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TRAF6 Protein Couples Toll-like Receptor 4 Signaling to Src
Family Kinase Activation and Opening of Paracellular
Pathway in Human Lung Microvascular Endothelia”
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Background: Bacterial lipopolysaccharide (LPS) disrupts endothelial barrier integrity.

Results: LPS increases association of a TRAF6 proline-rich SH3-binding motif (aa 461-469) with c-Src and Fyn, followed by
their ubiquitination and activation, which in turn increases endothelial paracellular permeability.

Conclusion: TRAF6 couples LPS stimulation to Src family kinase activation and loss of endothelial barrier integrity.
Significance: TRAF6 offers a target for therapeutic intervention for LPS-induced pulmonary microvascular endothelial injury.

Gram-negative bacteria release lipopolysaccharide (LPS) into
the bloodstream. Here, it engages Toll-like receptor (TLR) 4
expressed in human lung microvascular endothelia (HMVEC-
Ls) to open the paracellular pathway through Src family kinase
(SEK) activation. The signaling molecules that couple TLR4 to
the SFK-driven barrier disruption are unknown. In HMVEC-Ls,
siRNA-induced silencing of TIRAP/Mal and overexpression of
dominant-negative TIRAP/Mal each blocked LPS-induced SFK
activation and increases in transendothelial [**C]albumin flux,
implicating the MyD88-dependent pathway. LPS increased
TRAF6 autoubiquitination and binding to IRAK1. Silencing of
TRAF6, TRAF6-dominant-negative overexpression, or preincu-
bation of HMVEC-Ls with a cell-permeable TRAF6 decoy pep-
tide decreased both LPS-induced SFK activation and barrier
disruption. LPS increased binding of both c-Src and Fyn to GST-
TRAF6 but not to a GST-TRAF6 mutant in which the three pro-
lines in the putative Src homology 3 domain-binding motif
(amino acids 461-469) were substituted with alanines. A cell-
permeable decoy peptide corresponding to the same proline-
rich motif reduced SFK binding to WT GST-TRAF6 compared
with the Pro — Ala-substituted peptide. Finally, LPS increased
binding of activated Tyr(P)*'®-SFK to GST-TRAF6, and prein-
cubation of HMVEC-Ls with SFK-selective tyrosine kinase
inhibitors, PP2 and SU6656, diminished TRAF6 binding to
c-Src and Fyn. During the TRAF6-SFK association, TRAF6 cat-
alyzed Lys®3-linked ubiquitination of c-Src and Fyn, whereas
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SFK activation increased tyrosine phosphorylation of TRAF6.
The TRAF6 decoy peptide blocked both LPS-induced SFK ubiq-
uitination and TRAF6 phosphorylation. Together, these data
indicate that the proline-rich Src homology 3 domain-binding
motif in TRAF6 interacts directly with activated SFKs to couple
LPS engagement of TLR4 to SFK activation and loss of barrier
integrity in HMVEC-Ls.

Gram-negative sepsis and its attendant endotoxemia can be
complicated by life-threatening vascular leak syndromes,
including the acute respiratory distress syndrome (1). The
Gram-negative bacterial component responsible for this loss of
endothelial barrier integrity is the outer membrane constituent,
endotoxin or lipopolysaccharide (LPS) (2, 3). We have previ-
ously established that LPS directly opens the endothelial para-
cellular pathway (2, 3) and requires LPS-binding protein (4),
soluble CD14 (4), and Toll-like receptor 4 (TLR4)> expression
(5) for optimal presentation to the endothelial cell (EC) surface.
In human lung microvascular EC (HMVEC-L), LPS activates
Src family kinase (SFK) and increases tyrosine phosphor-
ylation of components within the EC-EC adherens junction or
zonula adherens multiprotein complex, coincident with barrier
disruption (5). Prior broad spectrum SFK inhibition protected
against both zonula adherens protein tyrosine phosphorylation
and barrier disruption (5). In these same studies, we found that
four members of the SFK family, c-Src, Fyn, Yes, and Lyn, were
expressed in HMVEC-Ls and that selective silencing of c-Src,

3 The abbreviations used are: TLR4, Toll-like receptor 4; EC, endothelial cell;
Ad, adenovirus; DN, dominant-negative; HMVEC-L, human lung microvas-
cular EC; MATH domain, Meprin and TRAF homology domain; m.o.i., mul-
tiplicity of infection; RING, really interesting new gene; SFK, Src family
kinase; SH domain, Src homology; SP, scrambled peptide; TIR domain, Toll/
IL-1 receptor resistance homology domain; TIRAP, TIR domain-containing
adapter protein; aa, amino acid.
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Fyn, and Yes, but not Lyn, each diminished both LPS-induced
tyrosine phosphorylation of vascular endothelial-cadherin and
p120 catenin and barrier disruption (5).

The structure of SFKs is highly conserved (6, 7). Each con-
tains an NH,-terminal myristoylated region, a 50-70-amino
acid region unique to each family member, an Src homology
(SH)3 domain, an SH2 domain, a short linker region, a catalytic
domain, and the regulatory COOH terminus. Upon activation,
the inactive enzyme, which resides in a perinuclear location, is
translocated to the cell periphery where the myristoylated NH,
terminus facilitates attachment to the plasma membrane. The
SH3 domain recognizes proline-rich sequences, whereas the
SH2 domain recognizes phosphotyrosine-containing proteins.
The kinase domain contains a Tyr**® within its activation loop
that is autophosphorylated upon activation. The COOH termi-
nus contains a Tyr®*” that is phosphorylated in the restrained
state. Low affinity intramolecular associations between the SH2
domain and phosphorylated Tyr>*” and between SH3 and the
short linker region maintain the SFK in an autoinhibited con-
formation. High affinity binding partners for the SH2 and/or
SH3 domains that competitively disrupt these autoinhibitory
intramolecular interactions activate SFK activity (8).

TLR4 is the principal signal-transducing receptor for LPS (9,
10). TLR4 is a membrane-spanning protein composed of an
NH,-terminal ectodomain with leucine-rich repeats that binds
an extracellular protein, MD2, that is required for ligand recog-
nition, a transmembrane region, and an intracellular region
that includes a conserved Toll/IL-1 receptor resistance (TIR)
homology domain that participates in protein-protein interac-
tions and downstream signaling (11, 12). TIR domain-contain-
ing adapter protein (TIRAP), also called MyD88 adapter-like
(Mal), constitutively associates with the TIR motif of TLR4 (11,
13). TIRAP/Mal contains a phosphatidylinositol 4,5-bisphos-
phate-binding domain that mediates its recruitment to the
plasma membrane (14). Upon LPS interaction with MD2, TLR4
dimerizes (12). Myeloid differentiation factor 88 (MyD88),
another TIR domain-containing adapter molecule that also
contains an NH,-terminal death domain, is recruited to and
associates with TLR4 and TIRAP/Mal through TIR domain
interactions (13, 15). TIRAP-facilitated recruitment of MyD88
to the TLR4 receptor complex initiates the MyD88-dependent
signaling pathway that has been implicated in LPS-induced
tyrosine phosphorylation events (16, 17). MyD88 recruits the
serine/threonine kinases, IL-1 receptor-associated kinase
(IRAK) 1 and 4 (18). IRAK4 phosphorylates IRAK1 that under-
goes a conformational change and autophosphorylation, after
which IRAK1 dissociates from the TLR4 complex and forms a
complex with tumor necrosis factor (TNF) a-associated factor
(TRAF) 6 in the cytoplasm (18). More recently, IRAK2 has been
reported to play a more active role than IRAK1 in TLR4-medi-
ated TRAF6 activation (19-21). TRAF6 forms a complex with
transforming growth factor- 3-activated kinase (TAK1), TAK1-
binding protein (TAB) 1 and TAB2, which through activation
of multiple transcription factors up-regulates proinflammatory
gene expression (22, 23). Although it is well known that LPS
elicits a wide range of host cell responses, studies of down-
stream TLR4 signaling have largely focused on signaling events
that promote such gene expression. Furthermore, much of our
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understanding of TLR4 signaling has been established in cells of
monocyte/macrophage lineage where both TLR4 and CD14 are
highly expressed on the cell surface (24). In ECs, a major target
for circulating intravascular LPS, far less is understood (25, 26).
Hence, the one or more signaling molecules that couple the
TLR4-LPS interaction in ECs to SFK activation and barrier dis-
ruption are not known.

A candidate molecule that might extend the TLR4 signaling
pathway to SFK activation is the cytoplasmic adapter protein
TRAF6. In multiple non-EC systems, including osteoclasts,
monocytes, dendritic cells, and glioblastoma and embryonic
cell lines, TRAF6 interacts with c-Src after ligation of the type 1
interleukin (IL)-1 receptor (27-29) and members of the TNF
receptor superfamily, including CD40 (30) and TNF-related
activation-induced cytokine-R (31). Furthermore, TRAF6 '~
and c-Src”/~ mice share an unusual phenotype, osteopetrosis
(32, 33). All six members of the TRAF family contain a TRAF
domain composed of a coiled-coil region in tandem with a
more highly conserved COOH-terminal immunoglobulin-like
Meprin and TRAF Homology (MATH) domain (27, 30, 34).
The MATH domain participates in recruitment of TRAF pro-
teins to receptors, multimerization with other TRAF mole-
cules, and binding to IRAKs (27, 30, 34, 35). TRAF2-6 each
contain an NH,-terminal RING finger domain with multiple
zinc finger-like motifs (27, 30, 34). The RING domain, in con-
cert with the first zinc finger region, permits TRAF6 to function
as an autocatalytic Lys®® ubiquitin ligase required for down-
stream MAPK and NF-«B activation (27, 34, 36, 37). Of rele-
vance to this study, TRAF6 contains within its MATH domain
a proline-rich, putative SH3-binding motif, RPTIPRNPK (aa
461-469), which is required for its physical association with
c-Src (27, 31). However, this same TRAF6 sequence is insuffi-
cient for SFK activation (31), suggesting that additional
sequences in TRAF6 regulate SFK catalytic activity. In this
study, we define the molecular interaction through which
TRAF6 couples LPS engagement of TLR4 to SFK activation and
loss of barrier integrity in HMVEC-Ls. More specifically,
TRAF6 physically interacts with SFKs, and during this interac-
tion, TRAF6 catalyzes Lys®*-linked ubiquitination of SFKs that
in turn reciprocally tyrosine phosphorylate TRAF6 in response
to LPS.

EXPERIMENTAL PROCEDURES

Reagents—Protein-free Escherichia coli K235 LPS (<0.008%
protein) was prepared by a double hot phenol/water extraction
method to exclude contaminating bacterial constituents (5).
The SFK inhibitors, PP2 and SU6656, were purchased from
Calbiochem. [**C]Bovine serum albumin (BSA) was purchased
from Sigma.

HMVEC-L Culture—HMVEC-Ls (Lonza, Rockland, ME)
were cultured in EC growth medium (EBM-2; Lonza) contain-
ing 5% fetal bovine serum, human recombinant epidermal
growth factor, human recombinant insulin-like growth fac-
tor-1, human basic fibroblast growth factor, vascular endothe-
lial growth factor, hydrocortisone, ascorbic acid, gentamicin,
and amphotericin B (5). HMVEC-Ls at passages 5-10 were
studied. Trypan blue exclusion was used to assess EC viability.
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Construction of Adenovirus Encoding for DN TIRAP and
Wild Type (WT) and DN TRAF6—To generate the TIRAP DN
construct, primers were designed to amplify the entire coding
region of bovine TIRAP (NM_001039962), which is highly
homologous with human TIRAP (38). The forward primer
(5'-CCGGAATTCATGGCATCATCAACCTCC-3') and the
reverse primer (5'-CCGCTCGAGCTATCAGCCAAGGGTC-
TGCAG-3') were utilized for PCR amplification, after which
Pro'®® in the construct was mutated to His'*® using the
QuikChange site-directed mutagenesis kit (Stratagene, Inc., La
Jolla, CA) using the following primers: 5'-CTTCGCGACGCC-
ACCCATGGTGGCGCCATCGTG-3') and 5'-CACGATGG-
CGCCACCATGGGTGGCGTCGCGAAG-3'. In other exper-
iments, primers were designed to amplify sequence encoding
amino acids 307-542 of bovine TRAF6 (NM_001034661/
NP_001029833), which is highly homologous with the corre-
sponding region of human TRAF6 (38). The forward primer (5'-
CCGGAATTCGGGCGTCACTCAGAAGTCCAC-3') and the
reverse primer (5'-CCGCTCGAGCTACTATATCCCTGAGT-
CAGTACT-3") were used for PCR amplification. In each case, the
primers also included sequences encoding 5’ EcoRI and 3’ Xhol
restriction sites to enable subsequent insertion of the construct
into the pCR3.V64 Met FLAG vector (gift from Dr. Jurg
Tschopp, Institute of Biochemistry of the University of Laus-
anne, Switzerland). PCR amplification was performed using
first strand cDNA, which was generated from bovine mammary
epithelial cell RNA, iQ Supermix (Bio-Rad), and the primers
described above. The cycling conditions were 95 °C for 3 min,
followed by 35 cycles of the following: 95 °C for 30 s, 55 °C for
30s, and 72 °C for 1 min. The PCR products were digested with
EcoRI and Xhol and ligated into the pCR3.V64 Met FLAG vec-
tor. This vector contains a 5" BamHI site followed by a coding
region for an initiator methionine, a FLAG tag (DYKDDDDK),
and a spacer of two amino acids (EF) immediately before the
EcoRI-Xhol PCR product insertion site. Bacteria were trans-
formed with the ligation reactions, and clones from bacteria
containing appropriately sized inserts were fully sequenced.
The entire expression cassette, encoding the FLAG tag and
either the TIRAP DN or TRAF6 DN construct, was transferred
into an adenovirus (Ad) genome vector (adenovirus type 5
(dE1/E3)), and virus expressing the construct was generated by
Vector Biolabs (Philadelphia, PA). Ad constructs encoding for
WT c-Src and Fyn were purchased from Vector Biolabs.

Ad Infection to Overexpress DN TIRAP, WT and DN TRAF6,
and WT c-Src and Fyn—Each Ad construct was linearized with
Pacl digestion and transfected, in the presence of Ca,PO,, into
HEK293T cells. After 7-10 days, cells were scraped off flasks
with a rubber policeman and subjected to three freeze-thaw
cycles, and virus was harvested in the supernatants for infection
of fresh HEK293 T cells and titration in a plaque-forming assay.
HMVEC-Ls were transiently infected with packaged Ad at an
increasing m.o.i. or an Ad-null vector control. At 48 h, cells
were lysed, and the lysates processed for FLAG, c-Src, or Fyn
immunoblotting. To control for protein loading and transfer,
blots were stripped and reprobed for B-tubulin. These Ad-in-
fected HMVEC-Ls were used for assays to detect SFK activa-
tion, binding to glutathione S-transferase (GST)-TRAF6, and
barrier dysfunction.
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Detection of SFK Activity by Cell-based ELISA and Phospho-
SFK Immunoblotting—HMVEC-Ls (1.5 X 10* cells/well) were
cultured for 48 h in flat bottom 96-well plates, after which they
were exposed for increasing times to increasing concentrations
of LPS or medium alone, as described previously (5). The cells
were fixed, washed, quenched with H,O, and NaNj;, and micro-
waved, according to the manufacturer’s protocol (SuperArray).
The plates were washed, blocked, incubated with anti-phos-
pho-SFK (Tyr*'®) or anti-pan-SFK antibodies, washed, and
incubated with secondary antibody. The plates were incubated
with developing solution, and the A, ., for each well was
determined, as described previously (5). To normalize each well
to relative cell number, the plates were washed, dried, incu-
bated with protein stain, again washed, and solubilized in 1%
SDS, and the A, ,,,, was determined. Each phospho-SFK and
each pan-SFK well was normalized to cell number in the same
well, and each normalized phospho-SFK value was expressed
relative to its normalized pan-SFK value. SFK activity was cal-
culated as phospho-SFK A ,5,/A5 per pan-SFK A ,50/A 5.

In other experiments, HMVEC-Ls were lysed, and the lysates
were processed for immunoblotting with rabbit polyclonal
anti-human phospho-SFK (Tyr*'®) antibody (Cell Signaling
Technology, Danvers, MA) followed by horseradish peroxidase
(HRP)-conjugated goat anti-rabbit IgG (Cell Signaling Tech-
nology). To confirm equivalent protein loading and transfer,
blots were stripped with 100 mm 2-mercaptoethanol, 2% SDS,
62.5 mmol/liter Tris-HCI, pH 6.7, and reprobed with murine
monoclonal anti- B-tubulin (Invitrogen) followed by HRP-con-
jugated goat anti-mouse IgG (Invitrogen). Blots were developed
by enhanced chemiluminescence (ECL). Densitometric quan-
tification of phospho-SFK signal in each lane was normalized to
total SFK signal in the same lane.

Expression of TRAF6 Protein in HMVEC-Ls—To assess
TRAF6 expression at the protein level, HMVEC-Ls were thor-
oughly rinsed with ice-cold HEPES buffer and solubilized with
ice-cold lysis buffer as described previously (5). The cell lysates
were assayed for protein concentration with a DC protein assay
kit (Bio-Rad). Equal amounts of protein were resolved by SDS-
PAGE (8-16% gel; Novex, San Diego) and transferred to poly-
vinylidene fluoride (PVDF) membranes (Millipore, Bedford,
MA). The blots were blocked for 1 h using 5% nonfat milk in
TBS/Tween buffer and probed with rabbit polyclonal anti-
TRAF6 IgG (Santa Cruz Biotechnology) followed by HRP-con-
jugated goat anti-rabbit antibodies (Cell Signaling; Danvers,
MA) in 5% milk, TBS-T and developed with ECL. To control for
protein loading and transfer, blots were stripped and reprobed
with 0.5 ng/ml murine anti-physarum B-tubulin IgG2b (Roche
Applied Science) followed by HRP-conjugated anti-mouse IgG
(Transduction Laboratories) and again developed with ECL.

Detection of TRAF6 and SFK Ubiquitination—HMVEC-Ls
were incubated for 15 min with LPS (300 ng/ml) or medium
alone and solubilized in lysis buffer, and the lysates were immu-
noprecipitated with either rabbit anti-human TRAF6, c-Src, or
Fyn IgG (all from Santa Cruz Biotechnology) or murine mono-
clonal anti-ubiquitin (Clone PD4) antibody (Cell Signaling), as
described previously (5). Each immunoprecipitate was resolved
by SDS-PAGE and transferred to PVDF membrane. The blots
of the TRAF®6, c-Src, and Fyn immunoprecipitates were probed
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TABLE 1
TRAF6 decoy and control peptides

Each peptide was synthesized in tandem with the cell-permeating 16-amino acid sequence of the D. antennapedia homeodomain.

Peptide

Sequence

TRAF6 proline-rich SH3-binding motif peptide”
Mutated TRAF6 P3A control peptide”
Scrambled amino acid control peptide (SP)°

RQIKIWGQNRRMKWKKAQRPTIPRNPKGA
RQIKIWFQNRRMKWKKAQRATIARNAKGA
RQIKIWFQNRRMKWKKSLHGRGDPMEAFII

“ This is based on the proline-rich putative SH3-binding motif (RPTIPRNPK, amino acids 461—469) in TRAF6 (18, 25).
? Control peptide in which the three underlined prolines each have been substituted with an alanine is shown.

¢ Control peptide with scrambled amino acid sequence is shown.

with anti-ubiquitin antibody followed by HRP-conjugated anti-
mouse IgG (Thermo), whereas the blots of the polyubiquiti-
nated immunoprecipitates were probed with antibodies raised
against TRAF6, Src, or Fyn followed by HRP-conjugated goat
anti-rabbit antibodies (Cell Signaling). In other experiments,
lysates of LPS-treated and medium control HMVEC-Ls were
immunoprecipitated with rabbit monoclonal anti-ubiquitin
(Lys®3-specific) antibody (Millipore Corp., Billerica, MA). In
selected experiments, these same lysates were immunoprecipi-
tated with antibodies raised against TRAF6, Fyn, and c-Src.
Here, the immune complexes immobilized on agarose beads
were resuspended in 2% SDS and heat-treated (90% for 5 min)
to disassemble the multiprotein complexes, as described previ-
ously (39). The protein mixture suspended in the SDS-contain-
ing buffer was diluted in PBS to reconstitute antibody function
and re-immunoprecipitated with the same anti-TRAF6, anti-
Fyn, and anti-c-Src antibodies. The TRAF6, Fyn, and c-Src
immunoprecipitates were processed for Lys®*-specific ubiqui-
tin immunoblotting. All blots were developed with ECL. To
control for efficiency of immunoprecipitation and protein load-
ing and transfer, the blots were stripped and reprobed with the
immunoprecipitating antibodies.

Knockdown of TIRAP and TRAF6 through siRNA Technology—
HMVEC-Ls were transfected with small interfering RNA
(siRNA) duplex products designed to target either TIRAP or
TRAF6 or an irrelevant control siRNA duplex that does not
correspond to any known sequence in the human genome
(Dharmacon, Lafayette, CO), as described previously (5, 40).
For transfection, 5 X 10° HMVEC-Ls were centrifuged (200 X
g, 10 min), and the HMVEC-L pellet resuspended in 100 ul of
Nucleofactor solution (Amaxa Biosystems) with 2.7 ug of
siRNA duplexes was subjected to programmed electroporation
(Program S-005, Amaxa Biosystems). The transfected cells
were cultured for 24 —72 h after which they were lysed, and the
lysates were processed for either TIRAP (murine monoclonal
anti-TIRAP IgG; Santa Cruz Biotechnology) or TRAF6 (rabbit
polyclonal anti-TRAF6 IgG; Santa Cruz Biotechnology) immu-
noblotting. To control for protein loading and transfer, blots
were stripped and reprobed for B-tubulin.

Construction of Glutathione S-Transferase (GST)-TRAF6
Wild Type and Mutant Fusion Proteins—W'T TRAF6 contains
a proline-rich putative SH3-binding motif (aa 461-469) (27,
31). A TRAF6 mutant was constructed in which the three pro-
lines within the proline-rich SH3-binding motif were substi-
tuted with alanines (TRAF6 P3A) (27). WT GST-TRAF6 (aa
1-507) and the GST-TRAF6 P3A mutant were constructed as
follows. TRAF6 (aa 1-507) and TRAF6 P3A fragments were
isolated from TRAF6(1-507)-YEP pFLAG-CMV-5a and
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TRAF6 P3A YEP pFLAG-CMV-54, respectively (27), through
enzyme EcoRI/EcoRV digestion and were inserted into pGEX
5X-3 (Amersham Biosciences) treated with Sall, Klenow frag-
ment, and EcoRI. The resulting WT GST-TRAF6 (aa 1-507)
and GST-TRAF6 P3A were each introduced into BL21 strain,
and their expression was verified by isopropyl 1-thio-3-p-gal-
actoside induction (100 uM, 4 h at 37 °C) as described for other
GST fusion proteins (41).

Glutathione S-Transferase (GST)-TRAF6 Binding Assays—
HMVEC-Ls were transiently infected with Ad-c-Src or Ad-Fyn
(m.o.i. = 200) and cultured to confluence in the wells of
100-mm dishes. The HMVEC-L monolayers were exposed for
increasing times to increasing concentrations of LPS or
medium alone after which the cells were lysed. In selected
experiments, the cells were preincubated with PP2 (5 um),
SU6656 (10 um), or medium alone as described previously (5).
The lysates were incubated for 3 h at 4 °C with GST fusion
proteins of WT TRAF6 or the TRAF6 P3A mutant coupled to
glutathione-Sepharose 4B beads (Pharmacia, Piscataway, NJ),
as described previously (41). The TRAF6-binding proteins
bound to the beads were extensively washed, boiled in sample
buffer, resolved by SDS-PAGE, and transferred to PVDF mem-
brane. The TRAF6-binding proteins were probed with rabbit
polyclonal antibodies raised against human IRAK1 (Cell Signal-
ing Technology), c-Src (Santa Cruz Biotechnology), Fyn (Santa
Cruz Biotechnology), or phospho-SFK (Tyr**®) (Cell Signaling
Technology), each followed by HRP-conjugated goat anti-rab-
bit antibodies (Cell Signaling Technology). Simultaneous GST
bead controls were performed.

TRAF6 Decoy Peptides—Cell-permeable decoy peptides
based on the proline-rich putative SH3-binding motif
(RPTIPRNPK, aa 461-469, Gene ID 22034) in TRAF6 were
synthesized in tandem with the cell-permeating 16-aa sequence
of the Drosophila antennapedia homeodomain (Table 1), as
described previously (42, 43). A control peptide in which the
three prolines were each substituted with an alanine was syn-
thesized (Table 1) as was a scrambled peptide (SP) shown by
Basic Local Alignment Search Tool (BLAST) not to be homol-
ogous to known proteins (Table 1) (42). Each peptide sequence
is presented in Table 1. Peptides were synthesized and purified
by HPLC in the Biopolymer and Genomics Core Facility (Uni-
versity of Maryland, Baltimore). Purity was confirmed by mass
spectrometry. Stocks were dissolved in 25% DMSO and frozen
at —80 °C. These peptides were studied in the following: 1) an
assay for SFK activity; 2) GST-TRAF6 binding assays; 3) SFK
Lys®®-linked ubiquitination; 4) TRAF6 phosphotyrosine immu-
noblotting, and 5) barrier assays.
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Detection of TRAF6 Tyrosine Phosphorylation—HMVEC-Ls
were preincubated for 0.5 h with PP2 (5 um), SU6656 (5 um), or
medium alone, after which they were treated for 0.5 h with LPS
(300 ng/ml) or medium alone and lysed, and the lysates were
immunoprecipitated with rabbit anti-human TRAF6 antibod-
ies. In selected experiments, the immune complexes were
resuspended in 2% SDS to disrupt the multiprotein complexes,
diluted, and then re-immunoprecipitated with anti-TRAF6
antibodies as described previously (39). The TRAF6 immuno-
precipitates were resolved by SDS-PAGE, transferred to PVDF,
and the blots probed with Tyr(P)-plus murine anti-phosphoty-
rosine antibody (Invitrogen) as described previously (5). To
control for efficiency of immunoprecipitation and protein load-
ing and transfer, the blots were stripped and probed with the
immunoprecipitating anti-TRAF6 antibodies.

Assay of Transendothelial Albumin Flux—Transendothelial
["*C]BSA flux was assayed as described previously (4, 5). Briefly,
gelatin-impregnated polycarbonate filters mounted in chemot-
actic chambers were inserted into wells of 24-well plates.
HMVEC-Ls (2 X 10° cells/chamber) transfected with TRAF6-
targeting or control siRNAs, or infected with Ad-TIRAP-DN,
Ad-TRAF6-DN, or the Ad-Null control, or preincubated with
the TRAF6 decoy or control peptides were cultured to postcon-
fluence in each upper compartment. After the base-line tran-
sendothelial ["*C]BSA flux across each monolayer was estab-
lished, only those monolayers retaining =97% of the tracers
were studied. The monolayers were then exposed to LPS (100
ng/ml) or medium alone after which transendothelial ['*C]BSA
flux was again assayed.

Statistics—One-way analysis of variance with repeated mea-
sures, followed by post hoc comparisons using Tukey’s multiple
paired comparison test, was used to compare the mean
responses among experimental and control groups for all
experiments. The GraphPad PRISM 4 program was used for
these analyses. A p value of <0.05 was considered significant.

RESULTS

LPS/TLR4 Activates SFK and Disrupts Barrier Integrity
through the MyD88-dependent Pathway—LPS engagement of
TLR4 activates both MyD88-dependent and MyD88-inde-
pendent signaling pathways (12, 15, 18). We first asked whether
TLR4-mediated SFK activation and barrier disruption in
HMVEC-Ls were MyD88-dependent. In response to LPS,
MyD88 is recruited to the TLR4 signaling complex through a
“bridging” adapter, TIRAP/Mal, through homotypic TIR
domain interactions (15). To establish whether TIRAP/Mal is
necessary for LPS-induced SFK activation in HMVEC-Ls, two
TIRAP targeting interventions were utilized as follows: 1)
siRNA-induced silencing of TIRAP/Mal and 2) overexpression
of TIRAP-DN. Prior transfection of TIRAP targeting siRNAs
reduced TIRAP protein =95% relative to that seen in control
siRNA-transfected cells (Fig. 1A). Prior knockdown of TIRAP
diminished LPS-induced SFK activation by >80% compared
with the control siRNA-transfected cells (Fig. 1, B, lane 4 versus
3; and C). Transient infection of HMVEC-Ls with increasing
m.o.i. of Ad-TIRAP-DN resulted in dose-dependent overex-
pression of the FLAG-tagged TIRAP-DN (Fig. 1D). Prior infec-
tion of HMVEC-Ls with Ad-TIRAP DN (m.o.i. = 30) blocked
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LPS-induced SFK activation by 90% compared with the Ad-null
infected controls (Fig. 1, E, lane 6 versus 4 and 2; and F). Infec-
tion of HMVEC-Ls with increasing m.o.i. of Ad-TIRAP DN also
dose-dependently protected against barrier disruption (Fig.
1G). Atan m.o.i. = 30, infection with Ad-TIRAP-DN protected
against >90% of barrier disruption compared with the Ad-null
infected controls. These data indicate that SFK activation and
barrier disruption in response to the LPS stimulus requires
TIRAP/Mal for initiation of the MyD88-dependent pathway.

LPS-induced TRAF6 Activation—Upon activation, TRAF6
associates with IRAK1 (18), and as an autocatalytic ubiquitin
ligase, TRAF6 becomes polyubiquitinated (36, 37). To establish
that TRAF6 could be activated in HMVEC-Ls in response to
LPS, these two events, i.e. its association with IRAK1 and its
ubiquitination, were studied (Fig. 2). When lysates of LPS-
treated and medium control HMVEC-Ls were incubated with
WT GST-TRAF6 coupled to glutathione-Sepharose beads, LPS
transiently increased IRAK1 binding to TRAF6 at 3 min (lane 2)
and 15 min (lane 3), compared with the medium control (lane
1), with a return to base line by 30 min (lane 4, Fig. 2A). This
increase in the association of IRAK1 with TRAF6 paralleled
increases previously reported for SFK activation in the identical
experimental system (5). Lysates of LPS-treated and medium
control HMVEC-Ls were reciprocally immunoprecipitated
with anti-TRAF6 and anti-ubiquitin antibodies. The TRAF6
immunoprecipitates were processed for ubiquitin immuno-
blotting, and the polyubiquitinated immunoprecipitates were
processed for TRAF6 immunoblotting. In these experiments,
LPS increased TRAF6 ubiquitination (lanes 2 and 4) compared
with the simultaneous medium controls (lanes I and 3, Fig. 2B).
These combined results indicate that TRAF6 is activated in
HMVEC-Ls in response to LPS, and its activation temporally
coincides with SFK activation (5).

TRAFG6 Essential to LPS-induced SFK Activation—In non-EC
systems, TRAF6 has been reported to associate with and acti-
vate c-Src (27-31). To establish whether TRAF6 is necessary
for LPS-induced SFK activation in HMVEC-Ls, three TRAF6-
targeting interventions were utilized as follows: 1) siRNA-
induced silencing of TRAF6; 2) overexpression of TRAF6-DN,
and 3) cell-permeable decoy peptides corresponding to the pro-
line-rich putative SH3-binding motif in the MATH domain of
TRAF6. Prior transfection of TRAF6-targeting siRNAs reduced
TRAF6 protein (Fig. 34) =95% relative to that seen in control
siRNA-transfected cells. Prior knockdown of TRAF6 com-
pletely blocked LPS-induced SFK activation compared with the
control siRNA-transfected cells (Fig. 3B). Infection of
HMVEC-Ls with increasing m.o.i. of Ad-TRAF6-DN resulted
in dose-dependent overexpression of FLAG-tagged TRAF6-
DN (Fig. 3C) that inhibited LPS-induced SFK activation >80%
compared with that seen in the Ad-null controls (Fig. 3, D and
E). Finally, preincubation of HMVEC-Ls with the cell-perme-
able TRAF6-targeting peptide diminished SFK activation in
response to the LPS stimulus >50% compared with that seen in
cells treated with either the SP (Fig. 3F) or TRAF6 P3A (data not
shown). Taken together, these combined data indicate that
TRAF6 is required for SFK activation in HMVEC-Ls in
response to LPS and that the proline-rich sequence in TRAF6
(aa 461-469) is necessary for signal transduction.
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FIGURE 1. Requirement for TIRAP/Mal for LPS-induced SFK activation and barrier disruption. A, HMVEC-Ls were transfected with TIRAP targeting or
control siRNAs and after 48 h were lysed and the lysates processed for TIRAP immunoblotting (IB). B, HMVEC-Ls transfected with TIRAP targeting or control
siRNAs were exposed for 15 min to LPS (300 ng/ml) or medium alone and lysed, and the lysates were processed for phospho-SFK (Tyr*'®) immunoblotting (n =
3). D, HMVEC-Ls were transiently infected with increasing m.o.i. of Ad encoding for a FLAG-tagged DN TIRAP/Mal and lysed, and the lysates were processed for
FLAG immunoblotting. This blot is representative of two independent experiments. £, HMVEC-Ls transiently infected with Ad-TIRAP DN (m.o.i. = 30) or Ad-null
(m.o.i. = 100) were incubated for 15 min with LPS (100 ng/ml) or medium alone and processed for phospho-SFK (Tyr*'6) immunoblotting (n = 3). A, B, D, and
E, to control for protein loading and transfer, the blots were stripped and reprobed for B-tubulin. /B, immunoblot. /B*, immunoblot after strip and reprobe. Cand
F, for each immunoblot generated in Band E, respectively, densitometric quantification of each phospho-SFK (Tyr*') signal was normalized to B-tubulin signal
in the same lane in the same blot. Vertical bars represent mean (*S.E.) arbitrary densitometry units of phospho-SFK signal normalized to arbitrary densitometry
units of B-tubulin signal. (n = 3). G, HMVEC-Ls cultured in barrier assay chambers were transiently infected with increasing m.o.i. (0.3-30) of Ad-TIRAP DN or
Ad-null (m.o.i. = 100), and after 48 h, base-line barrier function for each monolayer was established. Monolayers were then incubated for 6 h with LPS (100
ng/ml) or medium alone and again assayed for transendothelial ['“CIBSA flux. Vertical bars represent mean (*S.E.) transendothelial ['*Clalbumin fluxin pmol/h
immediately following the 6-h study period. n, the number of monolayers studied, is six for all groups. ¥, significantly increased compared with the simulta-
neous medium control at p < 0.05. **, significantly decreased compared with the LPS-exposed control siRNA-transfected or Ad-null infected monolayers at p <
0.05.

LPS Increases TRAF6 Association with c-Src—Because the
data in Fig. 3 clearly demonstrate that TRAF®6 is required for
LPS-induced SFK activation, we used an in vitro GST-TRAF6
binding assay to establish whether TRAF6 associates with c-Src
upon LPS stimulation. When lysates of LPS-treated and
medium control HMVEC-Ls were incubated with WT GST-
TRAF6 immobilized on glutathione-Sepharose beads, LPS, at
>50 ng/ml, dose-dependently increased binding of c-Src to
WT TRAF6 (Fig. 4A). LPS exposure times of 3-30 min
increased the interaction between WT TRAF6 and c-Src with
maximal association observed at 3 and 15 min (Fig. 4B, lanes 3,
5, and 7). However, when these same lysates from LPS-treated
and medium control HMVEC-Ls were incubated with a GST
fusion protein of mutated TRAF®6, in which the three prolines
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within the putative SH3-binding motif were each substituted
with an alanine, i.e. TRAF6 P3A, the LPS-induced increases in
TRAF6-c-Src association were profoundly diminished com-
pared with TRAF6 association with WT TRAF6 (Fig. 4B, lanes
2, 4, and 6). To ensure that these Pro — Ala substitutions did
not compromise overall TRAF6 structural integrity, IRAK1
binding to the mutated GST-TRAF6 P3A was also assessed (Fig.
4C). Although the putative SH3-binding motif was disrupted,
LPS still increased IRAK1 association with the mutated TRAF6.
Finally, preincubation of the lysates of LPS-stimulated cells
with the cell-permeable TRAF6 decoy peptide that corresponds
to this same proline-rich motif in TRAF6 inhibited binding of
c-Src (lane 3) compared with lysates preincubated with the
control peptide SP (lane 4, Fig. 4D). Collectively, our findings
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FIGURE 2. LPS activates TRAF6 in HMVEC-Ls. A, HMVEC-Ls were incubated for increasing times with LPS (300 ng/ml) or medium alone, and lysates were
incubated with WT GST-TRAF6 immobilized on glutathione-Sepharose beads. TRAF6-binding proteins were processed for IRAK1 immunoblotting.
B, HMVEC-Ls were incubated for 15 min with LPS (300 ng/ml) (lanes 2 and 4) or medium alone (lanes 7 and 3) and lysed, and the lysates were immunoprecipi-
tated with either anti-TRAF6 (lanes T and 2) or anti-ubiquitin (lanes 3 and 4) antibodies. The TRAF6 immunoprecipitates were processed for ubiquitin immu-
noblotting, whereas the polyubiquitinated immunoprecipitates were processed for TRAF6 immunoblotting. To control for efficiency of immunoprecipitation,
protein loading, and transfer, the blots were stripped and reprobed with the immunoprecipitating antibody. Molecular mass in kDa is indicated on left. Arrow
on rightindicates bands of interest. /P, immunoprecipitate. /B, immunoblot. /B*,immunoblot after strip and reprobe. Each of these blots is representative of =2
independent experiments.
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FIGURE 3. TRAF6 required for SFK activation. HMVEC-Ls were transfected with TRAF6-targeting or control siRNA, and after 48 h they were processed for
immunoblotting to detect TRAF6 protein (A) or after exposure to LPS (100 ng/ml) or medium alone a cell-based ELISA to detect SFK Tyr*'® phosphorylation (n =
4) (B). C, HMVEC-Ls transiently infected with increasing m.o.i. of Ad encoding for a FLAG-tagged TRAF6 DN were lysed and the lysates processed for FLAG
immunoblotting. This blot is representative of two independent experiments. D, HMVEC-Ls infected with Ad-TRAF6 DN or Ad-null (m.o.i. = 100) were treated
for 15 min with LPS (100 ng/ml) or medium alone, after which the cells were lysed and the lysates processed for phospho-SFK (Tyr*'®) immunoblotting (n = 3).
A, G, and D, to control for protein loading and transfer, blots were stripped and reprobed for g-tubulin. A, C, and D, IB, immunoblot; /B*, immunoblot after strip
and reprobe. £, for eachimmunoblot generated in D, densitometric quantification of each phospho-SFK (Tyr*'®) signal was normalized to B-tubulin signal in the
same lane in the same blot. Vertical bars represent mean (=S.E.) arbitrary densitometry units of phospho-SFK signal normalized to arbitrary densitometry units
of B-tubulin signal (n = 3). F, HMVEC-Ls were preincubated with cell-permeable TRAF6 decoy peptide or SP, after which they were exposed for 15 min to LPS
(300 ng/ml) or medium alone, and the cells were processed for the cell-based ELISA to detect SFK Tyr(P)*'® (n = 9). * indicates significantly increased compared
with the medium or siRNA control at p < 0.05. ** indicates significantly decreased compared with LPS + the control siRNA, Ad-null infected controls, or the
control peptide at p < 0.05.
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FIGURE 4. LPS increases association of c-Src with TRAF6. HMVEC-Ls were
transiently infected with Ad-c-Src (m.o.i. = 200) and cultured for 48 h. A,
c-Src-overexpressing HMVEC-Ls were incubated for 15 min with increasing
concentrations of LPS or medium alone. B and C, HMVEC-Ls overexpressing
c-Src were incubated for increasing times to LPS (300 ng/ml) or medium
alone. D, HMVEC-Ls overexpressing c-Src were preincubated for 0.5 h with the
TRAF6 decoy peptide (40 um), SP (40 um), or medium alone, after which they
were treated for 15 min with LPS (300 ng/ml) or medium alone. Cell lysates in
A and D were incubated with WT GST-TRAF6 immobilized on glutathione-
Sepharose beads. B, lysates were incubated with either immobilized WT GST-
TRAF6 or GST-TRAF6 P3A. C, lysates were incubated with immobilized GST-
TRAF6 P3A. The TRAF6-binding proteins bound to the beads were processed
forimmunoblotting (/B) in A, B, and D for ¢-Src and in C for IRAK1. Each blot is
representative of =2 experiments.
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FIGURE 5. LPS increases association of Fyn with TRAF6. HMVEC-Ls were
transiently infected with Ad-Fyn (m.o.i. = 200) and cultured for 48 h.

A, HMVEC-Ls overexpressing Fyn were incubated for 15 min with increasing
concentrations of LPS or medium alone. B and C, HMVEC-Ls overexpressing
Fyn were incubated for increasing times to LPS (300 ng/ml) or medium alone.
D, HMVEC-Ls overexpressing Fyn were preincubated for 0.5 h with the TRAF6-
targeting peptide or either of two control peptides (40 um), after which the
cells were treated for 15 min with LPS (300 ng/ml) or medium alone. Cells
were lysed, and the lysates were incubated with WT GST-TRAF6 immobilized
on beads in A-D and with immobilized GST-TRAF6 P3A in C. In all cases, the
TRAF6-binding proteins bound to the beads were processed for Fyn immu-
noblotting (/B). Each blot is representative of =2 experiments.

indicate that over the same time period that LPS activates
TRAF6 and c-Src, these two molecules physically interact and
that the proline-rich motif in TRAF6 is required for the
interaction.

LPS Increases TRAF6 Association with Fyn—In non-EC sys-
tems, TRAF6 has been reported to interact with c¢-Src in
response to IL-1 and ligands for members of the TNF receptor
superfamily (27-31). We now have extended this finding to the
EC response to LPS (Fig. 4). In HMVEC-Ls, LPS not only acti-
vates c-Src but other SFKs as well, including Fyn (5). Accord-
ingly, we asked whether LPS stimulation might also increase
TRAFG6 association with Fyn. When lysates of LPS-treated and
medium control HMVEC-Ls were incubated with WT GST-
TRAF6, LPS dose- (Fig. 54) and time- (Fig. 5B) dependently
increased binding of Fyn to TRAF6. These changes in TRAF6-
Fyn association occurred upon stimulation with the identical
LPS doses and exposure times that elicited TRAF6-c-Src asso-
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FIGURE 6. SFK catalytic activity required for SFK-TRAF6 association.
HMVEC-Ls were transiently infected with either Ad-c-Src (m.o.i. = 200) or
Ad-Fyn (m.o.i. = 200) and cultured for 48 h. A, SFK-overexpressing HMVEC-Ls
were incubated for 15 min with LPS (100 ng/ml) or medium alone and lysed,
and the lysates were incubated with WT GST-TRAF6 immobilized on beads.
The TRAF6-binding proteins were processed for activated phospho-SFK
(Tyr(P)*'®)immunoblotting (/B). Band C, after preincubation with PP2 (10 uwm),
SU6656 (5 um), or medium alone, the cells were treated for 15 min with LPS
(300 ng/ml) or medium alone, and the cell lysates incubated with WT GST-
TRAF6 immobilized on beads. The TRAF6-binding proteins that bound to the
beads were processed for c-Src (B) or Fyn (C) immunoblotting. Each blot is
representative of =2 experiments.

ciation (Fig. 4, A and B). As was observed with c-Src, disruption
of the proline-rich putative SH3-binding motif in TRAF6 pro-
foundly diminished the TRAF6-Fyn interaction (Fig. 5C, lanes
2, 4, and 6). Finally, preincubation of the lysates of LPS-stimu-
lated cells with the cell-permeable TRAF6 decoy peptide
diminished binding of Fyn (lane 3) compared with lysates pre-
incubated with the scrambled and mutated control peptides
(lanes 4 and 5, respectively; Fig. 5D). These findings indicate
that upon LPS stimulation, the TRAF6-SFK interaction can be
extrapolated to SFKs other than c-Src, specifically Fyn, and that
again an intact proline-rich putative SH3-binding motif in
TRAF6 is required for this interaction.

SFK Catalytic Activity Required for SEK-TRAF6 Association—
In HMVEC-Ls, LPS stimulation of TLR4 activates multiple
SFKs (5) and increases their association with TRAF6 (Figs. 4
and 5). To determine whether activated SFKs bind TRAF6,
lysates of LPS-treated and medium control HMVEC-Ls were
incubated with GST-WT TRAF6 and the TRAF6-binding pro-
teins processed for phospho-SFK (Tyr(P)*!¢) immunoblotting
(Fig. 6A). LPS increased association of activated Tyr(P)**¢-con-
taining SFK (Fig. 64, lanes 3 and 4) compared with medium
controls (lanes 1 and 2). To establish whether the catalytic state
of SFKs regulate their interaction with TRAF6, HMVEC-Ls
were preincubated with either of two SFK-selective tyrosine
kinase inhibitors, PP2 and SU6656, after which they were
treated with LPS or medium alone. When the HMVEC-L
lysates were incubated with WT GST-TRAF6, LPS increased
association of either c-Src (Fig. 6B, lane 2) or Fyn (Fig. 6C, lane
2) to TRAF6, and prior SFK-selective inhibition completely
blocked this association (Fig. 6, B, lanes 3 and 4, and C, lanes 3
and 4). These data indicate that the SFK molecule must be in
the catalytically active, open conformation when it binds to
TRAF6.

TRAF6 Catalyzes Lys®*-linked Ubiquitination of SFKs—
TRAF6 is not only an autocatalytic Lys®® ubiquitin ligase (27,
34, 36, 37) but also catalyzes Lys®*-linked ubiquitination of
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other signaling molecules (44, 45). The MATH domain of
TRAF6 contains a proline-rich sequence that is required for its
physical association with either c-Src (Fig. 4B) (27, 31) or Fyn
(Fig. 5C). Although the COOH-terminal MATH domain is suf-
ficient for the TRAF6-SFK interaction, alone it cannot support
SEK activation (31), implying that sequences NH,-terminal to
this domain are operative in the regulation of SFK catalytic
activity. It is within the NH,-terminal RING domain and the
first zinc finger region that the Lys®® ubiquitin ligase activity
resides (37). Because this same NH,-terminal domain is
required for SFK activation, we asked whether LPS might
increase Lys®*-linked ubiquitination of one or more SFKs and
whether such SFK ubiquitination might be mediated through
TRAF6 ubiquitin ligase activity (Fig. 7). LPS increased Lys®*-

linked ubiquitination of both c-Src (lanes 4 versus 3) and Fyn
(lanes 2 versus 1, Fig. 7A). Furthermore, prior silencing of
TRAF6 dramatically reduced LPS-stimulated Lys®*-linked
ubiquitination of both c-Src (90% protection) (lanes 8 versus 6)
and Fyn (>60% protection) (lanes 4 versus 2, Fig. 7B). In addi-
tion, overexpression of TRAF6-DN, a TRAF6 deletion mutant
missing the NH,-terminal domain that contains its Lys®® ubiq-
uitin ligase activity, almost completely blocked Lys®*-linked
ubiquitination of Fyn (lanes 6 versus 4 and 2, Fig. 7, C and D).
Finally, preincubation of HMVEC-Ls with the cell-permeable
TRAF6 decoy peptide diminished Lys®-linked ubiquitination
of both Fyn (lane 4) and c-Src (lane 8) by >92% in response to
LPS compared with cells preincubated with the P3A control
peptide (lanes 3 and 7, Fig. 7, E and F). These data indicate that
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physical association between TRAF6 and SFKs is required for
TRAF6-mediated Lys®*-linked ubiquitination of Fyn or c-Src.
We now have demonstrated that TRAF6 associates with both
c-Src (Fig. 4) and Fyn (Fig. 5); TRAF6 is an autocatalytic Lys®®
ubiquitin ligase (27, 34, 36, 37), and TRAF6 and SFKs share
almost identical gel mobilities (Figs. 74 and 84). Therefore, it is
possible that the bands revealed in the SFK immunoblots (Fig.
7, A, lanes 2 and 4, B, lanes 2 and 6, and C, lanes 2 and 4) could
represent nonubiquitinated SFKs that have coimmunoprecipi-
tated with Lys®*-linked autoubiquitinated TRAF6. To help
address this possibility, TRAF6, Fyn, and c-Src immunoprecipi-
tates were resuspended in 2% SDS, and after dilution, the dis-
rupted complexes were again immunoprecipitated with the
same anti-TRAF®6, anti-Fyn, and anti-c-Src antibodies and the
immunoprecipitates processed for Lys®*-specific ubiquitin
immunoblotting (Fig. 7, G and H). Using this re-immunopre-
cipitation strategy, we found that LPS increased Lys®*-linked
ubiquitination of Fyn (lanes 4 versus 3) but not of c-Src (lanes 6
versus 5, Fig. 7G). Taken together, these data indicate that in
HMVEC-Ls, LPS activates TRAF6, which in turn catalyzes
Lys®3-linked ubiquitination of the SFK, Fyn, and possibly c-Src.
To our knowledge, this is the first report of Lys®*-linked ubiq-
uitination of one or more SFKs. Whether this TRAF6-mediated
SFK ubiquitination is direct or indirect and/or regulates the
catalytic state of one or more SFKs is unknown.

SFK(s) Increases Tyrosine Phosphorylation of TRAF6—LPS
stimulation through TLR4 increases the association of SFKs
with TRAF6 (Figs. 4 and 5), and an active catalytic state for SFK
is required for this association (Fig. 6). Furthermore, during this
association, TRAF6 catalyzes Lys®*-linked ubiquitination of
Fyn and possibly c-Src (Fig. 7). Because TRAF6 contains 12
tyrosine residues, we hypothesized that during the SFK-TRAF6
interaction, SFKs might tyrosine-phosphorylate TRAF6. LPS
stimulation of HMVEC-Ls increased tyrosine phosphorylation
of TRAFG (Fig. 84, lanes 2 versus 1) that was blocked by prior
SFK inhibition (Fig. 8, B, lanes 4 and 6 versus 2, and C). Prein-
cubation of HMVEC-Ls with the cell-permeable TRAF6 decoy
peptide blocked LPS-induced tyrosine phosphorylation of

TRAF6 by 78.5% (lane 3) compared with the control P3A pep-
tide that had no inhibitory effect (lane 4, Fig. 8, D and E. These
results indicate that the SFK-TRAF6 association is a prerequi-
site for SFK-mediated tyrosine phosphorylation of TRAF®6.
Again, c-Src and Fyn both associate with TRAF6 (Figs. 4 and 5),
and upon activation, each autophosphorylates on Tyr*'® (6, 7).
Because TRAF6 and SFKs share similar gel mobilities, the phos-
photyrosine signal associated with the TRAF6 immunoprecipi-
tate (Fig. 8, A, lane 2, and B, lane 2) could be explained by
coimmunoprecipitated SFK. To discriminate between TRAF6
and associated SFK(s), the TRAF6 immunoprecipitates were
disrupted with SDS and re-immunoprecipitated with the anti-
TRAF6 antibody (Fig. 8, Fand G). Using the re-immunoprecipi-
tation protocol, tyrosine phosphorylation of TRAF6 was again
found to be increased by LPS. To our knowledge, this is the first
report of TRAF6 tyrosine phosphorylation. Taken together, our
findings suggest that during the TRAF6-SFK association, each
binding partner can serve as a substrate for the catalytic activity
of the other. Whether these modifications influence binding
affinity and/or catalytic activity of either or both proteins is
unknown.

TRAF6 Required for LPS-induced Barrier Disruption—Hav-
ing established that TRAF6 is required for LPS-induced SFK
activation (Fig. 3), that SFK activation is required for its associ-
ation to TRAF6 (Fig. 6), and having previously found that SFK
activation is a prerequisite to LPS-induced endothelial barrier
dysfunction (5), we evaluated whether TRAF6 might also be
necessary for LPS-induced barrier disruption. TRAF6 was
again targeted in a barrier assay with three distinct interven-
tions as follows: 1) siRNA-induced silencing of TRAF6; 2) over-
expression of TRAF6 DN, and finally 3) preincubation with a
cell-permeable TRAF6-specific decoy peptide. Prior knock-
down of TRAF6 protected against LPS-induced increases in
transendothelial ['*C]BSA flux by 70% compared with that seen
across control siRNA-transfected monolayers (Fig. 94). Over-
expression of TRAF6 DN dose-dependently diminished the
LPS-induced increases in albumin flux, and at an m.o.i. = 100, it
protected against the increase by >76% compared with that

FIGURE 7. TRAF6 catalyzes Lys®3-linked ubiquitination of SFKs. A, HMVEC-Ls were treated for 0.5 h with LPS (300 ng/ml) or medium alone and lysed, and the
lysates were immunoprecipitated with antibody that specifically recognizes Lys®*-linked ubiquitin chains. The Lys®3-specific ubiquitin immunoprecipitates
were processed for c-Src (lanes 3 and 4) or Fyn (lanes T and 2) immunoblotting. B, HMVEC-Ls transfected with TRAF6-targeting or control siRNAs were treated
for 0.5 h with LPS (300 ng/ml) or medium alone, and the cell lysates were immunoprecipitated with anti-Lys®3-specific ubiquitin antibodies. The immunopre-
Cipitates were processed for c-Src (lanes 5-8) or Fyn (lanes 1-4) immunoblotting. C, HMVEC-Ls transiently infected with Ad-null, Ad-TRAF6, or Ad-TRAF6 DN
(m.o.i. = 100) were treated for 0.5 h with LPS (300 ng/ml) or medium alone and lysed, and the lysates were immunoprecipitated with anti-Lys®3-specific
ubiquitin antibodies. The immunoprecipitates were processed for Fynimmunoblotting. D, for each immunoblot generated in C, densitometric quantitation of
each Lys®3*-linked ubiquitinated Fyn signal was normalized to Lys®? ubiquitin signal in the same lane in the same blot. Vertical bars represent mean (*S.E.)
arbitrary densitometry units of Lys®*-linked ubiquitinated Fyn signal normalized to arbitrary densitometry units of Lys®® ubiquitin signal (n =4). £, HMVEC-Ls
were preincubated with cell-permeable TRAF6 decoy peptide or the control P3A peptide, after which they were exposed for 15 min to LPS (300 ng/ml) or
medium alone and lysed, and the lysates were immunoprecipitated with anti-Lys®*-specific ubiquitin antibodies. The immunoprecipitates were processed for
c-Src (lanes 5-8) or Fyn (lanes 1-4) immunoblotting. F, for each immunoblot generated in E, densitometric quantitation of each Lys®*-linked ubiquitinated
Fyn/c-Src signal was normalized to Lys®® ubiquitin signal in the same lane in the same blot. Vertical bars represent mean (+S.E.) arbitrary densitometry units of
Lys®3-linked ubiquitinated SFK signal normalized to arbitrary densitometry units of Lys®® ubiquitin signal (n = 3). G, lysates of LPS-treated and medium control
HMVEC-Ls were immunoprecipitated with anti-TRAF6, anti-Fyn, and anti-c-Src antibodies. The immune complexes were resuspended in 2% SDS, heat-treated,
and again immunoprecipitated with the same anti-TRAF6, anti-Fyn, and anti-c-Src antibodies. The immunoprecipitates were processed for Lys®3-specific
ubiquitin immunoblotting. H, for each immunoblot generated in G, densitometric quantitation of each Lys®*-linked ubiquitin signal associated with each
TRAF6, Fyn, and c-Srcimmunoprecipitate was normalized to the total TRAF6, Fyn, and c-Src signals, respectively, in the same lane in the same blot. Vertical bars
represent mean (=S.E.) arbitrary densitometry units of Lys®*-specific ubiquitin signal for TRAF6, Fyn, and c-Src normalized to arbitrary densitometry units of
total TRAF6, Fyn, and c-Src signals, respectively (n = 3). %, significantly increased compared with the simultaneous medium control at p < 0.05. **, significantly
decreased compared with the LPS-exposed Ad-TRAF6 infected or P3A control peptide treated HMVEC-Ls at p < 0.05. A-C, E, and G, to control for protein
loading and transfer, blots were stripped and reprobed with the immunoprecipitating antibody. Molecular mass in kDa is indicated on left. Band C, arrow on
right indicates bands of interest. IP, immunoprecipitate; relP, re-immunoprecipitate; /B, immunoblot; /B*, immunoblot after strip and reprobe. Each blot is
representative of two independent experiments.
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FIGURE 8.SFK(s) increases tyrosine phosphorylation of TRAF6. A, HMVEC-Ls were treated for 0.5 h with LPS (300 ng/ml) or medium alone, and the cell lysates
were immunoprecipitated with anti-TRAF6 antibodies. The TRAF6 immunoprecipitates were processed for phosphotyrosine immunoblotting. B, HMVEC-Ls
preincubated with either PP2 or SU6656 were similarly treated with LPS or medium alone, after which they were lysed, and the lysates were processed for
TRAF6 immunoprecipitation followed by phosphotyrosine immunoblotting. C, for each immunoblot generated in B, densitometric quantitation of each
Tyr(P)-TRAF6 signal was normalized to total TRAF6 signal in the same lane in the same blot. Vertical bars represent mean (*S.E.) arbitrary densitometry units of
Tyr(P)-TRAF6 signal normalized to arbitrary densitometry units of total TRAF6 signal (n =4). D, HMVEC-Ls were preincubated with cell-permeable TRAF6 decoy
peptide or the P3A control peptide, after which they were exposed for 15 min to LPS (300 ng/ml) or medium alone and lysed, and the lysates were immuno-
precipitated with anti-TRAF6 antibodies. The TRAF6 immunoprecipitates were processed for phosphotyrosine immunoblotting. £, for each immunoblot
generated in D, densitometric quantitation of each phospho-TRAF6 signal was normalized to total TRAF6 signal in the same lane in the same blot. Vertical bars
represent mean (£S.E.) arbitrary densitometry units of phospho-TRAF6 signal normalized to arbitrary densitometry units of total TRAF6 signal (n = 3).F, lysates
of LPS-treated and medium control HMVEC-Ls were immunoprecipitated with anti-TRAF6 antibodies after which the immune complexes were resuspended in
2% SDS, heat-treated, and again immunoprecipitated with the same anti-TRAF6 antibody, and the TRAF6 immunoprecipitates were processed for phospho-
tyrosine immunoblotting. G, for each immunoblot generated in F, densitometric quantitation of each Tyr(P)-TRAF6 signal was normalized to total TRAF6 signal
in the same lane in the same blot. Vertical bars represent mean (=S.E.) arbitrary densitometry units of Tyr(P)-TRAF6 signal normalized to arbitrary densitometry
units of total TRAF6 signal (n = 3).*, significantly increased compared with the simultaneous medium control at p < 0.05. **, significantly decreased compared
with the LPS-treated HMVEC-Ls at p < 0.05.A, B, D, and F, to control for efficiency ofimmunoprecipitation and protein loading and transfer, blots were stripped
and reprobed with the immunoprecipitating antibody. /P, immunoprecipitate; relP, reimmunoprecipitated; /B, immunoblot; /8", immunoblot after stripping
and reprobe. Molecular mass in kDa is indicated on /eft. Each blot is representative of =3 independent experiments.

seen in Ad-null-infected monolayers (Fig. 9B). Finally, preincu-
bation with the TRAF6-specific decoy peptide completely pro-
tected against LPS-induced barrier disruption compared with
that measured across monolayers pretreated with control SP
(Fig. 9C). These combined data indicate that TRAF6 activation
is required for full expression of endothelial barrier disruption
in response to LPS.

DISCUSSION

In this study, we have established the absolute requirement
for TRAF6 in HMVEC-Ls for LPS-induced SFK activation (Fig.
3) and barrier disruption (Fig. 9). In HMVEC-Ls, LPS increases
TRAF®6 polyubiquitination and its association with IRAK1 (Fig.
2). Furthermore, LPS increased TRAF6 association with each of
two SFKs, c-Src (Fig. 4) and Fyn (Fig. 5), and this TRAF6-SFK
association required both an intact proline-rich putative SH3-
binding motif in TRAF6 (Figs. 4B and 5C) and a catalytically
active state in the SFKs (Fig. 6). TRAF6-catalyzed Lys®*-linked
ubiquitination of Fyn and possibly c-Src (Fig. 7) and SFK(s)
increased tyrosine phosphorylation of TRAF6 (Fig. 8).
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Together, these data establish TRAF6 as the pivotal signaling
molecule that couples LPS engagement of TLR4 to SFK activa-
tion and loss of endothelial barrier integrity.

TLR4 activation can transduce signals downstream through
both MyD88-dependent and MyD88-independent signaling
pathways (12, 15, 18). In the MyD88-dependent pathway,
recruitment of MyD88 to the TLR4 signaling complex is facili-
tated by the bridging adapter molecule, TIRAP/Mal (15).
TIRAP/Mal also contains a putative TRAF6-binding motif that
enables it to interact directly with and recruit TRAF6 tran-
siently to the plasma membrane (46, 47). TIRAP/Mal is central
to the MyD88-dependent pathway in the cases of TLR2 and
TLR4. That either prior knockdown of TIRAP/Mal or overex-
pression of a TIRAP/Mal DN in HMVEC-Ls protected against
LPS-induced SFK activation and barrier disruption (Fig. 1) indi-
cates that these LPS-induced EC responses require an intact
MyD88-dependent pathway. The MyD88-independent TLR4
signaling pathway utilizes another bridging adapter, TRAM, to
recruit TRIF (also referred to as TICAM-1) to TLR4 (12, 15, 18).
Recently, in a yeast two-hybrid system, the NH,-terminal por-
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FIGURE 9. TRAF6 required for endothelial barrier response to LPS. A, HMVEC-L monolayers transfected with TRAF6-targeting or control siRNAs were
cultured to postconfluence in barrier assay chambers after which base-line barrier function was established (n = 4). B, HMVEC-Ls cultured in assay chambers
were transiently infected with increasing m.o.i. of Ad-TRAF6 DN or Ad-null (m.o.i. = 100) (n = 6) and cultured to postconfluence. C, postconfluent HMVEC-L
monolayers were preincubated for 0.5 h with TRAF6 decoy or control SP (40 um) (n = 6). A-C, the monolayers were treated for 6 h with LPS (100 ng/ml) or
medium alone, after which transendothelial ['*CIBSA flux was assayed. Vertical bars represent mean (+S.E.) transendothelial ['*CIBSA flux in pmol/h immedi-
ately following the 6-h study period. *, significantly increased compared with the simultaneous control siRNA alone (A) and medium control (Band Q) allat p <
0.05. **, significantly decreased compared with control siRNA + LPS (A), Ad-null + LPS (B), and control peptide + LPS (C), all at p < 0.05.

tion of TRIF was shown to interact with the COOH terminus of
TRAF6, and abrogation of this interaction strongly inhibited
TRIF-mediated interferon- £ induction (48). Although our data
establish both LPS-induced SFK activation and barrier disrup-
tion as TIRAP/Mal-dependent, thereby implicating involve-
ment of the MyD88-dependent pathway, in these studies, par-
ticipation of the TRIF-dependent pathway has not been
formally excluded.

The NH,-terminal RING domain of TRAF6 is an E3 ubiqui-
tin ligase that, in concert with the dimeric E2 enzyme Ubc/
UevlA, catalyzes its own autoubiquitination via site-specific
Lys®3-linked polyubiquitin chains (22, 23). TRAF6 autoubiq-
uitination is a prerequisite to selected downstream signaling
events, including IkB kinase and MAPK activation (22, 23).
Whether TRAF6 autoubiquitination is required for its associa-
tion with SFKs was unknown. Because LPS increased SFK asso-
ciation with unmodified E. coli-derived GST-TRAF6 (Figs. 4
and 5), TRAF6 ubiquitination is clearly not required for this
interaction. When our prokaryote-generated GST-TRAF6 was
processed for ubiquitin immunoblotting, as anticipated, ubiq-
uitin could not be detected.* TRAF6 also has been reported to
catalyze Lys®*-linked ubiquitination of other signaling mole-
cules such as AKT (44) and other ubiquitin ligases, including
cIAP1 and -2 (45). In several reports, activated SFKs were
shown to be ubiquitinated and targeted for degradation by the
proteasome (49 —51), presumably via Lys**-linked ubiquitina-
tion. We asked whether LPS activation of TRAF6 might lead to
Lys®3-linked ubiquitination of one or more SFKs. In HMVEC-
Ls, increased Lys®*-linked ubiquitination of Fyn, as detected by
re-immunoprecipitation (Fig. 7G, lane 4) and possibly c-Src
(Fig. 7A, lane 4), was detected in response to LPS. It is conceiv-
able that SDS treatment during re-immunoprecipitation dena-
tured and rendered the anti-c-Src antibody nonimmunogenic.

4 A. Liu, personal communication.
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Furthermore, TRAF6 was required for this modification (Fig. 7,
B-D). Although TRAF6 autoubiquitination may be required
under some conditions for multiple signaling events (22, 23,
51-53), this modification does not appear to regulate the
TRAF6-SFK interaction. Whether Lys®>-linked ubiquitination
of SFKs influences either their catalytic state or their associa-
tion with TRAF6 remains to be determined.

TRAF6 and c-Src have been reported to interact physically in
signaling pathways in non-EC systems (27-31). In murine oste-
oclasts and dendritic cells, TNF-related activation-induced
cytokine, also known as RANKL, increased co-immunoprecipi-
tation of c-Src with TRAF6 (31). In these same co-expression
studies, an NH,-terminal deletion mutant, TRAF6(289 —530),
was sufficient to co-immunoprecipitate c-Src, whereas a
COOH-terminal deletion mutant, TRAF6(1-289), could not.
The authors found that GST-c-Src-SH3 interacted directly
with in vitro translated TRAF6, and they mapped the interact-
ing motif in TRAF6 to a proline-rich sequence, aa 461-469
(RPTIPRNPK). When one or more of these prolines was sub-
stituted with alanine(s), the TRAF6-c-Src association was dis-
rupted. In murine osteoclast-like cells, the human T98G glio-
blastoma cell line, and human embryonic kidney HEK293T
cells, human recombinant IL-1« also increased TRAF6-c-Src
association in coimmunoprecipitation assays (29). Finally,
IL-1B increased the association of a fluoroprobe-labeled
TRAF6 with labeled c-Src in the cytoplasm of living HEK293 T
cells (27). Here, we now have established that the TRAF6-c-Src
interaction can be extended to LPS/TLR4 signaling (Fig. 4), to
another SFK, Fyn (Fig. 5), and to HMVEC-Ls (Figs. 4 and 5).

Although it is clear that TRAF6 can physically engage SFKs
(Figs. 4 and 5) (27-31), the relative hierarchical position
between these two signaling elements within any one signal-
ing network is unclear. In this study, we found that prior
siRNA-induced silencing of TRAF6 completely blocked SFK
activation (Fig. 3B), suggesting that TRAF6 is upstream of SFKs.
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However, we found that prior pharmacological blockade of SFK
activation prevented SFK binding to TRAF6 (Fig. 6, B and C),
suggesting that prior SFK activation is required for its interac-
tion with TRAF6. Activation of SFKs involves autophosphory-
lation of Tyr*'® within the activation loop and release from the
autoinhibited restrained state (6, 7). Perhaps only in this acti-
vated state with its open conformation is the SH3 domain
within SFK accessible for binding to the proline-rich putative
TRAF6 SH3-binding domain. A number of other studies have
addressed this same issue (28 —31), yet the hierarchical relation-
ship between TRAF6 and SFKs remains unresolved. In selected
experimental systems, overexpression of TRAF6 stimulated
SFK activation (31) and SFK-mediated downstream signaling
events (27-30). However, in cells of monocyte/macrophage lin-
eage, stimulation of CD40, a member of the TNF receptor
superfamily, recruits TRAF6 to the receptor and leads to c-Src
activation (30). Preincubation of cells with a cell-permeable
peptide that competitively inhibits TRAF6 recruitment and
binding to CD40 did not prevent c-Src activation, suggesting
that c-Src might be upstream of TRAF6. These combined data
generated in various host systems do not conclusively indicate
which of the two signaling molecules, TRAF6 or SFK(s), is
upstream to the other. In this study, we found that TRAF6 cat-
alyzes Lys®-linked ubiquitination of one or more SFKs, while at
the same time, SFKs increase tyrosine phosphorylation of
TRAF6. The interaction(s) between TRAF6 and SFKs is likely a
complex two-way multistep process in which more than one
TRAF6 domain participates and SFKs activate other SFKs.

We now have established TRAF6 as a critical adapter mole-
cule in HMVEC-Ls for LPS/TLR4-induced SFK activation (Fig.
3) and barrier disruption (Fig. 9). Other reports have similarly
indicated that TRAF6 is a key mediator of vascular endothelial
pathophysiology (54-57). In human dermal microvascular
ECs, TRAF6 is required for LPS-induced angiogenesis (54), a
multistep process that involves hyperpermeable vessels (58). In
fact, TRAF6 has been shown to mediate increased permeability
across human umbilical vein EC monolayers in response to
both receptor activator of NF-«B ligand (55) and IL-33 (56). In
human carotid arteries, TRAF6 expression is increased in ath-
erosclerotic lesions, and silencing of TRAF6 blocks proathero-
genic gene expression in human saphenous vein ECs (57). It is
conceivable that TRAF6 is a pivotal signaling element in a final
common pathway for the host response to a subset of injurious
stimuli, including bacterial LPS, for life-threatening vascular
leak syndromes.
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