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TNF-family molecules induce the expression Vascular Endothelial Growth Factor (VEGF) in endothelial cells
(EC) and elicit signaling responses that result in angiogenesis. However, the role of TNF-receptor associ-
ated factors (TRAFs) as upstream regulators of VEGF expression or as mediators of angiogenesis is not
known. In this study, HUVEC were cotransfected with a full-length VEGF promoter-luciferase construct
and siRNAs to TRAF 1, -2, -3, -5, -6, and promoter activity was measured. Paradoxically, rather than inhib-
iting VEGF expression, we found that knockdown of TRAF6 resulted in a 4–6-fold increase in basal VEGF
promoter activity compared to control siRNA-transfected EC (P < 0.0001). In addition, knockdown of TRAF
1, -2, -3 or -5 resulted in a slight increase or no change in VEGF promoter activation. Using [3H]thymidine
incorporation assays as well as the in vitro wound healing assay, we also found that basal rates of EC pro-
liferation and migration were increased following TRAF6 knockdown; and this response was inhibited by
the addition of a blocking anti-VEGF antibody into cell cultures. Using a limited protein array to gain
insight into TRAF6-dependent intermediary signaling responses, we observed that TRAF6 knockdown
resulted in an increase in the activity of Src family kinases. In addition, we found that treatment with
AZD-0530, a pharmacological Src inhibitor, reduced the regulatory effect of TRAF6 knockdown on VEGF
promoter activity. Collectively, these findings define a novel pro-angiogenic signaling response in EC that
is regulated by TRAF6.

� 2012 Elsevier Inc. All rights reserved.
1. Introduction

Angiogenesis, the generation of new blood vessels from pre-
existing ones, is characteristically associated with cell-mediated
immune responses and is a well-established pathological compo-
nent of many chronic inflammatory diseases [1]. However, surpris-
ingly little is known about mechanism(s) whereby the immune
response results in the induced expression of angiogenesis factors
and/or endothelial cell (EC) proliferation and migration. Previous
studies, including ours, have shown that proinflammatory stimuli
such as TNFa and CD40-induced signaling mediate the expression
of the potent angiogenesis factor Vascular Endothelial Growth Factor
(VEGF) in EC and other cell types [2–7]. In addition, CD40-induced
pro-angiogenic responses in EC function in cell-mediated immu-
nity [2,8] and are critical for EC proliferation in association with
tumor angiogenesis in vivo [4,5].
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TNF family receptors recruit members of the TNF-receptor
associated factor (TRAF) family in order to elicit signaling events
[9–13]. The six TRAF family members (called TRAF1 through -6),
are characterized by a conserved C-terminal domain that mediates
association with the TNF receptor family [14,15], and all TRAFs,
except TRAF1, contain Ring finger and Zinc finger domains that
function to elicit downstream signaling events. The cytoplasmic do-
main of CD40 contains a proximal TRAF6-binding domain and a dis-
tal TRAF2/3/5-binding domain [9]. The TNFa receptor TNFR1 binds
TRAF2 indirectly, through the recruitment of TNFR1-associated
death domain protein (TRADD) [16], while TNFR2 binds TRAF2 di-
rectly [17]; it is suggested that TRAF5 can substitute for TRAF2 in
TNFa-induced signals [18]. TRAF1 has been shown to bind the same
sites than TRAF2 on TNFR1, TNFR2 and CD40, and is thought to act
as a regulator of TNFa and CD40-induced signals [13,19]. TRAF4,
while structurally related to the other TRAFs, localizes to the cell
nucleus and is unable to bind to the TNFa receptors and CD40
[20]. Therefore, CD40- and TNFa-induced responses are likely asso-
ciated either with a TRAF2/5 and/or a TRAF6–mediated signaling re-
sponse. However, no study to date has identified roles or functions
for TRAFs in VEGF expression or in the angiogenesis response.

In these studies, we have used a knockdown approach to iden-
tify whether TRAF-mediated signals in EC function for VEGF
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Fig. 1. Effect of TRAF knockdown on basal and CD40-inducible expression of VEGF.
(A) HUVEC were transfected with a control siRNA or with siRNAs to TRAF 1/2/3/5/6
as illustrated. After 24 h, the cells were co-transfected with a full-length 2.6-kb
VEGF promoter-luciferase construct and were cultured in the absence or presence
of sCD40L (3 lg/ml) for an additional 24 h. The cells were lysed and promoter
luciferase activity was evaluated. Induced promoter activity was calculated as the
fold change in luciferase counts from each group of cells, compared to control
siRNA-transfected cells. Illustrated are the mean results from four independent
experiments (± 1SEM). (B) For each experiment, knockdown efficiency was
evaluated 48 h after siRNA transfection by Western blot analysis. A representative
blot is illustrated.
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expression and/or EC migration and proliferation. While we find
some redundancy in TRAF1-, 2-, 3- and 5- dependent signaling
responses, paradoxically, we observe that TRAF6 is a potent regu-
lator of basal as well as the inducible expression of VEGF in EC.
In addition, we find that TRAF6 serves as an endogenous inhibitor
of EC proliferation and EC migration, and its ability to regulate
angiogenesis is in part associated with interaction(s) with Src fam-
ily kinases. Collectively, these studies identity TRAF6 as a critical
factor in the regulation of pro-angiogenesis signaling in EC.

2. Materials and methods

2.1. Antibodies and reagents

For Western blotting, anti–phospho-Akt (Ser473) and anti-
phospho-Src (Tyr416) were purchased from Cell Signaling Technol-
ogy (Danvers, MA), and anti-TRAF1, -TRAF2, -TRAF3, -TRAF5, -
TRAF6 and anti-VEGF were purchased from Santa Cruz Biotechnol-
ogy (Santa Cruz, CA). b-actin and GAPDH antibodies were obtained
from Sigma–Aldrich (St. Louis, MO). Soluble CD40L was purchased
from Ancell (Bayport, MN) and AZD-0530 was purchased from LC
Laboratories (Woburn, MA). Neutralizing anti-human VEGF anti-
body used in cell culture was gifted by Genentech (South San
Francisco, CA).

2.2. Cell culture

Single donor human umbilical vein endothelial cells (HUVEC)
purchased from Clonetics (Walkersville, MD) were cultured in
complete endothelial growth medium (EGM-2 BulletKit; Clonet-
ics), according to the manufacturer’s instructions.

2.3. siRNA knockdown

Validated small interfering RNAs (siRNA) for TRAF1, TRAF2, TRAF3,
TRAF5, TRAF6 and control siRNA were purchased from Qiagen (Valen-
cia, CA). Transfection of HUVEC with each siRNA (50nM) was per-
formed using RNAimax lipofectamine (Invitrogen, Carlsbad, CA),
according to the manufacturer’s instructions. Knockdown efficiency
was tested by Western Blot analysis for each experiment.

2.4. Promoter-reporter assay

A VEGF promoter-luciferase construct containing the 2.6 kb
full-length VEGF promoter (gifted by Debabrata Mukhopadhyay,
Mayo Clinic, Minneapolis, MN) was used as described [8,21].

2.5. Real-time PCR

Total mRNA was isolated from HUVEC using the RNeasy isola-
tion kit (Qiagen) and used as a template to generate cDNA using
random primers (Invitrogen). Quantitative real-time PCR analysis
of human VEGFA and GAPDH was performed using the 7300
real-time PCR system and specific TaqMan

�
Gene Expression As-

says (Applied Biosystems, Foster City, CA). Relative expression
was calculated according to the 2�DDCt method, as described [22].

2.6. Western blot analysis

HUVEC were lysed with ice-cold RIPA buffer (Boston Bioprod-
ucts), run on SDS–polyacrylamide gels, and transferred onto
polyvinylidene difluoride membranes (Millipore Corporation,
Billerica, MA). Membranes were blocked with 5% BSA for 1 h
and incubated overnight with primary antibody. After three
washes, membranes were incubated with a species-specific sec-
ondary peroxidase-conjugated antibody for 1 h, and reactive
bands were developed by chemiluminescence (Thermo Fisher
Scientific-Pierce, Rockford, IL).

2.7. Cell proliferation assay

HUVEC were seeded onto 96-well cell culture plates (5000 cells
per well), transfected with siRNAs, and cultured for 72 h. Prolifer-
ation was assessed by [3H] thymidine incorporation (0.5 lCi/well)
in the final 16 h of cell culture, using a Tomtec automated cell har-
vester (Hamden, CT).

2.8. In vitro migration

Migration of EC was evaluated using the in vitro wound-healing
assay. Briefly, HUVEC were transfected either with control or
TRAF6 siRNA, and cultured for 48 h. At this time, a linear wound
was created in the cell monolayer using a pipette tip. Groups of
cells (in triplicate) were cultured for an additional 18 h in the ab-
sence or presence of a neutralizing anti-VEGF antibody (10 lg/
ml), and migration of cells into the wound was monitored by
microscopy.

2.9. Phospho-kinase array

Phospho-kinase arrays were performed using the Human
Phospho-Kinase Array Kit (Proteome ProfilerTM Array) from R&D
Systems (Minneapolis, MN), according to the manufacturer’s
instructions.
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2.10. Statistical analyses

Statistical analysis was performed using the student t test for
two groups of data or by one-way ANOVA for three or more groups.
P values < 0.05 were considered statistically significant.
3. Results

3.1. The TRAF family of adaptor proteins regulate the endogenous
expression of VEGF

It is well established that most cell types, including EC [23]
express TRAF family molecules. Furthermore, the expression of indi-
vidual TRAFs, notably TRAF1 in EC can be regulated by different
cytokines, especially following ligation of CD40 by sCD40L [23]. This
observation indicates that individual TRAFs have potential to func-
tion as adaptors to initiate signals that result in EC proliferation. We
initially wished to determine the function of individual TRAF adap-
tor molecules in the expression of VEGF. EC were transfected either
with siRNAs to TRAF1, -2, -3, -5 or -6 or with a control siRNA, and
were co-transfected with a full-length VEGF promoter-luciferase
reporter construct. Following co-transfection, EC were cultured for
48 h in the absence or presence of sCD40L. Paradoxically, rather
than inhibiting VEGF expression, we found a generalized increase
in VEGF transcriptional activation following transfection of EC with
)
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endogenous as well as inducible expression of VEGF in EC, while
other TRAFs, notably TRAF2, function more selectively as regulators
following activation.
3.2. Role for TRAF6 in the regulation of EC proliferation and migration

To evaluate the physiological relevance of these observations
we also analyzed the function of TRAF2 and TRAF6 in EC prolifera-
tive responses. As above, EC were transfected either with siRNAs to
TRAF2 or TRAF6 and after 72 h, EC proliferation was assessed by
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following knockdown of TRAF6 as compared to control siRNA-
transfected cells (P < 0.0005). However, TRAF2 knockdown did
not increase EC proliferation.

To further evaluate the role of TRAF6 as an endogenous regula-
tor of angiogenesis, we transfected EC with control siRNA or TRAF6
siRNA, and we examined EC migration using the well-established
wound-healing assay [25]. After 18 h, we found that wound heal-
ing/EC migration was significantly increased in EC transfected with
TRAF6 siRNA as compared to control siRNA-transfected EC
(P < 0.05, Fig. 2B). To test if TRAF6 mediates this effect via the reg-
ulation of VEGF expression, we performed the identical assay using
EC cultured in the presence of a neutralizing anti-VEGF antibody.
Illustrated in Fig. 2B, we found that anti-VEGF completely blocked
the TRAF6-induced migratory response to baseline, indicating that
TRAF6 regulates basal migratory responses via augmentation of
VEGF production.
3.3. TRAF6. regulates pro-angiogenic signaling pathways in EC

To gain insight into intermediary signaling pathways regulated
by TRAF6, we compared the activity of 46 kinases and transactiva-
tors in control siRNA- and TRAF6 siRNA-transfected EC using a com-
mercially available phosphokinase array. As illustrated in Fig. 3A
and as anticipated [8], we found differences in the expression of ki-
nases associated with the Akt/mTOR signaling pathway in TRAF6
siRNA-transfected cells vs. controls (Fig. 3A, lanes D and E 11–12).
In addition, we found marked differences in the phosphorylation/
activation of Src family kinases (including Lyn, Fyn, and Yes)
(Fig. 3A, lanes D and E 1–4) following TRAF6 knockdown, and there
were notable effects of TRAF6 on the activity of the STAT family of
transcription factors (Fig. 3A, lanes F7–10).

We confirmed the effect of TRAF6 on PI-3K/Akt and Src activa-
tion by Western blot analysis (Fig. 3B). Although we had antici-
pated that TRAFs knockdown would result in an inhibition of Akt
activity [8], we found minimal effects of either TRAF1, -2, -3 and
-5 and -6 knockdown on the expression of phospho-Akt as com-
pared to control siRNA-transfected EC (Fig. 3B and data not
shown). We interpret these findings to suggest redundancy in
the function of individual TRAFs for activation of PI-3K/Akt signal-
ing. Nevertheless, and consistent with the array data, by Western
blot analysis, we found a modest increase in phospho-Src expres-
sion in TRAF6 siRNA-transfected EC vs. controls (Fig. 3B). In addi-
tion, and consistent with our findings illustrated in Fig. 1, we
also observed that knockdown of TRAF6 resulted in a marked
induction in VEGF protein expression (Fig. 3B). Collectively these
observations indicate that TRAF6-mediated regulation of Src may
in part account for its effect on the regulation of endogenous VEGF
expression in EC.
3.4. Src activation mediates the expression of VEGF in EC

To evaluate the effect of Src on VEGF overexpression, we next
treated EC with the pharmacological Src kinase inhibitor AZD-
0530 (1 lM or 6 lM) and we determined its effect on VEGF at
the mRNA level. As illustrated in Fig. 4A, we found that pharmaco-
logical inhibition of Src resulted in a significant reduction in VEGF
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mRNA expression as compared to cells treated with vehicle alone.
Since TRAF6 knockdown increases Src activity as well as VEGF
expression, we co-transfected EC with our VEGF promoter lucifer-
ase construct and TRAF6 siRNA, and we evaluated transactivation
in the absence or presence of AZD-0530. As illustrated in Fig. 4B,
we found that TRAF6 knockdown again resulted in an increase in
VEGF promoter activity. Moreover, we found an inhibitory effect
of AZD-0530 on VEGF promoter activation; inhibition was variable
at low concentrations while higher concentrations (>10 mM) had a
notable effect (Fig. 4B). In some experiments using the highest con-
centrations of AZD-0530, there were toxic effects on siRNA and
promoter co-transfected EC (data not shown). This finding is most
suggestive that TRAF6 inhibits basal VEGF expression in part via its
ability to regulate Src activity in EC.

4. Discussion

In these studies, we establish a new function for the TRAF
family of adaptor molecules in the maintenance of both basal as
well as inducible expression of VEGF by EC. While we find some
redundancy in the function of TRAF2, TRAF3 and TRAF5, our
studies indicate that TRAF6 is a potent endogenous regulator of
angiogenesis in part via its ability to inhibit Src family kinase
activity. Collectively, these observations define a model whereby
TRAF6 serves as a cell-intrinsic regulator of the angiogenesis
response.

TRAF adaptor molecules are well established to function in TNF
family signaling cascades [15,26–29]. However, only a few studies
have evaluated their expression and function in EC [23,30–32],
and their role in angiogenesis has not been previously explored.
CD40-induced responses in EC are potent to induce VEGF expres-
sion, VEGF-dependent EC proliferation in vitro and angiogenesis
in vivo [2,3,8,21,24]. Furthermore, CD40-induced angiogenesis is
associated with breast cancer growth and progression [4,5]. TNFa
also induces VEGF expression in different cell types including EC
[6,7] and has been shown to induce angiogenesis in vivo at low con-
centrations [33–35]. Thus, it seems likely that TRAFs, especially
TRAF2, TRAF5 and TRAF6, will serve to augment endogenous VEGF
expression in EC and the angiogenesis response. However, we para-
doxically found that all TRAFs, and notably TRAF6, serve to regulate
basal as well as inducible levels of VEGF expression as well as EC pro-
liferation and migration. Perhaps therefore, the relative activation of
TRAF6 within EC will be a determinant of VEGF-dependent EC prolif-
eration and angiogenesis. Indeed, consistent with this possibility,
we find that induced EC proliferation and migration following
knockdown of TRAF6 is inhibited by a blocking anti-VEGF antibody.

Using a phosphokinase array and Western blot analysis, we also
found that the potent effect of TRAF6 on VEGF overexpression was
associated with its ability to regulate the Src family kinases, JNK
family kinases, and the activation of the STAT family of transcrip-
tion factors. All of these kinases and transcription factors have
been found to be important in EC survival, proliferation as well
as in VEGF expression [36–38]. Thus, the relative activation of dif-
ferent members of the TRAF family in EC may suppress cell intrin-
sic signaling responses associated with the initiation, amplification
as well as the suppression of angiogenesis.

Although not the subject of this study, the observed regulatory
effect of TRAF6 on Src kinase activation and its ability to mediate
crosstalk with other signaling pathways might also have important
implications for proinflammation. Indeed, and consistent with this
possibility we find that TRAF6 regulates families of STATs, which
are well established to function in cytokine and chemokine-
dependent responses. Also consistent with this possibility, a previ-
ous study demonstrated that TRAFs may function in EC to regulate
chemokine expression [23]. TRAF6 was found to suppress MCP-1
expression in EC following CD40-dependent activation, and TRAF6
knockout mice were more prone to the development of atheroscle-
rosis [23,32], which is an angiogenesis dependent process
[1,39,40]. In addition, and consistent with our findings in this re-
port, it was also observed that the function of TRAF2, TRAF3 and
TRAF5 were different than those of TRAF6 on the regulation of che-
mokine/inflammatory responses [23]. Collectively, all these data
indicate that TRAF6 has intrinsic regulatory functions in EC, and
our observations in this report have broad implications for its role
in angiogenesis-dependent diseases.
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