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Abstract

Recent studies have implicated autophagy in several inflammatory diseases involving aberrant
endothelial cell (EC) responses, such as acute lung injury (ALI). However, the mechanistic basis
for a role of autophagy in EC inflammation and permeability remain poorly understood. In this
study, we impaired autophagy by silencing the essential Beclinl autophagy gene in human
pulmonary artery EC. This resulted in reduced expression of proinflammatory genes in response to
thrombin, a procoagulant and proinflammatory mediator whose concentration is elevated in many
diseases including sepsis and ALI. These (Beclinl-depleted) cells also displayed a marked
decrease in NF-xB activity secondary to impaired DNA binding of RelA/p65 in the nucleus, but
exhibited normal IxBa degradation in the cytosol. Further analysis showed that Beclinl
knockdown was associated with impaired RelA/p65 translocation to the nucleus. Additionally,
Beclin1 knockdown attenuated thrombin-induced phosphorylation of RelA/p65 at Ser3%, a critical
event necessary for the transcriptional activity of RelA/p65. Beclinl silencing also protected
against thrombin-induced EC barrier disruption by preventing the loss of VE-cadherin at adherens
junctions. Moreover, Beclinl knockdown reduced thrombin-induced phosphorylation/inactivation
of actin depolymerizing protein Cofilinl and thereby actin stress fiber formation required for EC
permeability as well as RelA/p65 nuclear translocation. Together, these data identify Beclinl as a
novel mechanistic link between autophagy and EC dysfunction (inflammation and permeability).
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INTRODUCTION

Endothelial cell (EC)# inflammation and permeability are prominent features of endothelial
dysfunction associated with many inflammatory disease states, including pulmonary
diseases such as acute lung injury and acute respiratory distress syndrome (ALI/ARDS)
(1-4). Activation of NF-xB, a master regulator of inflammation, and loss of adherens
junctions (AJs) are the major mechanisms of EC inflammation and permeability,
respectively (5, 6). In unstimulated cells, NF-xB is retained as an inactive complex in the
cytoplasm through its interaction with its inhibitory protein IxBa (5, 7). The binding of
IxBa masks the nuclear localization signal of the RelA/p65 subunit of NF-xB, thereby
preventing its translocation to the nucleus. In stimulated cells, NF-xB is released from IxBa
secondary to its phosphorylation at Ser32 and Ser36 by 1B kinase (IKKB). Phosphorylated
IxBa undergoes rapid ubiquitination and proteasome-mediated degradation, and the
released NF-xB [predominantly RelA/p65 homodimer in EC (8, 9)] migrates to the nucleus
where it binds to the promoter of its target genes. In addition, phosphorylation of RelA/p65
at Ser536 enhances the transcriptional capacity of NF-xB bound to the promoter (5, 7).
Activated NF-xB causes EC to acquire proadhesive and proinflammatory phenotypes by
promoting the expression of adhesion molecules (ICAM-1, VCAM-1, E-selectin), cytokines
(TNFa., IL-1B, IL-6), and chemokines (IL-8, MCP-1) (10-15).

Vascular endothelial (VE)-cadherin plays a central role in establishing endothelial cell-to-
cell adhesion via its ability to form Ca2*-dependent homophilic cisand trans dimers at AJs.
AJs thus formed serve to maintain EC barrier integrity, and allow minimal filtration of fluids
and selective passage of molecules such as electrolytes, ions and proteins (16, 17). Loss of
VE-cadherin from the cell surface is a critical determinant of AJ disassembly and EC
permeability caused by proinflammatory mediators (1, 17-20). This is further aided by
contractile forces generated by actin-myosin interaction (actin stress fiber formation) (1, 18,
19). Importantly, actin stress fibers also play a critical role in facilitating thrombin-induced
RelA/p65 translocation to the nucleus and thereby EC inflammation (12, 21-23). The
coordinate and concerted actions of these events (induction of proinflammatory genes via
NF-xB activation and disruption of endothelial AJs via VE-cadherin disassembly, aided by
actin-myosin interactions) facilitate adhesion and transendothelial migration of
inflammatory cells, particularly neutrophils (PMN) (4, 11, 24, 25), and increase endothelial
permeability (1, 18, 19) associated with ALI/ARDS (2, 22, 25-28).

Autophagy is an evolutionarily conserved cellular process characterized by the formation of
a double-membrane vesicle, called the autophagosome, which ensures clearance of damaged
intracellular components (organelles and proteins) by delivering them to lysosomes for
degradation (29, 30). Recent studies have revealed novel roles of autophagy in
embryogenesis, development, cell death, immunity and inflammation and provided evidence
of associations between autophagic dysfunction and disease (29-31). It is becoming

4 Abbreviations used in this paper: EC, endothelial cell; VCAM-1, vascular cell adhesion molecule-1; ICAM-1, intercellular adhesion
molecule-1; PMN, polymorphonuclear leukocytes; NF-xB, nuclear factor-xB; IKKB, IkappaB kinase; IL-6, interleukin 6; IL-1B,
interleukin 1 beta; TNF-a, tumor necrosis factor alpha; LC3, microtubule-associated protein 1A/1B-light chain 3; HPAEC, human
pulmonary artery EC; PAGE, polyacrylamide gel electrophoresis; LUC, luciferase; PBS, phosphate-buffered saline; TBS, Tris-
buffered saline; PMSF, phenylmethylsulfonyl fluoride.
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increasingly clear that autophagy has both protective and injurious effects on many diseases.
For example, autophagy induction is critical for survival during the perinatal period of
relative starvation and serves a protective function in ischemic hearts (32-34). Similarly, loss
of autophagy in the central nervous system causes neurodegeneration (35, 36). Aberrant
regulation of autophagy is associated with aging and human diseases, including cancer,
neurodegeneration, IBD, sepsis, and pulmonary diseases (31, 35, 37-42). We have recently
shown that inhibition of autophagy via 3-methyladenine (3-MA), administered either
prophylactically or therapeutically, reduced lung vascular leakage and tissue edema (43);
however, it remains unclear how autophagy is mechanistically linked to EC inflammation
and permeability, two major pathogenic features of ALI.

Autophagy is accomplished in several sequential stages (initiation, nucleation, elongation,
and maturation) and requires the participation of a large number (> 30) of autophagy-related
proteins (Atg genes) (29, 30). Beclinl, an ortholog of the Atg6/vacuolar protein sorting
(Vps)-30 protein in yeast, represents one such protein that has a central role in
autophagosome formation and maturation (44). As part of the class 11 phosphatidylinositol
3-kinase (PI13K) complex, Beclinl serves an important function in mediating the localization
of other autophagy proteins to pre-autophagosomal structures (45). In addition to its role in
autophagy, Beclinl is also implicated in regulating apoptosis via its ability to interact with
anti-apoptotic Bcl-2 family members through its BH3 domain (44). This interaction impairs
the ability of Beclinl to mediate the assembly of pre-autophagosomal structures, thereby
inhibiting autophagy (46). Thus, the conditions that disrupt or favor Beclin1-Bcl2 complex
play a key role in determining whether cells undergo autophagy or apoptosis (44, 47).
Recently, it has been shown that Beclinl is induced in a RelA/p65-dependent manner to
promote autophagy in various cell types including EC (48-50). However, it is unclear if
Beclinl is also linked to NF-xB activation to cause EC inflammation. In this study, we
demonstrate a novel role of Beclinl in mediating NF-xB activation and EC inflammation.
Our experiments also identify a previously unrecognized role of Beclinl in causing loss of
EC barrier integrity by its ability to promote VE-cadherin disassembly. Together, these data
identify Beclinl as a possible mechanistic link between autophagy and EC dysfunction.

MATERIALS AND METHODS

Reagents:

Human a-thrombin was purchased from Enzyme Research Laboratories (South Bend, IN).
Diethylaminoethyl (DEAE)-dextran was obtained from Sigma-Aldrich Chemical Company
(St. Louis, MO). A rabbit polyclonal anti-Beclinl antibody (3738S) was purchased from
Cell Signaling Technology (Beverly, MA). Polyclonal antibodies to VCAM-1 (SC-8304),
RelA/p65 (SC-8008), IxBa (SC-371), and B-actin (SC-47778) were from Santa Cruz
Biotechnology (Santa Cruz, CA). An anti-phospho-(Ser®36)-Rel A/p65 (3033S) was from
Cell Signaling Technology (Beverly, MA). Antibodies to VE-cadherin were obtained from
Abcam (AB33168, Cambridge, MA) and BD Biosciences (BD555661, San Jose, CA). A
rabbit polyclonal anti-Cofilinl (clone D3F9, 5175S) antibody and a rabbit polyclonal anti-
phospho-(Ser3)-Cofilin1 antibody (3311S) were obtained from Cell Signaling Technology
(Beverly, MA). An anti-GAPDH antibody (SC-32233) and an anti-Lamin B antibody
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(SC-6216) were obtained from Santa Cruz Biotechnology (Santa Cruz, CA). Plasmid maxi
kit was from QIAGEN Inc. (Valencia, CA). All other materials were purchased from
Thermo Fisher Scientific (Waltham, MA).

Endothelial Cell Culture:

Human pulmonary artery endothelial cells (HPAEC) were obtained from Lonza
(Walkersville, MD) and cultured in gelatin-coated flasks as described (13). Briefly, cells
were grown to confluency in endothelial basal medium 2 (EBM2) containing bullet kit
additives (BioWhittaker, Walkersville, MD) and 10% FBS at 37 °C in a humidified
atmosphere of 5% CO2 and 95% air. For treatment, HPAEC were incubated in same serum-
free EBM2 medium for 1-2 h prior to thrombin challenge. HPAEC between passages 3 and 7
were used.

RNAIi Knockdown of Beclinl:

SMARTpool short-interfering RNA duplexes specific for human Beclinl (si-Beclinl) and a
nonspecific siRNA control (si-Con) were obtained from Dharmacon (Lafayette, CO).
HPAEC were transfected with si-Beclinl or si-Con using DharmaFectl siRNA Transfection
Reagent (Dharmacon) essentially as described (51). Briefly, 50-100 nM siRNA was mixed
with DharmaFectl and incubated for 24h with cells that are 50-60% confluent. At 48 h,
after transfection, cells were used for experiments measuring the effect of Beclinl
knockdown on EC inflammation and barrier disruption.

Reporter Gene Transfection and Luciferase Assay:

The reporter plasmid pNF-xBLUC (Stratagene, La Jolla, CA) containing 5 copies of
consensus NF-xB sequences linked to a minimal E1B promoter- Firefly luciferase gene was
used to determine the transcriptional activity of NF-xB. The pTKRLUC plasmid (Promega
Corp., Madison, WI) containing Renilla luciferase gene driven by the constitutively active
thymidine kinase promoter was used to normalize the transfection efficiencies. To determine
the effect of Beclinl knockdown on NF-«xB transcriptional activity, cells were first
transfected with Beclinl siRNA (si-Beclinl) using DharmaFectl siRNA Transfection
Reagent as described above. Twenty-four hours later, cells were again transfected with pNF-
xBLUC and pTKRLUC using DEAE-dextran as described (23, 51). Briefly, DEAE-dextran
(50 pg/ml) in serum-free EBM2 was mixed with 5 ug pNF-icB-LUC and 0.125 pg
pTKRLUC. The resulting mixture was applied onto cells that were already transfected with
si-Beclinl or si-Con. After 1 h, cells were exposed to 10% dimethyl sulfoxide (DMSO) in
serum-free EBM2 for 4 min, and then washed 2x with PBS and allowed to grow in
EBM2-10% FBS. Twenty-four hours later, cells were treated with thrombin and then lysed
in passive reporter lysis buffer (Promega Biotech, Madison, WI). The cell extracts were
assayed for Fireflyand Renilla luciferase activities using Dual Luciferase Reporter Assay
System (Promega Biotech, Madison, WI) and the data were expressed as a ratio of Fireflyto
Renillaluciferase activity.
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Cell Lysis, Immunoprecipitation and Immunoblotting:

After appropriate treatments, cells were lysed in radioimmune precipitation (RIPA) buffer
(50 mMTris-HCI, pH 7.4, 150 mM NaCl, 5 mM NaF, 0.25 mM EDTA, pH 8.0, 1%
deoxycholic acid, 1% Triton-X, 1 mM sodium orthovanadate supplemented with protease
inhibitor cocktail [Sigma]) or phosphorylation lysis buffer (50 mM HEPES, 150 mM NaCl,
200 uM sodium orthovanadate, 10 mM sodium pyrophosphate, 100 mM sodium fluoride, 1
mM EDTA, 1.5 mM magnesium chloride, 10% glycerol, 0.5 to 1% Triton X-100, 1 mM
phenylmethylsulfonyl fluoride [PMSF], and protease inhibitor cocktail as described (Fazal et
al. 2009). Cell lysates were resolved on SDS-PAGE and transferred onto nitrocellulose
membranes and the membranes were incubated with 5% (w/v) nonfat dry milk in TBST (10
mM Tris (pH 8.0), 150 mM NacCl, and 0.05% Tween 20) for 1 h at room temperature to
block the residual binding sites on them. The membranes were then incubated with
appropriate Abs and developed using an ECL method as previously described (12). For
immunoprecipitation, cell lysates were prepared in 500 pul of NP-40 lysis buffer (1% NP-40,
50 mM Tris HCI pH 8.0, protease inhibitor cocktail) and then subjected to preclearing with
50 pl of protein G microbeads (Miltenyi Biotec, Bergisch Gladbach, Germany) for 1 hour at
4°C. The precleared lysate was subjected to immunoprecipitation by incubating with 0.6-1
ug of appropriate antibody and 50 ul of the protein G microbeads at 4°C overnight with
gentle shaking as described (52). The immunoprecipitates were added to 1 magnetic
columns (Miltenyi Biotec, Bergisch Gladbach, Germany) and washed four times with the
same volume of ice cold NP-40 buffer with 150 mM NaCl. Boiled SDS sample buffer was
added to the columns for 5 min to elute the immunoprecipitated proteins, and the extracted
proteins were analyzed by immunaoblotting as described above. Representative blots
presented in the results section come from the same membrane which may have more
samples in various groups.

Immunofluorescence:

Confluent HPAEC monolayers grown on gelatin-coated coverslips were subjected to
immunofluorescence staining as described (43). To localize F-actin filaments, the cells were
incubated with Alexa Fluor 488-phalloidin for 20 min at room temperature. VE-cadherin
antibody (BD Biosciences, San Jose, CA) was used to visualize AJs. DNA staining with
Hoechst Dye was used to visualize nuclei. An anti-LC3 antibody was used to visualize LC3
puncta as a measure of autophagosome formation. The coverslips were mounted on the slide
using Vectashield mounting media (Vector Laboratories, Lincolnshire, IL) and the images
were acquired using an Axio Imager M2m confocal microscope (Zeiss). To quantify LC3
and phalloidin staining intensity, lines were drawn around individual cells and the average
fluorescence was measured using the ‘Measure’ tool in ImageJ. The fluorescence value for
each cell was averaged and graphed. Two methods were used to quantify barrier integrity
from VE-cadherin staining. The number of cells with disrupted adherens junctions (AJs) was
calculated by counting the number of cells in a field with discontinuous cell surface VE-
cadherin staining and normalized to the total number of cells in the field. The percentage of
cells with a disrupted VE-cadherin staining border was averaged and graphed. Gap
formation was quantified using the ‘Measure’ tool in ImageJ. Gaps, or areas without cell
coverage, were outlined and measured, and the area of gaps in each field was normalized to
the size of the field. The percentage of gap area was averaged and graphed.
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Nuclear Extract Preparation and Measurement of RelA/p65 DNA Binding Activity:

After appropriate treatments, cells were washed once with ice-cold Tris-buffered saline and
scraped with cell lifter in 1 ml PBS. Cells were centrifuged at 2000 rpm for 2 min at 4°C.
The pellet was resuspended in 400 pl of buffer A (10 mM HEPES [pH 7.9], 10 mM KClI, 0.1
mM EDTA, 0.1 mM EGTA, 1 mM [DTT], and 0.5 mM PMSF). After 20 min on ice, NP-40
was added to a final concentration of 0.6%, and the samples were centrifuged 1 min at
10,000 rpm to collect the supernatants containing the cytoplasmic proteins. The pelleted
nuclei were resuspended and homogenized in 100 pl of buffer B (20 mM HEPES [pH 7.9],
0.4 M NaCl, 1 mM EDTA, 1 mM EGTA, 1 mM DTT, and 1 mM PMSF). After 30 min at
4°C, lysates were centrifuged at 10,000 rpm for 5 min and supernatants containing the
nuclear proteins were collected. The protein concentration of the nuclear extract was
measured using a Bio-Rad protein determination kit (Bio-Rad Laboratories). Equal amount
of nuclear proteins were used to determine RelA/p65 nuclear translocation by
immunoblotting or its DNA binding activity using an ELISA-based DNA binding assay kit
(Cayman Chemical, Ann Arbor, MI) as described (53).

Assessment of Endothelial Permeability by Transendothelial Electrical Resistance (TER):

The endothelial barrier integrity was assessed by measuring transendothelial electrical
resistance (TER) across confluent monolayers using the highly sensitive Electrical Cell-
Substrate Impedance Sensing (ECIS) system (Applied Biophysics, Troy, NY) as described
(43, 53). Briefly, confluent HPAEC grown on gelatin-coated gold microelectrodes in EBM2
containing 10% FBS. After 24 h, culture medium was replaced with EBM2 containing 1%
FBS and 2 h later thrombin was added and the TER was measured over a period of 4 h. TER
was measured over time and normalized to baseline resistance.

Statistical Analysis:

RESULTS

Multiple groups were analyzed by one-way ANOVA, followed by Tukey post-test. When
two groups were analyzed, a Student’s ftest was performed. All statistical analyses were
performed using GraphPad Prism 6 (GraphPad Software, San Diego) and data presented as
mean £ SE. A pvalue < 0.05 was considered statistically significant.

Beclinl Silencing Inhibits Autophagic Activity in EC.

We investigated whether knockdown of Beclinl influences autophagic activity in EC. Cells
were transfected with short interfering RNA (si-RNA) targeting Beclinl (si-Beclinl) or
control si-RNA (si-Con). Following transfection, cells were challenged with thrombin and
analyzed for autophagy induction by monitoring LC3 puncta. Cells transfected with si-
Beclinl showed an impressive knockdown (depletion) of Beclinl irrespective of whether
they were stimulated with thrombin or left untreated (Fig. 1A). Figure 1B and 1C show that
thrombin enhanced autophagy in cells transfected with si-Con as evidenced by an increased
number of LC3 puncta in these cells. In contrast, both basal and thrombin-induced
autophagic activity was lost in Beclinl-depleted cells (Fig. 1B-C). These data show that
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thrombin increases autophagic activity in EC and that Beclinl is essential for both
constitutive and thrombin-stimulated autophagy in these cells.

Beclinl Silencing Inhibits NF-xB Activity and EC Inflammation.

To ascertain the role of Beclinl in the mechanism of thrombin-induced EC inflammation, we
first evaluated the effect of Beclinl knockdown on NF-xB-dependent reporter gene activity.
Results showed that thrombin induced a marked increase in NF-xB activity and that this
response was significantly attenuated in Beclinl-depleted cells (Fig 2A). We also tested if
Beclinl is a stimulus-specific or general mediator of NF-xB. We found that NF-xB activity
induced by lipopolysaccharides (LPS) was also sensitive to Beclinl knockdown (Fig. S1 in
Supplemental Data). These data identify Beclinl as a critical regulator of NF-xB activation
in EC.

Given that NF-xB is an essential regulator of EC inflammation (5), we examined if the
knockdown of Beclinl exerts a similar protective effect on proinflammatory gene expression
in EC. Thrombin stimulation of EC transfected with si-Con resulted in increased levels of
proinflammatory mediators (VCAM-1 and MCP-1) whereas in EC transfected with si-
Beclinl levels of these mediators were significantly reduced (Fig. 2B-C). A similar
inhibitory effect of Beclinl knockdown was also observed on LPS-induced increase in IL-6
and MCP-1 levels (Fig. S2 in Supplemental Data). These findings are consistent with the
effect of Beclinl knockdown on NF-xB activity. These data implicate a role of the Beclinl/
autophagy axis in mediating EC inflammation via activation of NF-xB.

Beclinl Silencing Inhibits NF-xB Activity by Preventing DNA Binding of RelA/p65 in the
Nucleus without Affecting IxBa Degradation in the Cytoplasm.

We determined if Beclinl controls NF-xB activity by regulating its DNA binding activity in
the nucleus. It should be noted that thrombin-induced NF-xB complexes are predominantly
composed of RelA/p65 homodimer (8, 21) and that maximal RelA/p65 DNA binding occurs
at 1 h after thrombin stimulation (Bijli et al AJP Lung). We, therefore, used this time point to
assess the role of Beclinl in RelA/p65 binding to DNA in response to thrombin. Analysis of
nuclear extracts from si-Con transfected cells showed increased DNA binding of RelA/p65
upon thrombin challenge; however, this response was significantly attenuated in si-Beclinl
transfected cells (Fig. 3A). Because degradation of IxBa in the cytoplasm is essential for
RelA/p65 DNA binding in the nucleus and maximally occurs at 1 h after thrombin challenge
(Bijli et al AJP Lung), we next determined the effect of Beclinl silencing on 1xBa
degradation under similar conditions of thrombin treatment. Intriguingly, Beclinl
knockdown failed to inhibit thrombin-induced IxBa degradation (Fig. 3B), unlike its effect
on RelA/p65 nuclear DNA binding (Fig. 3A). These results show that the effect of Beclinl
knockdown of RelA/p65 nuclear DNA binding occurs downstream of IxBa. degradation and
may be related to impaired nuclear translocation of Rel A/p65.

Beclinl Silencing Inhibits DNA Binding of RelA/p65 by Preventing its Translocation to the
Nucleus.

The above data led us to investigate the possibility that the protective effect of Beclinl
knockdown on RelA/p65 DNA binding is secondary to an impairment in the nuclear
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translocation of Rel A/p65. Cells transfected with si-Con or si-Beclinl were treated with
thrombin for 1 h, which we have previously shown causes maximal RelA/p65 nuclear
translocation (Bijli et al. AJP Lung). Immunoblotting of nuclear extracts from these cells
showed a significant decrease in thrombin-induced RelA/p65 nuclear translocation in
Beclinl-depeleted cells (Fig. 3C). These data reveal an important function of Beclinl in
controlling NF-xB activation by its ability to regulate RelA/p65 trafficking to the nucleus.

Beclinl Silencing Impairs RelA/p65 Nuclear Translocation by Inhibiting Cofilin-1
Phosphorylation and Actin Stress Fiber Formation.

We have previously reported that phosphorylation/inactivation of Cofilinl and the associated
changes in actin cytoskeleton are necessary for thrombin-induced nuclear translocation of
RelA/p65 without affecting IxBa degradation (12, 21). To test the possibility that Beclinl
controls RelA/p65 nuclear localization by mediating Cofilin1 phosphorylation at Ser3 and
actin stress fiber formation, we evaluated the effect of Beclinl knockdown on these
responses. Results showed that Beclinl knockdown was effective in inhibiting thrombin-
induced Ser3 phosphorylation/inactivation of Cofilinl and stress fiber formation (Fig. 3 D-
F). These results support the notion that Beclinl mediates thrombin-induced Rel A/p65
nuclear translocation, at least in part, by causing Cofilin1-dependent changes in the actin
cytoskeleton.

Beclinl Silencing Inhibits RelA/p65 Transcriptional Activity by Preventing its
Phosphorylation.

We and others have shown that phosphorylation of Ser>3¢ within the transactivation domain
1 of RelA/p65 is a critical event in conferring transcriptional competency to the bound
RelA/p65 in EC (5, 51, 54). We determined if Beclinl also contributes to NF-xB activity by
mediating Ser>3¢ phosphorylation of RelA/p65. Because thrombin-induced Ser536
phosphorylation of RelA/p65 also occurs maximally at 1 h after stimulation (Bijli et al. AJP
Lung), we used the same treatment conditions to determine the effect of Beclin1 knockdown
on this response. Thrombin challenge of cells transfected with si-Con resulted in RelA/p65
at Ser>36, as expected; however, knockdown of Beclinl inhibited this response (Fig. 4).
Together, these data show that Beclinl controls EC inflammation by its ability to facilitate
the nuclear translocation and thereby DNA binding of RelA/p65 after its release from IxBa
in the cytoplasm, and to promote the phosphorylation at Ser53¢ and thereby transcriptional
capacity of the bound RelA/p65.

The impaired nuclear translocation and phosphorylation of RelA/p65 following Beclinl
knockdown prompted us to determine if Beclinl associates with RelA/p65 to regulate these
events. To test this possibility, we immunoprecipitated Beclinl or RelA/p65 from control
and thrombin-challenged cells and then analyzed the Beclinl and Rel/p65
immunoprecipitates for the presence of RelA/p65 and Beclinl respectively by
immunoblotting. No association of Beclinl with RelA/p65 or its upstream regulator IKK;p
was noted (Fig. 5). These data exclude a direct association between Beclinl with NF-xB
complex and points to the existence of an intermediate protein that may serve to link Beclinl
to NF-xB pathway.
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Beclinl Silencing Restores EC Barrier Integrity.

The ability of Beclinl to regulate actin filament formation (Fig. 3 E-F) suggests a role for it
in the mechanism of EC barrier disruption. To address this possibility, we determined the
effect of Beclinl knockdown on EC barrier integrity by monitoring the dynamic changes in
transendothelial electrical resistance (TER). As reported in previous studies (43, 53, 55, 56),
thrombin induced a rapid decrease in TER (Fig. 6A) in cells transfected with si-Con which
was followed by a gradual recovery with maximal recovery occurring by 3-4 h. Knockdown
of Beclinl had a small protective effect on the acute decrease in TER (within 0.5 h after
thrombin challenge), but showed a more efficient and enhanced TER recovery (Fig. 6A).
Interestingly, the effect of Beclinl silencing on thrombin-induced TER changes is similar to
that of autophagy inhibitor 3-methyladenine (3-MA) (43). These data further support a role
for the Beclinl/autophagy axis in EC barrier disruption. Because the initial decrease and
later recovery of TER is characterized by the disassembly and subsequently reassembly of
AJs, we next determined the effect of Beclinl knockdown on the initial loss and later
recovery of VE-cadherin at AJs after thrombin challenge. Knockdown of Beclinl only
partially protected against the acute disruption of AJs and the resultant interendothelial gap
formation, but was more effective in accelerating the reannealing of AJs and thereby closing
the interendothelial gaps (Fig. 6B-G). These results identify a novel role of Beclinl in
regulating EC barrier dysfunction by virtue of impairing the restoration of VE-cadherin at
Als.

DISCUSSION

Beclinl is a key regulator of autophagy by its ability to initiate autophagosome formation
via recruitment of other autophagy proteins to pre-autophagosomal structures (44, 45, 57).
We have recently shown that autophagy is an important component of lung vascular injury
and that targeting it via 3-methyladenine (3-MA) protects against ALI (43). However, the
mechanistic basis for a role of autophagy, particularly the involvement of Beclinl in EC
inflammation and permeability, two important pathogenic features of ALI, remain poorly
understood. Recently, it has been shown to be regulated by NF-xB (50); however, the role of
Beclinl in regulating NF-xB activation and thereby EC inflammation remains unclear. By
using si-RNA-mediated silencing of Beclinl, we now provide evidence that autophagy-
deficient EC exhibit dampened inflammatory responses when exposed to thrombin. These
(Beclinl-depleted) cells also display a marked decrease in NF-xB activity secondary to
impaired nuclear translocation and phosphorylation of RelA/p65. Moreover, Beclinl-
depeleted EC show improved barrier function secondary to enhanced VE-cadherin
reassembly at AJs and reduced actin stress fiber formation following thrombin challenge.
Together, these data reveal a novel function of the Beclinl in the mechanism of EC
inflammation and permeability.

The relationship between autophagy and NF-xB is complex and appears to be context-
dependent. Autophagy is implicated in many cellular responses regulated by NF-xB
including cell survival, differentiation, senescence, inflammation, and immunity (58). As
such, many upstream regulators are shared by autophagy and NF-xB; however, depending
upon the context they may be regulated differentially by the same upstream signals (50, 58,
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59). In a majority of cases, RelA/p65 promotes autophagy through induction of Beclinl and
autophagy in turn may be engaged to terminate or promote NF-xB signaling depending
upon the cellular context and the stimulus (48, 50, 58-60). While the autophagy and NF-xB
interplay has been studied in some detail in cancer cells (49, 58, 60), this relationship is
poorly described in the context of the endothelium. A recent report by Zeng et al. (50) show
that stimulated ischemia/reperfusion (sI/R) in EC activates RelA/p65 to induce Beclinl and
thereby autophagy. Beclinl-autophagy axis thus engaged serves to exacerbate sl/R-induced
EC injury and death (50, 61). Thus, our findings that Beclinl is engaged by thrombin to
mediate RelA/p65 activation and EC inflammation are not only novel but also suggest the
existence of a feed-forward mechanism whereby engagement of Beclinl not only activates
RelA/p65, but the latter also promotes Beclinl expression, thereby amplifying the Beclinl-
Rel A/p65-autophagy axis. While such a possibility needs to be rigorously tested and
requires a separate comprehensive study, it is supported by our previous studies showing that
rapamycin, an inhibitor of Mechanistic Target of Rapamycin (MTOR) and a potent inducer
of autophagy, augmented thrombin-induced EC inflammation by causing a rapid and
persistent activation of Rel A/p65 (62).

We determined the mechanism by which Beclinl regulates RelA/p65 activation in the
endothelium. We first focused on the involvement of Beclinl in cytosolic activation of
RelA/p65 (i.e. the release of RelA/p65 from its inhibitor 1xBa) by monitoring the status of
IxBa degradation in Beclinl-depleted cells. We noted that thrombin-induced IxBa
degradation was insensitive to Beclinl knockdown. Interestingly, however, Beclinl silencing
was effective in preventing thrombin-induced nuclear activation of RelA/p65 as assessed by
DNA binding activity of RelA/p65 in the nucleus. The decrease in nuclear DNA binding of
RelA/p65 despite its release from IxBa in the cytosol pointed to a possible defect in the
nuclear localization of the released RelA/p65. Indeed, thrombin-induced nuclear
translocation of RelA/p65 was impaired in Beclinl-depleted EC. These data unveil a new
role of Beclinl in regulating thrombin-induced nuclear translocation of RelA/p65 in EC.

We previously showed the existence of an actin cytoskeleton-dependent mechanism of
RelA/p65 nuclear translocation (21). These studies established that thrombin-induced
RelA/p65 nuclear translocation and EC inflammation requires dynamic changes in actin
cytoskeleton (i.e. actin stress fiber formation) regulated by RhoA/ROCK/LIMK1 and
subsequent cofilin-1 phosphorylation/inactivation (12, 21, 23). To test the possibility that
Beclinl engages this mechanism to facilitate RelA/p65 nuclear translocation, we determined
the status of cofilin1l-dependent changes in actin cytoskeleton in Beclinl-depleted EC.
Consistent with this possibility, Beclin1-depleted cells showed a marked reduction in
thrombin-induced cofilinl phosphorylation/inactivation and actin stress fiber formation.
These data support the notion that Beclinl controls EC inflammation in part by its ability to
regulate Rel A/p65 nuclear translocation via a mechanism that relies on cofilin1-dependent
changes in actin cytoskeleton.

The involvement of both RhoA/ROCK/LIMK1 pathway and Beclinl in Cofilinl
phosphorylation suggests the existence of a cross-talk between these pathways. Indeed a
recent study has shown that Beclinl serves to activate RhoA/ROCK/LIMK pathway to
promote programmed death ligand-2 (PD-L2)-dependent osteosarcoma cell invasion and
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metastasis (63). In another study, Gurkar et al. (64) have shown that Beclinl is engaged
downstream of ROCK1 to mediate autophagy caused by nutrient deprivation. These reports
support our observation that Beclinl is linked to Cofilin1; however, additional studies are
required to establish whether Beclinl acts as an upstream regulator or downstream effector
of RhoA/ROCKLIMK pathway to mediate thrombin-induced Cofilinl phosphorylation in
endothelial cells.

We also addressed the role of Beclinl in a phosphorylation-dependent mechanism of
RelA/p65 activation. Studies have shown that signal-induced phosphorylation of RelA/p65
on serine residues including Ser>3® is an additional regulatory pathway that enhances the
transcriptional capacity of RelA/p65 (5, 65). We previously showed that thrombin induces
Ser536 phosphorylation to increase the transcriptional potential of Rel A/p65 in EC (5, 54,
66). These findings led us to examine if Beclinl is also involved in mediating Ser536
phosphorylation of RelA/p65. We found that thrombin-induced phosphorylation of
RelA/p65 at Ser>36 was significantly decreased in EC depleted of Beclinl, implicating a role
of Beclinl in controlling the transcriptional activity of RelA/p65. Collectively, our findings
reveal that Beclinl regulates thrombin-induced RelA/p65 activation by a dual mechanism
whereby it serves to facilitate the nuclear translocation and consequently DNA binding of
the released RelA/p65 and also phosphorylation of Rel A/p65 to increase its transcriptional
capacity. Consistent with its role in RelA/p65 activation, Beclinl silencing was associated
with a significant decrease in proinflammatory gene expression in EC. Thus, these data
identify Beclinl as a critical mediator of EC inflammation by its ability to control RelA/p65
nuclear translocation and phosphorylation.

The protective effect of Beclinl silencing on thrombin-induced actin stress fiber formation
pointed to a role for Beclinl in the mechanism of EC permeability. Indeed, Beclinl-depleted
cells showed enhanced barrier recovery after thrombin challenge. Consistent with this,
Beclinl silencing was associated with enhanced reassembly of VE-cadherin at AJs after
thrombin challenge. These data are in accord with our earlier report showing a similar
barrier enhancing effect of autophagy inhibitor 3-methyladenine (3-MA) in thrombin-treated
EC (54, 67), and unveil a new role of Beclinl in the mechanism of EC barrier disruption.

In summary, this study show that Beclinl controls NF-xB activation and thereby EC
inflammation by a dual mechanism that serves to facilitate the translocation of RelA/p65 for
its DNA binding in the nucleus after its release from IxBa in the cytoplasm, and to increase
the transcriptional capacity of the bound RelA/p65 through it phosphorylation at Ser236,
Additionally, our data reveal a hitherto unknown role of Beclinl in the mechanism of EC
permeability by its ability to regulate AJs and actin cytoskeleton influence the reassembly of
AJs and barrier recovery.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights
1. Thrombin-induced autophagy in endothelial cells is mediated by Beclinl

2. Beclinl is a critical determinant of endothelial cell inflammation via its
ability to activate NF-xB

3. Beclinl regulates endothelial barrier dysfunction by preventing the
reassembly of adherens junctions
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Figure 1. Beclinl is essential for autophagosome formation in EC.
(A) HPAEC were transfected with Control or Beclinl siRNA (si-Con or si-Beclinl) for 48 h

prior to 1 h thrombin (Thr; 5 U/ml) treatment. Cells were lysed and Western blot analysis
was performed to determine Beclinl and Actin levels. The bar graph represents the effect of
SiRNA on Beclinl level normalized to Actin. Data are mean + S.E. (n = 3 for each
condition) and were analyzed by Student’s t-test. (B) HPAEC were transfected with si-Con
or si-Beclinl. Forty-eight hours later, cells were treated with thrombin for 1 h, and then fixed
and stained with anti-LC3 antibody (green) to mark autophagosomes and DAPI (bluge) to
mark nuclei. Each image is representative of three experiments. (C) Mean fluorescence
intensity of LC3 puncta/cell was determined by analyzing 32-36 cells. Values are reported in
arbitrary units (AU).
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Figure 2. Silencing of Beclinl attenuates thrombin-induced NF-xB activity and inflammatory
gene expression in EC.
(A) HPAEC were transfected with si-Con or si-Beclinl using DharmaFectl. After 24 h, cells

were again transfected with NF-xBLUC and Renilla-LUC constructs using DEAE-dextran
as described in Materials and Methods. Cells were treated with thrombin for 6 h and the cell
extracts were assayed for Firefly and Renilla luciferase activities. Renilla luciferase was
used as an internal control for transfection efficiency. Bars indicate mean £ SEM (n = 4-6)
for each condition, and were analyzed by ANOVA. (B) HPAEC were transfected with si-Con
or si-Beclinl for 48 h prior to treatment with thrombin for 6 h. Cells were lysed and Western
blot analysis was performed to determine VCAM-1 levels. The levels of Actin were used to
monitor protein loading. Bars indicate mean + SEM (n = 4) for each condition, and were
analyzed by ANOVA. (C) Cell supernatants were collected after 48 h transfection and 6 h
thrombin treatment, and ELISA was performed to determine MCP-1 release. Bars indicate
mean + SEM (n = 4-6) for each condition, and data was analyzed by ANOVA.
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Figure 3. (A-B) Knockdown of Beclinl inhibits RelA/p65 nuclear DNA binding without affecting
IxBa. degradation.

HPAEC were transfected with si-Con or si-Beclinl 48 h prior to treatment with thrombin for
1 h. (A) An ELISA-based assay was used to assess RelA/p65 DNA binding activity as
described in the Materials and Methods. Bars indicate mean + SEM (n = 3) for each
condition, and were analyzed by ANOVA. (B) Total cell lysates were prepared and Western
blots were performed to determine 1xBa and RelA/p65 levels. Bars indicate mean £ SEM (n
= 3) for each condition, and were analyzed by ANOVA. (C-F) Knockdown of Beclinl
prevents RelA/p65 nuclear translocation via inhibition of cofilinl phosphorylation and
actin stress fiber formation. HPAEC were transfected with si-Con or si-Beclinl 48 h prior
to treatment with thrombin for 1 h. (C) Nuclear extracts were analyzed by immunoblotting
for RelA/p65 and Lamin B levels. Bars indicate mean + SEM (n = 3) for each condition, and
were analyzed by ANOVA. (D) Total cell lysates were analyzed by Western blot to
determine the phosphorylation status of cofilin1 at Ser3. Total levels of cofilin1 were used to
monitor protein loading. Bars indicate mean + SEM (n = 3) for each condition, and were
analyzed by ANOVA. (E) Cells were fixed and stained with Phalloidin-488 (green) to mark
actin filaments and DAPI (blue) to mark nuclei. Each image is representative of three
experiments. (F) Mean fluorescence intensity of actin stress fibers (phalloidin staining)/cell
was determined by analyzing 35-39 cells. Values are reported in arbitrary units (AU), and
were analyzed by ANOVA.
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Figure 4. Beclinl knockdown inhibits thrombin-induced RelA/p65 phosphorylation at Ser536.

HPAEC were transfected with si-Con or si-Beclinl 48 h prior to treatment for 1 h with

thrombin. Cells were lysed and analyzed by Western blot to determine the phosphorylation
status of RelA/p65 at Ser>36, Total levels of RelA/p65 were used to monitor protein loading.

Bars indicate mean = SEM (n = 3) for each condition, and were analyzed by ANOVA.
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Figure 5. Beclinl does not directly interact with NF-xB pathway components.
HPAEC were treated with thrombin for indicated time points and lysed. RelA (A) or Beclinl

(B) were immunoprecipitated from cell lysates by incubation with RelA, Beclinl, or non-
specific 1gG control antibodies. Immunoprecipitated fractions were analyzed by Western

blot to determine Beclinl, RelA or IKKp levels. Each blot is representative of three

experiments. £/, flow through; /np, input (total cell lysate).
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Figure 6. Beclinl knockdown enhances endothelial barrier recovery in response to thrombin.
(A) HPAEC were transfected with si-Con or si-Beclinl for 48 h and transferred to gold

electrode plates and allowed to grow to confluency. Cells were treated with thrombin
(indicated by arrow) and transendothelial resistance (TER) was measured over 4 h by
Electric Cell-substrate Impedance Sensing (ECIS). Resistance was normalized to the values
at 0 h, n = 3 for each condition. Data was analyzed by Student’s t-test. (B& E) HPAEC were
grown on cover slips and transfected with si-Con or si-Beclinl 48 h prior to treatment with
thrombin. After treatment, fixed and non-permeabilized cells were stained with anti-VE-
cadherin antibody (green) and DAPI (blue). Each image is representative of three
experiments. (C&F) The percentage of cells with disrupted adherens junctions (AJs) was
reported by quantifying the number of cells with a discontinuous border of VE-cadherin
staining normalized to the total number of cells in a field. Data are mean + S.E. (n = 3-4
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fields with 45-65 cells in each field/condition) and were analyzed by ANOVA. (D& G) Gap
formation between cells was measured by calculating the area without cell coverage in a
given field normalized to the total area of the field. Data are mean + S.E. (n = 3-4 fields with
45-65 cells in each field/condition) and were analyzed by ANOVA.
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