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Abstract

Background—Endothelial barrier dysfunction (EBD) involves microtubule disassembly and
enhanced cell contractility. Histone deacetylase 6 (HDACG) deacetylates a-tubulin, and thereby
destabilizes microtubules. This study investigates a role for HDAC6 in EBD.

Methods—EBD was induced with thrombinxHDACS inhibitors (tubacin and MC1575), and
assessed by transendothelial electrical resistance (TEER). Markers for microtubule disassembly
(o-tubulin and acetylated a-tubulin) and contraction (phosporylated myosin light chain 2, P-
MLC2) were measured using immunoblots and immunofluorescence.

Results and Conclusion—Thrombin induced a ~50% decrease in TEER that was abrogated by
the HDACS inhibitors. Moreover, inhibition of HDAC6 diminished edema in the lung injured by
lipopolysacchride. Lastly, inhibition of HDACS6 attenuated thrombin- induced microtubule
disassembly and P-MLC2. Our results suggest that HDACS6 can be targeted to limit EBD.

Introduction

Endothelial barrier dysfunction (EBD) is a vascular reaction to inflammation, which leads to
increased blood vessel permeability and contributes to the pathogenesis of a variety of life-
threatening disorders, such as acute respiratory distress syndrome. Understanding the
mechanisms that mediate EBD is vital for developing more effective treatments of critical
conditions involving the vasculature. Microtubule disassembly is a pivotal module of the
complex signaling network that orchestrates EBD [1]. Modulators of inflammation, such as
TNF-a, TGF-B, and thrombin, disrupt endothelial barrier function via stimulating
disassembly of microtubules and reorganization of cytoskeleton [2; 3; 4]. Nocodazole, a
microtubule-destabilizing agent, is sufficient to induce EBD in pulmonary endothelial cells
[5]. Moreover, microtubule disassembly mediates phosphorylation of myosin light chain 2
(MLC?2), which is critical for contraction of endothelial cells [6]. Thus, microtubule
disassembly emerges as an appealing therapeutic target for treatment of acute lung
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inflammation. Indeed, intravenous administration of a microtubule stabilizing agent, taxol,
ameliorates EBD and inflammation in lipopolysacchride (LPS)-induced lung injury [7].

Histone deacetylases (HDAC) remove acetyl moieties from acetylated lysine residues, a
post-translational modification that regulates fundamental cellular processes [8]. Four
HDAC classes have been identified. HDACG6 belongs to class Il and deacetylates mainly
cytoplasmic proteins, e.g., a-tubulin [9]. A role for HDACS in endothelial barrier is
implicated by the following findings: 1) HDAC6-mediated deacetylation of a-tubulin
promotes microtubule disassembly [9]; 2) Rho, a signaling intermediate between
microtubule and the actin skeleton, induces HDAC6-dependent deacetylation of a-tubulin in
osteoclasts when activated [10]; 3) HDACSG is required for TGF-B1-induced formation of
stress fibers [11]. Therefore, the current study investigates whether inhibition of HDAC6
can attenuate EBD induced by thrombin.

Materials and Methods

Reagents

Tubacin, an HDACG6-specific inhibitor was kindly provided by Drs. S. L. Schreiber and
Ralph Mazitschek at the Broad Institute of Harvard and MIT [12]. Thrombin and LPS (E.
coli 055:B5) were purchased from Sigma (St. Louis, MO). Tautomycin, a specific inhibitor
of protein phosphatases 1 & 2, was purchased from Calbiochem (La Jolla, CA). MC1575, a
class Il HDAC selective inhibitor, was synthesized as previously described [13].

Cell Culture and Treatments

Primary human pulmonary arterial endothelial cells (HPAEC) were purchased from Lonza
(Basel, Switzerland) and cultured for experiments until passage six as we previously
described [14]. Thrombin (50 nM) was used to induce EBD. In the selected exposures,
HPAECs were pre-treated with the HDACS inhibitors tubacin (5 uM) and MC1575 (10 uM)
for 6 hrs. Tautomycin (10 nM) was added to the culture 1 hr prior to treatment with
thrombin-+tubacin when indicated.

Transendothelial Electrical Resistance Assay

Endothelial barrier was assessed using transendothelial electrical resistance assays (TEER)
as described elsewhere [2; 3; 4]. TEER was measured every 30 min through 2 hrs post
exposure to thrombin. The results are presented as the means and standard deviations
obtained from at least 8 data points from 2 independent experiments.

Cell Fractionation and Immunoblots

Polymerized (for measurement of microtubules) and non-polymerized a-tubulins were
fractionated as described elsewhere [15]. Immunoblots for total and fractionated proteins
were carried out as previously described [16]. The following primary antibodies were used
for immunoblots: rabbit polyclonal antibodies specific for a-tubulin and diphospho-MLC2
(CS-2144 and CS-3674, Cell Signaling Technology, Danvers MA); and a mouse monoclonal
antibody specific for acetylated a-tubulin (Ac-a-tubulin) (6-11B-1, Sigma). The secondary
antibodies conjugated with IRDye800 were detected using an Odyssey Infrared Imaging
System (LiCor Biosciences, Lincoln NB). The blots shown in the figures were
representatives from at least two independent experiments.

Immunofluorescence and Image Analysis

Ac-o-tubulin positive microtubules were assessed using immunofluorescence and compared
across the treated groups as described elsewhere with minor modifications [2; 3; 4]. Briefly,
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the images were captured in monochrome at 400 x using an Olympus epifluorescence
microscope. The raw images were processed with background subtraction, digital
deconvolution, and particle analysis for Ac-a-tubulin using identical parameters across the
groups using MBF Image J (a collection of plug-ins and macros of image J that are collated
and organised by the McMaster Biophotonics Facility). The percentage of area covered by
microtubules within a single cell was determined by comparing the values of the area
covered by Ac-a-tubulin positive microtubules (gray) with uncovered areas (black). Eight
random fields (~15 cells/field) from 2 independent experiments were included in the
statistical analysis.

Assessment of LPS-induced Edema in the Lung

C57BL/6 mice (10-week old, Charles River, Wilmington MA) were exposed to LPS as
described elsewhere with minor modifications [17]. Briefly, LPS (2 mg/kg) was
administered i.p. on Day 0. Tubacin (40 mg/kg) was administered i.p. daily starting two days
prior to LPS exposure until sacrifice of the mice on Day 2 post-exposure to LPS. The
vehicle groups received PBS or DMSOQ in place of LPS or tubacin. Edema in the lung was
assessed by measuring wet/dry weight ratios as described elsewhere [17]. Total protein was
extracted from the exposed lungs to assess the levels of Ac-a-tubulin. The animal protocol
was approved by the Tulane University Institutional Animal Care and Use Committee.

Statistical Analysis

Results

Means and standard error were obtained from at least 3 independent experiments. A P value
< 0.05 as determined via an unpaired two-tailed Student’s T-test was considered significant
(GraphPad Prism, Version 5).

Confluent monolayer of HPAECs were treated with thrombin, one of the most potent
inducers of EBD [18], in the presence or absence of tubacin, an HDACS6 specific inhibitor.
The integrity of the monolayer was assessed using TEER assays. Thrombin (50 nM) caused
a ~50% reduction in TEER as early as 30 min post-exposure, which was sustained through 2
hrs (Fig 1A, P < 0.01). Pretreatment of HPAECs for 6 hrs with tubacin (5 uM), restored
TEER to approximately 85% of the control (Fig 1A, P < 0.05). Similar to tubacin, MC1575
(20 uM), a class Il HDAC selective inhibitor, attenuated thrombin-induced EBD (Fig 1B).
Concurrently, tubacin and MC1575 increased the protein levels of Ac-a-tubulin in HPAECs
(Fig 1, C & D). Unlike a previous report regarding TGF-p1-induced EBD, thrombin-induced
EBD was not accompanied by a substantial decrease in Ac-a-tubulin [4].

In a well-characterized murine model of acute lung injury, tubacin ameliorated LPS-
induced edema in the lung. The LPS-induced increase in the lung wet/dry weight ratio (4.7
in LPS vs 3.4 in PBS) was significantly reduced by tubacin (4.1 in LPS+tubacin) (Fig. 1F).
As expected, tubacin caused a robust increase in Ac-a-tubulin in the lung without any
appreciable alteration in the quantity of a-tubulin (Fig. 1E).

Disassembly of microtubules has been reported to mediate EBD [2; 4]. Therefore, we
investigated whether inhibition of HDACS stabilized microtubules. To this end, we
examined the amount of polymerized a-tubulin in thrombin-induced EBD with or without
inhibition of HDACG. We employed a previously published fractionation method that
recovers the polymerized a-tubulin in the insoluble fraction after cell lysis [15]. The non-
polymerized a-tubulin can only be recovered efficiently from the soluble fraction if cells are
pretreated with a microtubule stabilizing agent, which is not suitable for our experiments
since microtubule stabilizing agents alone are sufficient to inhibit EBD [7]. In contrast to a
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minimal change in a-tubulin and Ac-a-tubulin in the total cell lysates (Fig. 1, C & D),
HPAECs exhibited a noticeable decrease in a-tubulin at 30 min post-exposure to thrombin
in the polymerized fraction (Fig. 2A). The thrombin-induced decrease in a-tubulin was
completely reversed by tubacin. In accordance, thrombin caused a modest, yet statistically
significant decrease in the percentage of cell area covered by Ac-a-tubulin, from 26% in the
control group to 21% in the thrombin treated group (Fig. 2, B & C, P < 0.05). Tubacin
abrogated the thrombin-induced decrease in area coverage as 39% of a cells’ area was
covered by Ac-a-tubulin in the presence of thrombin (Fig. 2, B & C, P <0.001). Tubacin
alone also increased Ac-a-tubulin coverage to 46%. Consistently, total intensity of Ac-a-
tubulin per cell was significantly reduced by thrombin (18,460+1186 in DMSO vs
14,660£459.5 in thrombin, data not shown) and this reduction was completely blocked by
tubacin (25,010£1236 in thrombin+tubacin, data not shown). These results suggest that
HDACS inhibition antagonizes thrombin-induced microtubule disassembly.

Phosphorylation of MLC2 is another important event that is promoted by microtubule
disassembly during EBD [6]. Thus, we investigated whether inhibition of HDAC6 reduced
phosphorylation of MLC2 in EBD. As expected, thrombin increased phosphorylation of
MLC2 in HPAECs and this increase was nearly eliminated by tubacin and by MC1575 (Fig.
3A and data not shown). Moreover, co-treatment of the cells with tautomycin (10 nM), an
inhibitor of protein phosphatases 1 & 2, restored thrombin-induced phosphorylation of
MLC?2 in the presence of tubacin (Fig 3B). Lastly, tautomycin restored thrombin-induced
EBD in the presence of tubacin (Fig. 3C, P < 0.01, thrombin+tubacin vs thrombin-+tubacin
+tautomycin). TEER in HPAECs exposed to thrombin+tubacin+tautomycin was
indistinguishable from that of HPAECs exposed to thrombin alone. In addition, tautomycin
treatment alone did not alter EBD (data not shown). These results suggest that HDAC6
inhibition interferes with the activation of the lung endothelial cell contraction machinery, a
pivotal component of EBD.

Discussion

The current study demonstrates that inhibition of HDAC6 can attenuate thrombin-induced
EBD and indicates that the HDACG inhibitors target microtubule disassembly and
phosphorylation of MLC2 induced by thrombin. These results suggest a therapeutic
potential of HDACG6-specific inhibitors in EBD in vitro, and also in a well-characterized
murine model of acute lung injury.

Our findings provide novel mechanistic insight to the two previous publications that report
protection of LPS-induced acute lung injury by either broad HDAC inhibitors butyrate and
trichostatin A or by a microtubule stabilizing agent taxol [7; 19; 20]. An apparent link
between two disparate modalities is HDACS that is potentially targeted by both reagents.
Our results indicate that similar to microtubule stabilizing agents, pharmacological
inhibition of HDACSG attenuates EBD and phosphorylation of MLC2 (Fig. 1 & 3) [6].
Although the previous reports identified activation of NF-xB as a target of HDAC inhibitors
in LPS-induced acute lung injury, it is conceivable that HDACS is one of the direct targets
of HDAC inhibition because the HDACG6-specific inhibitor tubacin can attenuate LPS-
induced edema in the lung (Fig. 1F) [7; 19; 20]. It is noteworthy that the tubacin-mediated
reduction in edema is only partial because LPS-induced elevation in wet/dry weight ratios in
the presence of tubacin is still significantly higher than that in the DMSO or the tubacin
alone groups (Fig. 1F, P < 0.05). This partial protection might be attributed to incomplete
inhibition of HDACSG in endothelial cells in vivo, and may be addressed by future
optimization in dosage or route of administration.
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Consistent with the previous report that microtubule disassembly promotes phosphorylation
of MLC2, our findings correlate tubacin-mediated microtubule stabilization with diminished
phosphorylation of MLC2 (Fig. 2 & 3) [6]. However, additional mechanisms might be
involved in HDACG6-mediated regulation of phosphorylation of MLC2. Our results indicate
that tubacin inhibits phosphorylation of MLC2 and EBD in a protein phosphatase dependent
fashion (Fig. 3). Interestingly, HDACG has been demonstrated to inhibit protein phosphatase
activity via direct binding and thereby promote phosphorylation of Akt [21; 22]. It is
plausible that HDAC6-mediated regulation of MLC2 phosphorylation involves direct
binding of HDACS to the protein phosphatases. Which specific protein phosphatase that is
targeted by HDACG awaits further exploration. Lastly, it remains to be determined whether
HDACS6-mediated regulation of EBD involves direct deacetylation of acetylated lysines in
proteins other than a-tubulin. A recent proteomic survey has identified thousands of lysine-
acetylated proteins that reside in not only the chromatin and nucleus, but also a variety of
subcellular organells and functional cytoskeletal complexes [23]. HDACES is expressed
predominantly in the cytoplasm, so it is highly likely that HDACG6 regulates EBD via
deacetylation of cytoskeletal protein components and/or their modulators.

In conclusion, our findings indicate that inhibition of HDAC6 abrogates thrombin-induced
EBD via enhancing acetylation of a-tubulin, stabilizing microtubules, and inhibiting
phosphorylation of MLC2. As supported by our study, HDACES is a potential therapeutic
target for pathological conditions that involve lung EBD. Our results warrant further
investigation of the role for HDACS in diverse preclinical models of EBD and the molecular
mechanisms that are involved in HDAC6-mediated EBD.
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Figure 1.

Attenuation of Thrombin-induced Decreases in TEER by Inhibition of HDACSG. A)
HPAECs were exposed to thrombin in the presence or absence of tubacin. TEER was
measured at the indicated time points post-exposure. **, a comparison between the control
and the thrombin treated groups; *, a comparison between the thrombin+DMSO and the
thrombin-+tubacin groups. B) An experiment that is similar to part A except that MC1575
replaced tubacin. C) The culture conditions were identical to A. Protein levels of Ac-a-
tubulin and a-tubulin were determined using immunoblots. D) An experiment that is similar
to part A except that MC1575 replaced tubacin. “S” refers to DMSO, the solvent for
MC1575. E) Total protein was extracted from mouse lungs exposed to LPS with or without
tubacin. The protein levels of Ac-a-tubulin and a-tubulin were determined. F) LPS-exposed
mouse lungs were dissected and wet/dry weight ratios were measured as described in the
Methods Section. Means and standard errors were obtained from 7 mice per group. *, **,
and *** denote a P value < 0.05, 0.01, and 0.001, respectively.
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Figure 2.

Tubacin Interferes with Thrombin-induced Microtubule Disassembly. A) Culture conditions
were identical to Fig. 1. Protein levels of polymerized a-tubulin and pactin were measured
using immunoblots. B) Similar to part A except that microtubules were assessed using
immunofluorescence for Ac-a-tubulin. White arrowheads indicate microtubules in the
periphery of a cell. C) The percentage of Ac-a-tubulin covered area per cell was determined
as described in Methods. * and *** denote a P value < 0.05 and 0.001, respectively.
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Figure 3.

Rescue of Thrombin-induced EBD by Tautomycin in the Presence of Tubacin. A) The
protein levels of phosphorylated MLC2 were measured in HPAECs at 30 min post-exposure
to thrombinzTubacin. B) Similar to part A except that HPAECs were pretreated with
tautomycin for 1 hr as indicated. C) TEER was measured in HPAECs exposed to various
combinations of thrombin, Tubacin, and tautomycin. Thr, thrombin; Tub, Tubacin; Tau,
tautomycin; MLC-P, phosphorylated MLC2; a-tubulin-ac, acetylated a-tubulin. ** denotes a
P value < 0.01 when the thrombin+Tubacin treated group is compared with the thrombin
+tubacin+tautomycin treated group. “D” in parts A and B refers to DMSO, the solvent that
was used for the inhibitors.
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