recovery. HKSA-chal-
lenged mice showed an accumulation of the tracer with maxi-
mal accumulation at day 1, a gradual decline on days 2 and 3,
and recovery by day 6. Intravenous administration of TubA
markedly decreased the initial accumulation of the tracer, lead-
ing to accelerated recovery indicated by faster clearance of the
tracer from the lungs (Fig. 8C).

The role of HDAC6 in septic ALI was further evaluated using
a genetic model of HDAC6 knockout (KO) mice. HKSA-in-
duced lung injury in HDAC6 KO mice and matching controls
was monitored by analyzing the protein content and cell counts
in BAL samples, along with extravasation of Evans Blue tracer
into lung parenchyma. The results show that BAL parameters
of HKSA-induced ALI cell counts and protein content (Fig.
9A), as well as HKSA-induced Evans Blue accumulation in
the lung parenchyma (Fig. 9B) reflecting lung vascular leak,
were significantly attenuated in HDAC6 KO mice as com-
pared with matching WT controls. Consistently, noninva-
sive optical imaging of HKSA-injured lungs over 6 days post-
challenge showed that HKSA induced an accumulation in
the lung of an intravenously injected fluorescent probe
(Angiosense) in WT mice, reflecting lung injury and barrier
dysfunction. Lung injury was significantly attenuated in
HDAC6 KO mice (Fig. 9C).

Figure 5. Role of MT plus-end– binding protein CLASP2 and microtubules in modulation of HKSA-induced cell junction dysfunction. A, HPAEC were
transfected with CLASP2-specific (siCLASP2) or nonspecific siRNA (nsRNA) for 72 h, and a surface protein biotinylation assay was performed for VE-cadherin. The
efficiency of endogenous CLASP2 knockdown was confirmed by membrane reprobing with CLASP2 antibody. B, cells were treated with HKSA (4 h), and
membrane/cytoskeletal fractions were analyzed by Western blotting to monitor redistribution of CLASP2. Equal protein amounts of corresponding total cell
lysates were loaded and additionally probed for CLASP2 to ensure equal input protein. The results of Western blot analysis (right panel) confirm the expression
of cell membrane (VEGFR2 and Na�/K�-ATPase) and cytosolic (HSP90 and GAPDH) protein markers in the corresponding fractions. C, cells were challenged
with HKSA (4 h) with or without pretreatment with TubA, and co-immunoprecipitation was performed with p120 antibody followed by immunoblotting with
CLASP2. The membrane was reprobed with p120 antibody to ensure even pulldown among the groups. Bar graphs depict a quantitative analysis of Western
blotting densitometry data. Results are shown as mean � S.D. n � 5; *, p � 0.05. Veh, vehicle.
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Considering the emerging severity of antibiotic-resistant
infections, we also investigated whether HDAC6 inhibition
could prevent lung injury caused by inoculation with a live
MRSA strain. Mice were pretreated i.v. with TubA (40 mg/kg)
prior to MRSA inoculation (CR-MRSA USA300, clinical strain
923) followed by analysis of lung injury parameters 16 h after
MRSA injection. The results show that pretreatment with the
HDAC6 inhibitor attenuated the increase in BAL total cell
counts and protein content in MRSA-treated mice (Fig. 10A),

and reduced Evans Blue extravasation (Fig. 10B). BAL from
MRSA-treated mice showed elevated levels of soluble ICAM-1
and inflammatory cytokine KC, which were reduced in the
HDAC6 inhibitor-treated groups (Fig. 10C).

Discussion

SA infections, with their role in a wide range of pathologies
from pneumonia to sepsis, represent an emerging and serious
global concern. The widespread occurrence of antibiotic-re-

Figure 6. HDAC6 inhibition prevents HKSA-induced EC inflammation. A, HPAEC were treated with HKSA in the presence or absence of TubA, and the levels
of phospho-NF-�B, total NF-�B, and I�B� in cell lysates were detected by Western blot analysis. Equal total protein amounts were loaded on each lane; probing
with �-tubulin was used as a confirmatory normalization control. Bar graphs depict quantitative densitometry analysis of phospho-NF-�B and I�B� levels.
Results are shown as mean � S.D.; n � 3, *, p � 0.05. B, HKSA-induced nuclear translocation of NF-�B (6 h) was evaluated by immunofluorescence staining with
NF-�B antibody. Bar � 10 �m. Shown are representative images of three independent experiments. C, VCAM-1 and ICAM-1 expression in total cell lysates from
HKSA-stimulated (24 h) HPAEC monolayers was monitored by Western blotting. Equal total protein amounts were loaded on each lane; membrane reprobing
with �-tubulin antibody was used as an additional normalization control. Reprobing with antibody to acetylated tubulin was used to evaluate the efficacy of
TubA to inhibit �-tubulin deacetylation. D, cells were transfected with HDAC6-specific or nonspecific siRNA followed by stimulation with HKSA for the indicated
times and detection of VCAM-1 and ICAM-1 expression by Western blotting. Bar graphs depict a quantitative analysis of Western blotting densitometry data.
Results are shown as mean � S.D. n � 5; *, p � 0.05. E, cells were exposed to HKSA (24 h) with or without pretreatment with TubA, and levels of soluble ICAM
(sICAM), IL-8, and IL-6 in conditioned medium were analyzed by ELISA. *, p � 0.05; n � 4. F, HPAEC were transfected with plasmids encoding GFP-tagged WT
or CD-HDAC6 mutant followed by stimulation with HKSA at 24 h post-transfection. Phospho-NF-�B (top) or VCAM-1 and ICAM-1 (bottom) levels were deter-
mined by Western blotting. Equal total protein amounts were loaded on each lane; probing with �-tubulin was used as a confirmatory normalization control.
Ectopic expression of HDAC6 constructs was verified by probing with GFP antibody. Bar graphs depict a quantitative analysis of Western blotting densitometry
data and shown as mean � S.D. n � 5; * p � 0.05. Veh, vehicle.

Figure 7. MT-bound GEF-H1 dependent Rho activation mediates HKSA-induced EC barrier disruption and inflammation. HPAEC transfected with
HDAC6-specific (siHDAC6) or nonspecific siRNA (nsRNA) were exposed to HKSA for the indicated times. A, a GEF-H1 activation assay was performed with
RhoG17A beads, and active GEF-H1 captured by the beads were detected by Western blotting. The efficiency of HDAC6 knockdown was confirmed by Western
blotting of total cell lysates with HDAC6 antibody. B, phosphorylation of MLC and myosin phosphatase (MYPT) in total cell lysates was detected by Western
blotting with corresponding phosphospecific antibodies. Membranes were then reprobed with pan-MYPT (p-MYT) and pan-MLC (p-MLC) antibodies. C, HPAEC
were transfected with GEF-H1–specific or nonspecific siRNA and challenged with HKSA 72 h after transfection. The levels of phospho-NF-�B (HKSA 6 h) and
VCAM-1 (HKSA 24 h) were evaluated by Western blotting. Equal total protein amounts were loaded on each lane; probing with �-tubulin was used as a
confirmatory normalization control. Bar graphs depict a quantitative analysis of Western blotting densitometry data and shown as mean � S.D. n � 5; *, p �
0.05. Veh, vehicle.
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sistant SA isolates such as MRSA has led to an urgent need for
alternative approaches to combat these infections. In this study,
we unraveled an important role of MT-associated signaling in
SA-induced endothelial permeability and inflammation.

As the role of actin cytoskeletal remodeling in the regulation
of endothelial permeability is well recognized, yet growing evi-
dence suggests that MT dynamics also have a major impact on
both endothelial barrier function and inflammatory activation
(16, 19, 43, 44). Studies by different groups including our own
have shown that barrier disruptive agonists thrombin, TNF�,
LPS, and HKSA cause MT destabilization leading to endothelial
barrier dysfunction (9, 18, 20, 45). Accordingly, MT-stabilizing
drugs such as Taxol reverse these pathologic responses. This
study shows that HKSA-induced pulmonary EC permeability
and inflammation is associated with destabilization of the MT
cytoskeleton caused by HKSA-induced activation of HDAC6
enzymatic activity, which has not been shown previously. The
activation of ROS production in vascular endothelium trig-
gered by Gram-positive and Gram-negative bacterial com-

pounds has been linked previously to EC dysfunction (46, 47),
although specific signaling mechanisms were not completely
understood. Importantly, our data show that HKSA-induced
HDAC6 activation is blunted in the presence of ROS inhibitors
N-acetylcysteine and amifostine. This novel finding supports
the redox-dependent mechanism of HDAC6-mediated regula-
tion of EC permeability and inflammation via destabilization of
the MT cytoskeleton in the HKSA model of ALI. The redox-de-
pendent mechanism of HDAC6 activation may involve addi-
tional intermediate steps such as HDAC6 phosphorylation. For
example, a recent study demonstrates that cigarette smoking-
induced endothelial dysfunction and priming to ALI can be
mediated by oxidative stress–activated glycogen synthase
kinase 3� (GSK-3�), which then activates HDAC6 via phos-
phorylation of serine 22 leading to �-tubulin deacetylation (48).
Redox-dependent MT disassembly has been also described in
the settings of Gram-negative ALI caused by LPS (19). Taken
together, these findings suggest a universal mechanism of MT-
dependent EC dysfunction caused by bacterial pathogens.

Figure 8. HDAC6 inhibition prevents HKSA-induced vascular leak and lung inflammation in vivo. Anesthetized mice were injected with HKSA (intratra-
cheally, 2 � 108 bacterial cells/mouse) followed by intravenous injection of TubA. A, total cells and the protein content in BAL were determined 24 h after HKSA
administration. n � 8; *, p � 0.05. Veh, vehicle. B, analysis of Evans Blue–labeled albumin extravasation into the lung parenchyma reflecting vascular leak. Lungs
were excised from the chest, perfused with PBS, and imaged. Shown are representative single-animal images from three independent experiments. Nine total
animals/condition were analyzed. C, live imaging analysis of lung vascular barrier dysfunction after HKSA intratracheal injection with and without intravenous
administration of the indicated doses of TubA. HKSA-induced accumulation of fluorescent Angiosense 680 EX imaging agent in the lungs of the same animals
was detected using the Xenogen IVIS 200 Spectrum imaging system at 1, 2, 3, and 6 days after HKSA challenge and presented in arbitrary colors. Shown are
representative single-animal images from three independent experiments. Nine total animals/condition were analyzed.

MT-associated signaling in S. aureus–induced lung injury

J. Biol. Chem. (2019) 294(10) 3369 –3384 3377



These findings also contribute to the current knowledge of the
role of redox signaling in epigenetic regulation. Another study
demonstrates ROS-mediated activation of another member of
the HDAC family, HDAC3, during LPS challenge in car-
diomyocytes (49).

The results of our study reveal the two separate mechanisms,
EC barrier disruption and inflammation, caused by HKSA-in-
duced MT destabilization. As a first mechanism, the partial disas-
sembly of peripheral MT impairs the delivery of CLASP2 to the
cell periphery, where it interacts with AJ proteins to enhance bar-
rier integrity. The compromised interaction between CLASP2 and
AJ proteins VE-cadherin and p120 catenin suppresses AJ assem-
bly, thereby increasing EC permeability. As a second mechanism,
HKSA–HDAC6–induced MT disassembly leads to the release of
MT-bound GEF-H1, which activates the Rho pathway of EC bar-
rier dysfunction and leads to the additional activation of the NF-�B
inflammatory cascade.

MT-associated proteins play a role in the agonist-induced
regulation of MT dynamics and endothelial barrier, as shown in
our previous reports (19, 51, 52). CLASP proteins represent a
group of MT plus-end– binding proteins that provide struc-
tural links and maintain a dynamic interaction between the MT

and actin cytoskeleton (53). CLASP2, via direct interaction with
p120 catenin, may also regulate AJ functions and increase MT
stability at the cell cortical compartment (36).

Published studies demonstrate a rapid disassembly of AJ and
MT destabilization in the vascular EC following inflammatory
insult. The disassembly of AJ complexes and accordingly
CLASP2 dissociation from AJ may be initiated by different
stimuli, including ROS-mediated phosphorylation of VE-cad-
herin, which occurs in a minute time frame (50). On the other
hand, CLASP2 is delivered by growing MT to the AJ, where it
participates in MT anchoring at the cell periphery, thus con-
tributing to the stabilization of the peripheral MT. Interest-
ingly, MT stabilization by Taxol partially attenuates both EC
barrier dysfunction and the disassembly of AJ complexes
caused by LPS (19). Our results show that loss of peripheral
CLASP2 exerted a pronounced negative effect on EC barrier
function, but this was partially restored by inhibition of
HDAC6, which suggests that HDAC6 activation-led MT dis-
ruption affects AJ assembly, ultimately resulting in EC bar-
rier disruption. Taken together, these data suggest a positive
feedback regulation of AJ integrity by MT. We speculate that
eventually both events contribute to vascular endothelium

Figure 9. HKSA-induced lung inflammation is attenuated in HDAC6 knockout mice. WT C57BL/6 or HDAC6 KO mice were exposed to HKSA (2 � 108

bacterial cells/mouse, intratracheally) for 24 h. A, BAL was collected, and total cells and protein content were determined 24 h after HKSA administration.
HDAC6 KO mice showed a significant decrease in protein content and cell counts in BAL. n � 8; *, p � 0.05. Veh, vehicle. B, analysis of Evans Blue–labeled
albumin extravasation into the lung parenchyma. Lungs from HKSA-challenged (24 h) WT and HDAC6 KO mice were excised from the chest, perfused with PBS,
and imaged. Shown are representative single-animal images from three independent experiments. Six total animals/condition were analyzed. C, live imaging
analysis of lung vascular barrier dysfunction after HKSA intratracheal injection in WT and HDAC6 KO mice. HKSA-induced accumulation of fluorescent Angi-
osense 680 EX imaging agent in the lungs of the same animals was detected using a Xenogen IVIS 200 Spectrum imaging system at 1, 2, 3, and 6 days after HKSA
challenge and presented in arbitrary colors. Shown are representative single-animal images from three independent experiments. Six total animals/condition
were analyzed.
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dysfunction under inflammatory conditions. However, fur-
ther studies are needed to determine whether AJ disassembly
precedes the HKSA-induced CLASP2-mediated MT desta-
bilization or disruption of the MT network is a primary event
leading to AJ disassembly from loss of the membrane-bound
CLASP2.

As mentioned above, the second pathway of EC permeability
and inflammation caused by HKSA is a release and activation of
GEF-H1 following agonist-induced MT depolymerization.
Studies by our and other groups have shown that the release of
MT-bound GEF-H1 leads to the activation of RhoA and its
downstream signaling pathways (24, 25, 54, 55). Here, we show
that HKSA-induced GEF-H1 release and activation depend on
HDAC6 activity. The activation of RhoA signaling augmented
HKSA-induced EC inflammatory activation and increased per-
meability. In turn, HDAC6 inhibition partially stabilized MT,
attenuated RhoA signaling, and suppressed HKSA-induced
expression of adhesion molecules ICAM-1 and VCAM-1 and
proinflammatory cytokines. The requirement for HDAC6 acti-

vation in this process was further supported by the finding that
EC with ectopic expression of WT HDAC6 responded to HKSA
challenge with higher levels of NF-�B activation and ICAM-1
and VCAM-1 expression than cells with ectopic expression of
the catalytically deficient HDAC6 mutant. The “MT–GEF-H1–
inflammation” axis was further confirmed by experiments with
siRNA-mediated depletion of GEF-H1, which inhibited HKSA-
caused activation of NF-�B and the subsequent elevation of
VCAM-1. We also cannot exclude other mechanisms of
HDAC6-induced RhoA pathway activation. For example, inhi-
bition of HDAC6 or HDAC3 has been shown to protect LPS-
induced endothelial dysfunction and ALI by suppressing
HSP90-mediated Rho activation (56).

It is also important to note that treatment with the HDAC6
inhibitor TubA resulted in complete rescue of acetylated tubu-
lin in HKSA-challenged cells but only partially attenuated
HKSA-induced endothelial cell permeability, activation of
NF-�B signaling, and expression of inflammatory cytokines and
adhesion molecules. How can these apparent discrepancies be

Figure 10. HDAC6 inhibitor TubA ameliorates MRSA-induced lung inflammation in mice. MRSA (CR-MRSA USA300, clinical strain 923) was injected into
mice (1 � 108 cells/mouse, intratracheally) with or without intravenous administration of TubA (40 mg/kg). Control groups received saline, and mice were
sacrificed after 24 h. A, BAL was collected from the mice followed by the determination of total cells and protein content. n � 11; *, p � 0.05. Veh, vehicle. B,
analysis of Evans Blue–labeled albumin extravasation into the lung parenchyma. Lungs from MRSA-challenged (24 h) WT and HDAC6 KO mice with and without
TubA co-treatment were excised from the chest, perfused with PBS, and imaged. Shown are representative single-animal images from three independent
experiments. Eight total animals/condition were analyzed. C, the levels of soluble ICAM-1 and cytokine KC in BAL samples were determined by ELISA. n �
4/condition; *, p � 0.05.
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reconciled? The primary mechanism of EC inflammation
caused by microbial components involves HKSA interaction
with Toll-like receptors 2 and 4 (TLR2/4) resulting in the
recruitment of TIR domain– containing adaptors MyD88,
TIRAP, and TRIF to the cytoplasmic TLR domains called TIR
domains. MyD88 is essential for the induction of inflammatory
cytokines triggered by all TLR, and TIRAP is involved specifi-
cally in the MyD88-dependent pathway via TLR2 and TLR4
(57). Downstream, TLR activation triggers phosphoryla-
tion/activation of mitogen-activated protein kinases p42/p44,
JNK1/2, and p38 and the activation of NF-�B cascade following
NF-�B translocation to the nucleus (58, 59). However, NF-�B
signaling is additionally regulated by RhoA activity, leading to
amplification of inflammatory response (60). The results of the
current study show that MT destabilization by activated
HDAC6 in HKSA-challenged pulmonary EC stimulates RhoA
signaling via a GEF-H1– dependent mechanism. This auxiliary
stimulation of the NF-�B cascade by the GEF-H1–RhoA axis
was abolished by MT stabilization with HDAC6 inhibitor
TubA, whereas the priming TLR–MyD88 –NF-�B inflamma-
tory mechanism was not affected. Collectively, these findings
demonstrate the existence of both MT-dependent and -inde-
pendent mechanisms of inflammation triggered by HKSA.

The role of HDAC6-regulated MT dynamics in SA-induced
lung barrier dysfunction and inflammation was further evalu-
ated using animal models of HKSA- and MRSA-induced ALI.
Some HDAC inhibitors have also been successfully employed
to alleviate various animal models of lung injury (29, 61, 62).
The data showed protective effects of TubA in both models of
ALI caused by intratracheal instillation of heat-inactivated SA
and a more clinically relevant MRSA isolate. The role of the
HDAC6 mechanism in the propagation of HKSA-induced lung
dysfunction was further supported by marked attenuation of
HKSA-induced lung injury and inflammation in HDAC6
knockout mice.

In summary, this study describes a HDAC6 –MT–associated
signaling axis that promotes HKSA/MRSA-induced lung injury
and inflammation. Based on our results, we propose a mecha-
nistic model of HKSA-induced and HDAC6 –MT—Rho-medi-
ated lung injury, where SA infections trigger the generation of
ROS leading to HDAC6 activation, which results in the desta-
bilization of MT by tubulin deacetylation (Fig. 11). The desta-
bilized MT ultimately cause EC permeability by activating
RhoA signaling, weakening AJ assembly and impaired delivery
of barrier-protective signaling molecules. HKSA-induced MT
destabilization mediated by HDAC6 also promotes inflamma-
tion via GEF-H1—RhoA–induced augmentation of NF-�B
inflammatory cascade. The in vivo efficacy of tubastatin
A in protecting MRSA-induced lung injury underscores
the potential of HDAC6 inhibitors as future alternative
approaches to the treatment of antibiotic-resistant SA
isolate–induced infections. Thus, MT stabilization or pre-
vention of increased MT instability under pathologic condi-
tions may represent an important therapeutic option aimed
at the restoration of the healthy “signaling homeostasis” of
cytoskeleton-associated networks.

Experimental procedures

Cell culture and reagents

HPAEC, culture medium, and growth supplements were
obtained from Lonza (Allendale, NJ). Cells cultured following
the manufacturer’s instructions were used at passages 5– 8.
HKSA was purchased from InvivoGen (San Diego, CA). ICAM1
and VCAM1 antibodies were obtained from Santa Cruz Bio-
technology (Santa Cruz, CA); �-actin, �-, �-, and acetylated
tubulin antibodies were from Sigma; diphospho-MLC (myosin
light chain), phospho-NF-�B, I�B�, and HDAC6 antibodies
were obtained from Cell Signaling (Beverly, MA); CLASP2, VE-
cadherin, and p120 catenin antibodies were from BD Trans-
duction Laboratories (San Diego, CA). Texas Red phalloidin
and Alexa Fluor 488 – conjugated secondary antibodies were
purchased form Molecular Probes (Eugene, OR). Unless speci-
fied, all other biochemical reagents were obtained from Sigma.

Measurement of endothelial permeability

Barrier integrity across the HPAEC monolayer was deter-
mined by measuring transendothelial electrical resistance using
an electric cell–substrate impedance–sensing system, ECIS Z
(Applied Biophysics, Troy, NY) as described earlier (54). Exper-
iments were conducted only on wells that achieved �1200 ohms
(10 microelectrodes/well) of steady state resistance. Resistance
was expressed by the in-phase voltage (proportional to the resis-
tance), which was normalized to the initial voltage and expressed
as a fraction of the normalized resistance value. In the current
studies, we did not observe significant effects of nonspecific RNA
or specific siRNA on cell viability and monolayer integrity. Initial
testing of nontransfected and siRNA-transfected EC monolayers
did not reveal significant differences in basal TER levels. Endothe-
lial permeability to macromolecules was monitored by express
permeability visualization assay (Millipore catalog No. 17-10398)
described elsewhere (38). After washing unbound FITC–avidin,
the fluorescence of matrix-bound FITC–avidin in control and
agonist-treated EC monolayers was measured on a Victor X5 mul-
tilabel plate reader (PerkinElmer).

Immunocytochemistry

HPAEC monolayers were plated on glass coverslips for im-
munofluorescence staining. Cells were fixed in 3.7% formalde-
hyde and permeabilized with 0.1% Triton X-100 in PBS-Tween
(PBST) for 30 min at room temperature followed by blocking
with 2% BSA in PBST for 30 min. Incubations with antibodies of
interest were performed in blocking solution (2% BSA in PBST)
for 1 h at room temperature followed by staining with Alexa-
488 – or Alexa-544 – conjugated secondary antibodies. After
immunostaining, the slides were analyzed using an EVOS FL
Auto 2 cell imaging system (Thermo Fisher Scientific). Quan-
titative analysis of paracellular gap formation was performed as
described previously (18, 22).

Western blotting and co-immunoprecipitation

Proteins were separated by SDS-PAGE and transferred to poly-
vinylidene difluoride membranes, which were incubated with the
desired primary antibodies at 4 °C overnight. After incubation
with horseradish peroxidase–conjugated secondary antibodies at
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room temperature for 1 h, membranes were developed using
enhanced chemiluminescence substrate (Thermo Fisher Scien-
tific). Equal protein loading was verified by probing the mem-
branes with �-tubulin or �-tubulin antibody. For co-immunopre-
cipitation studies, the cells were lysed on ice with cold TBS–NP40
lysis buffer (20 mM Tris, pH 7.4, 150 mM NaCl, and 1% Nonidet
P-40) supplemented with protease and phosphatase inhibitor
cocktails (Roche Diagnostics). Clarified lysates were then incu-
bated with specific antibodies of interest overnight at 4 °C followed
by a 1-h incubation with protein G–agarose beads. After washing
3–4 times with TBS–NP40 lysis buffer, the complexes were ana-
lyzed by Western blotting using the appropriate antibodies. The
relative intensities of the protein bands were quantified by scan-
ning densitometry using ImageQuant software (GE Healthcare).

Subcellular fractionation

To isolate the microtubule-enriched fraction, human pulmo-
nary EC monolayers were stimulated with HKSA and microtu-
bule-enriched fractions were isolated as described previously
(44). The levels of tubulin in the microtubule-enriched frac-
tions from control and stimulated EC were evaluated by immu-
noblotting with �-tubulin antibodies. In fractionation studies,
cytosolic (soluble) and membrane/cytoskeletal (particulate)
fractions were isolated as described previously (63). Protein
extracts were separated by SDS-PAGE, transferred to a polyvi-

nylidene difluoride membranes, and probed with specific anti-
bodies. In all experiments, the total cell lysates were normalized
by loading equal protein amounts per lane as monitored by
protein measurements in SDS samples. Reprobing the total
lysate samples with antibody to �-tubulin or a particular pro-
tein of interest served as additional normalization controls.

RhoA and GEF-H1 activity assays

Active (GTP-bound) RhoA was captured using GST–
rhotekin beads as previously reported (64). Briefly, HPAEC
grown to confluence on 60-mm dishes and stimulated with
HKSA were lysed with ice-cold Rho assay buffer containing 100
mM NaCl, 50 mM Tris-HCl, pH 7.6, 20 mM NaF, 10 mM MgCl2,
1% Triton X-100, 0.5% deoxycholic acid, 0.1% SDS, 1 mM

Na3VO4, and protease inhibitors. After a centrifugation step,
the supernatants were incubated at 4 °C for 45 min with 20 –25
�g of GST–rhotekin beads. Total cell lysates and the rhotekin-
captured proteins following the bead-washing step were ana-
lyzed by Western blotting using RhoA antibody. Active
GEF-H1 was affinity-precipitated from cell lysates as described
previously (65) using a RhoA(G17A) mutant, which cannot
bind nucleotide and therefore has high affinity for activated
GEF (66). Activated GEF-H1 in RhoA (G17A) pulldowns was
detected by immunoblotting and normalized to total GEF-H1
in cell lysates for each sample.

Surface protein biotinylation

Control and agonist-treated cells were washed with PBS at
37 °C and incubated for 10 min with 5 mM sulfo-NHS-SS-biotin
(Pierce Biotechnology) at room temperature. After washing
twice with ice-cold PBS containing 100 mM glycine, the cells
were lysed for 30 min on ice in 1% Triton X-100 –PBS and
centrifuged at 10,000 � g for 10 min at 4 °C. Equal amounts of
cell lysates were incubated with 60 �l of streptavidin–agarose
(Pierce Biotechnology) for 1 h at 4 °C. Beads were washed three
times with ice-cold PBS and boiled in SDS sample buffer with
5% 2-mercaptoethanol. Samples were centrifuged for 1 min at
1000 � g, and supernatants were subjected to Western blot
analysis with VE-cadherin antibody.

Measurement of cytokines and HDAC6 activity

The cytokine levels in conditioned media from cells or BAL
fluid from mouse lungs were determined using ELISA kits
available from R&D Systems (Minneapolis, MN) according
to the manufacturer’s instructions. HDAC6 activity was mea-
sured using a fluorogenic HDAC6 assay kit available from
BPS Bioscience (San Diego, CA) following the manufactu-
rer’s instructions.

siRNA and DNA transfections

For knockdown of HDAC6, GEF-H1, or CLASP2 in human
pulmonary EC cultures, predesigned human siRNA were
ordered from Ambion (Austin, TX) in purified, desalted, depro-
tected, and annealed double-strand form. Transfection of EC
with siRNA was performed as described previously (67). After
72 h of transfection, cells were used for experiments or har-
vested for Western blotting verification of specific protein
depletion. Nonspecific RNA (Dharmacon, Lafayette, CO) was

Figure 11. Proposed model HDAC6-dependent regulation of HKSA-in-
duced EC permeability and inflammation. S. aureus infections generate ROS,
which activates HDAC6, causing MT destabilization. Disassembly of peripheral
MT structure and inhibition of MT growth to the cell periphery compromises
delivery of MT-associated protein CLASP2 and its interaction with AJ proteins,
leading to decreased AJ assembly and increased EC permeability. Concurrently,
GEF-H1 released from destabilized MT evokes inflammation via the RhoA-depen-
dent augmentation of NF-�B inflammatory cascade. RhoA also directly increases
endothelial permeability via activation of actin cytoskeletal remodeling and acto-
myosin contractile mechanisms. ROS scavengers or pharmacological or genetic
inhibitors of HDAC6 rescue HKSA/MRSA-induced EC permeability and inflamma-
tion by enhancing stability of MT cytoskeleton and promoting MT-dependent
mechanisms of barrier protection.
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used as a control treatment. Plasmids encoding human WT and
CD-HDAC6 proteins bearing a GFP tag were obtained from
Addgene (Cambridge, MA) and used for transient transfections
according to protocols described previously (18, 55). Control
transfections were performed with empty vectors. After 24 – 48
h of transfection, cells were treated with the agonist of interest
and used for permeability measurements or immunostaining.

Animal studies

All experimental protocols involving the use of animals were
approved by the Institutional Animal Care and Use Commit-
tees of the University of Chicago and the University of Mary-
land. Briefly, 8 –10-week– old C57BL/6J mice were anesthe-
tized with an intraperitoneal injection of ketamine (75 mg/kg)
and xylazine (7.5 mg/kg). Then, sterile saline solution, 2 � 108

bacterial cells of HKSA/mouse, or 1 � 108 MRSA (CR-MRSA
USA300, clinical strain 923) was injected intratracheally using a
20-guage catheter. Immediately after the HKSA or MRSA
injection, 10 mg/kg tubastatin A was injected intravenously,
and after 24 h the animals were sacrificed by exsanguination
under anesthesia. HDAC6-null mice were kindly provided by
Timothy McKinsey (University of Colorado, Denver) (68).

Evaluation of lung injury parameters

After intratracheal injection of 1 ml of sterile Hanks’ bal-
anced salt buffer, BAL was carried out, and total protein and
cells content were measured as described previously (69). To
analyze vascular leak, Evans Blue dye (30 mg/kg) was injected
into the external jugular vein 2 h before the end of the experi-
ment, as described elsewhere (69).

For in vivo optical imaging, at specified times after challenge
with HKSA or vehicle, mice were injected via the tail vein with
100 �l of 2 nmol Angiosense 680 EX imaging agent (Perkin-
Elmer, catalog No. NEV10054EX). After 24 h, fluorescent opti-
cal imaging was performed using an Xenogen IVIS 200 Spec-
trum (Caliper Life Sciences, Alameda, CA). Mice were exposed
to isoflurane anesthesia with O2 through the gas anesthesia
manifold and placed on the imaging stage. Acquisition and
image analysis were performed with Living Image 4.3.1 soft-
ware as we described previously (70).

Statistical analysis

Results are expressed as means � S.D. of three to six inde-
pendent experiments. The comparison between controls and
stimulated groups was done by unpaired Student’s t test or one-
way ANOVA followed by Tukey’s post hoc test, with p � 0.05
considered statistically significant.
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