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Summary

Focal adhesion kinase (FAK) is critically positioned to
integrate signals from the extracellular matrix and cellular
adhesion. It is essential for normal vascular development and
has been implicated in a wide range of cellular functions
including the regulation of cell proliferation, migration,
differentiation, and survival. It is currently being actively
targeted therapeutically using different approaches. We have
used human endothelial cells as a model system to compare
the effects of inhibiting FAK through several different
approaches including dominant negatives, kinase inhibitors
and shRNA. We find that manipulations of FAK signaling
that result in inhibition of FAK 397 phosphorylation inhibit
proliferation and migration. However, abolition of FAK
expression using stable (shRNA) or transient (siRNA)
approaches does not interfere with these cellular functions.
The ability to regulate cell proliferation by FAK
manipulation is correlated with the activation status of Rac,

an essential signal for the regulation of cyclin-dependent
kinase inhibitors. The knockdown of FAK, while not affecting
cellular proliferation or migration, dramatically interferes
with vascular morphogenesis and survival, mirroring in vivo
findings. We propose a novel model of FAK signaling
whereby one of the multifunctional roles of FAK as a
signaling protein includes FAK as a phospho-regulated
repressor of Rac activation, with important implications on
interpretation of research experiments and therapeutic
development.

© 2012. Published by The Company of Biologists Ltd. This is
an Open Access article distributed under the terms of the
Creative Commons Attribution Non-Commercial Share Alike
License (http://creativecommons.org/licenses/by-nc-sa/3.0).
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Introduction

Focal Adhesion Kinase (FAK) is a prominent component of
the cellular-substratum attachment point. It undergoes rapid
phosphorylation on tyrosine residue 397 in response to adhesion,
and numerous extracellular stimuli (Schaller, 2010). FAK has
been widely investigated in many cell types and has been
implicated in the regulation of numerous downstream cellular
signals, including, activation of MAPK, activation of PI-3'-
kinase, activation of Rac, as well as the phosphorylation of focal
adhesion proteins such as paxillin (Zhao and Guan, 2009;
Schaller, 2010).

Knocking out FAK in the mouse results in early embryonic
lethality with disrupted angiogenesis (Ili¢ et al., 1995).
Endothelial specific knockout mice recapitulate the phenotype
and early embryonic lethality seen in the whole animal (Shen et
al., 2005; Braren et al., 2006). Thus, the endothelial cell is a cell
type where FAK has a critical biological role.

FAK has been implicated in regulating a wide array of
endothelial cell functions including migration, proliferation, cell
survival, as well as cellular permeability (Gilmore and Romer,
1996; Avraham et al., 2003; Ilic et al., 2003; Wu et al., 2003;
Braren et al., 2006; Bryant et al., 2006; Holinstat et al., 2006).
Many of these studies have utilized expression of a naturally

occurring splice variant of FAK, FAK-Related Non-Kinase
(FRNK). This protein lacks the N-terminal and kinase domain
of FAK. The expression of FRNK inhibits the phosphorylation of
endogenous FAK in a dominant negative fashion. Our previous
studies demonstrated that expression of FRNK (or FAKY397F, a
mutation of the autophosphorylation site), in primary endothelial
cells, inhibited cellular proliferation by disrupting the normal
regulation of cyclin-dependent kinase inhibitors (Bryant et al.,
2006). Studies on the endothelial cells of knockout mice
have revealed diverse mechanistic findings. Effects on the
proliferation, migration, and survival of these cells have been
reported in one study (Shen et al., 2005). In contrast, others found
no effect of FAK knockout on proliferation or migration and
suggested the formation and/or maintenance of vascular
structures was the principal defect in FAK-knockout
endothelial cells (Ilic et al., 2003; Braren et al., 2006).
Experiments in adult mice using inducible Cre-lox technology
have been similarly uncertain with respect to the role of FAK in
post-natal angiogenesis (Weis et al., 2008; Lee et al., 2010;
Tavora et al., 2010; Lechertier and Hodivala-Dilke, 2012). To
understand better the role of FAK in regulating endothelial cell
function we compared FAK knockdown to the expression of
FRNK, FAKY397F, and a FAK kinase inhibitor (Slack-Davis
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et al., 2007). Surprisingly our data suggest a novel model for how
FAK regulates cellular signal transduction with important
implications for understanding the role of FAK in multiple cell
types and how distinct therapeutic interventions may target
distinct FAK signaling actions.

Results and Discussion

We used several different methods to interfere with FAK
signaling. As shown in Fig. 1A, expression of either FRNK or
FAKY**"F resulted in a loss of FAK phosphorylation at 397. We
next tested the effects of these manipulations on endothelial cell
proliferation. As shown in Fig. 1A, and as we have reported
previously, over-expression of FRNK (Bryant et al., 2006) or
FAKY*"" nearly completely inhibited the increase in DNA
synthesis following stimulation with complete growth medium.
This inhibition requires focal adhesion targeting via the FAT
domain, as expressing FRNK with a C1034S mutation that
disrupts focal adhesion binding has no effect on proliferation
(Bryant et al., 2006). Similar results were obtained when we used
the FAK inhibitor, PF573228 (Fig. 1B) or an additional FAK
inhibitor, (FAK inhibitor 14, data not shown). Importantly the
inhibition of both FAK 397 phosphorylation and proliferation
were dose dependent with both inhibitors. We next used shRNA-
expressing lentiviruses with several distinct sequences targeting
FAK to stably knock down total FAK levels and phospho-
FAK397 (Fig. 1C). Somewhat surprisingly, these cells were able
to be passaged, with no apparent morphological change and had

normal population doublings. Despite highly efficient
knockdown of FAK and a near complete loss of detectable
phospho-FAK397, endothelial cell proliferation was unaffected.
We reasoned that perhaps this was an adaptive response to the
loss of FAK, or perhaps due to the robust stimulus provided by
complete growth medium. We, therefore, used two additional
sequences to synthesize siRNA targeting FAK, permitting short-
term transfection experiments. Electroporation of endothelial
cells with FAK siRNA results in a robust knockdown of total
FAK to less than 5% of starting levels (Fig. 2A). This is
accompanied by a corresponding loss of phospho-FAK397.
However, neither siRNA sequence that effectively knocked-
down FAK, resulted in any significant inhibition of DNA
synthesis, even when comparatively weaker single agents, such
as FGF or VEGF were used as a stimulus (Fig. 2B). Thus, neither
short-term (siRNA) nor long-term knock-down (shRNA) of FAK
replicated the effects of FRNK, FAKY*" or the FAK inhibitor.

Another function of endothelial cells that has been reported to
require FAK activation is the regulation of migration (Avraham
et al., 2003; Shen et al., 2005; Zhao and Guan, 2009). We also
evaluated the effect on migration of inhibiting FAK using FRNK
compared to the loss of FAK from the cell using siRNA-mediated
knockdown. Similar to proliferation, we found that FRNK
resulted in nearly complete inhibition of the stimulated
transwell migration response. In contrast, siRNA-mediated
knockdown had no appreciable effects on migration in this
assay (Fig. 3A) Similar to proliferation, we failed to observe any
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inhibition of the migration response, even when weaker defined
agonists were used (Fig. 3B).

We considered that the effects of FRNK and FAKY*°7" might
displace FAK from focal adhesions, and that mislocalized FAK
might actually be the trigger for the cell cycle arrest we have
observed. Mislocalization was previously implicated in fibroblast
cell cycle arrest (Zhao et al., 1998). Therefore, we expressed
FRNK in cells in which FAK had been knocked down by siRNA.
Interestingly, we found that FRNK was equally effective at
inhibiting cellular proliferation in the FAK knockdown cells
(Fig. 4). Moreover overexpression of GFP-FAK can result in
abundant FAK outside focal adhesions without any deleterious
effects on cell proliferation, further arguing that FAK
displacement is not responsible (Bryant et al., 2006).

Collectively, these data suggest that the physical presence of
FAK or the signal transduction associated with FAK does not
seem to be required for cellular proliferation in human
endothelial cells. However, when FAT-domain containing
regions of FAK are present in the cell, there is a requirement
for FAKY397 to be phosphorylated for proliferation to proceed.
The simple substitution of Y397 with a non-phosphorylated
residue is sufficient to completely inhibit proliferation. The loss
of the FAT domain binding by mutation at A.A. 1034, however,

A

350 4
300
250 -
200 A
150 A

100 -

Average Cells Migrated

¥ b_;,é"
&
Ca

& «°
Py &
o <

Average Cells Migrated

Fig. 2. Transient knockdown of FAK does not
inhibit human endothelial cell proliferation.
(A) Two independent sequences targeting FAK
were transfected into HUVECs by
electroporation. 48 hours post transfection cell
lysates were analyzed for the expression of FAK
by Western blotting. (B) Cells transfected with
control siRNA, FAK-si#1, or FAK-si#2 were
analyzed for incorporation of BrdU in response to
VEGF (50 ng/ml), FGF (25 ng/ml), or Complete
Growth Medium (CGM). Data plotted are
averages of triplicate replicates * s.e.m.
Experiments are representative of similar
experiments conducted at least three

additional times.

restores normal cell function as we have previously reported
(Bryant et al., 2006). As the presence of FAK is not required for
proliferation or migration (Figs 1-4), these data viewed
collectively suggest that a non-activated FAK, bound through
FAT-domain interaction may serve in a suppressive function.
These data also suggest that different modes of FAK inhibition
result in different functional outcomes, underscoring the notion
that there are multiple independent mechanisms through which
FAK regulates cellular functions (Zhao et al., 2010; Lechertier
and Hodivala-Dilke, 2012).

Previous reports have suggested that in some circumstances
PYK2 can become upregulated following the loss of FAK, and
compensate for FAK functionally (Weis et al., 2008). As this has
important implications for our data we evaluated this possibility.
We found no significant changes in either PYK2 expression or
phosphorylation of PYK2 at Y402, the site homologous to
FAK397 following knockdown of FAK (Fig. 5A). These data are
in agreement with the data originally published by Weis et al.,
where upregulation of PY2 was only seen after extended
knockdown of PYK2 and was not evident at three days (Weis
et al., 2008). In addition, we also performed experiments where
we co-transfected endothelial cells with FAK siRNA and PYK2
siRNA. The addition of PYK2 siRNA had no effect on the
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Fig. 3. FRNK, but not FAK knockdown, inhibits endothelial cell migration. (A) HUVECs were infected with adenoviruses coding for GFP or GFP-FRNK or
transfected with siRNA targeting either GAPDH (control) or FAK. Cells were serum starved for 16 hours. Migration was then evaluated in response to CGM, using a
transwell migration assay over 4 hours. Data are presented as number of cells migrated to the bottom in triplicate determinations on a single day * s.e.m. Data are
representative of experiments performed at least three times. (B) As in (A), cells were transfected with 2 different sequences directed against FAK and then evaluated
for migration to VEGF or CGM. Data are presented as number of cells migrated to the bottom in triplicate determinations on a single day * s.e.m. Data are

representative of two independent experiments.
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proliferation response of endothelial cells to complete growth
medium (Fig. 5B), further arguing that compensation is unlikely
to account for the observed proliferation following FAK
knockdown. Recent data from others have suggested PYK2
compensation may be more complex, as the use of different
inducible CRE promoters to remove FAK™™ from adult mice,
resulted in angiogenesis defects and no apparent compensation by
PYK2 (Lee et al., 2010; Tavora et al., 2010).

Previous studies have implicated FAK signaling as an
important regulator of Rac activation in other cell types
(Choma et al., 2007; Schaller, 2010) and Rac has been reported
to regulate endothelial cell proliferation (Mettouchi et al., 2001),
migration and capillary morphogenesis (Soga et al., 2001;
Connolly et al., 2002). Given the established relationship
between FAK and Rac and the pleitrophic role of Rac in
endothelial cell biology, we sought to determine the requirements
for FAK in Rac activation in endothelial cells. As shown in
Fig. 6, expression of FRNK, FAKY**"" or pre-treatment with a

p-PYK242

PYK2

% BrdU Positive

GAPDH FAK-si#l

FAK-kinase inhibitor, all result in an attenuation of Rac
activation induced by complete growth medium. In contrast,
the knockdown of FAK expression did not affect the mitogen-
induced activation of Rac. These data parallel the results we
observed on proliferation and suggest that deficient Rac
activation could account for the inhibitory effects on
proliferation and migration in response to expression of FRNK,
FAKY?**"" and FAK inhibitors. To confirm a requirement of Rac
signaling for endothelial cell proliferation under our conditions,
we expressed dominant negative RacN17. As predicted,
expression of RacN17 resulted in inhibition of cellular
proliferation (Fig. 7A). Moreover, the nature of the cell cycle
arrest is phenotypically identical to that we have previously
published following expression of FRNK and FAKY**’F (Bryant
et al., 2006). This includes no changes in ERK phosphorylation
and cyclin D accumulation but rather a diminished induction of
SKP2 and corresponding stabilization of p27 and p2l levels
(Fig. 7B). Similar results have also been seen in smooth muscle
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Fig. 5. Proliferation response in FAK knockdown cells is not a consequence of PYK2 compensation. (A) Cells transfected with siRNA targeting GAPDH or
FAK were analyzed for the presence of phospho-PYK2 (Y402) or total PYK2 by western blotting 72 hours post transfection. (B) HUVECs were transfected with
indicated siRNA or combination. At 24 hours cells were switched to serum-free medium for 16 hours followed by replacement with either serum-free medium (—) or
complete growth medium (+). Cells were analyzed for BrdU incorporation and data are expressed as average percentage positive for incorporation from triplicate
determinations. Error bars represent + s.e.m. Identical results were seen in a separate experiment.
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Fig. 6. Loss of FAK397 phosphorylation, but not FAK protein expression,
is associated with impaired activation of RAC. (A) Cells were manipulated
by viral expression, chemical inhibition or siRNA mediated knockdown to
manipulate FAK397 phosphorylation levels, as well as FAK expression similar
to Fig. 1. These cells were then serum starved, followed by stimulation with
CGM treatment for 30 minutes. Cells were probed for the presence of active
Rac using a GST-PAK affinity assay. Bound Rac was detected by western
blotting with anti-Rac. Equivalent input was monitored using ERK2.

(B) Quantification of Rac activation following CCD-based densitometric
analysis of western blots. Data are normalized to basal values for each
experiment and represented as the mean * range of two

independent experiments.

cells whereby both FAK and Rac alter levels of SKP and
associated CDKI levels (Bond et al., 2004; Bond et al., 2008). As
an alternative mechanism for inhibiting Rac, that would not
interfere with GTPase cycling, we expressed dominant negative
PAK by adenovirus. This also resulted in cell cycle arrest
mediated by upregulation of CDKIs that was corrected by
knockdown of p21 and p27 as we have previously published for
FRNK (Bryant et al., 2006) (supplementary material Fig. S1).
Taken together, these data argue that the inhibitory effects on
cellular proliferation seen following inhibition of 397
phosphorylation by FRNK, FAKY**"" or PF573228, are the
result of impaired signaling through Rac, despite the finding that
FAK is not physically required for the activation of Rac. Given
the documented role of Rac in cellular migration, it seems likely

that this same mechanism also plays a part in the inhibition
of migration observed following decreased FAK397
phosphorylation. While we have documented compromised Rac
activation and an apparent requirement of Rac in proliferation
response, we cannot discount other Rho-family GTPases,
particularly CDC42. This GTPase can also be inhibited by the
DN-PAK construct we employed and interestingly shares
significant phenotypic overlap in the modulation of in vivo
angiogenesis (Hoang et al., 2011a; Hoang et al., 2011b).

That the knockdown of FAK in human cells did not show
appreciable effects on migration or proliferation was quite
surprising. As FAK is required for normal mouse vascular
development, as well as pathological angiogenesis, (Ilic et al.,
2003; Shen et al., 2005; Braren et al., 2006; Lee et al., 2010;
Tavora et al., 2010) we were interested to determine if human
endothelial cells required FAK for complex angiogenic functions
such as morphogenesis. We utilized an in vitro, co-culture assay
which closely mimics in vivo angiogenesis, including the
formation of patent lumens, formation of tight junctions, and
deposition of basement membrane proteins (Donovan et al.,
2001). We found that knockdown of FAK markedly interfered
with normal vascular morphogenesis in this assay, leading to a
nearly complete loss of cells by day 14 (Fig. 8A). These effects
were specific for FAK, as replacement with a non-targeted
sequence for FAK allowed the formation of stable vascular
structures. In addition, we also observed complete inhibition of
the formation of endothelial cell vascular structures following
treatment with the FAK inhibitor PF573,228 (Fig. 8B). These
data imply that this complex phenotype requires both the physical
presence of FAK and an active kinase, consistent with
observations in vivo (Lim et al., 2010). Following these
cultures over time, it appeared that the cells lacking FAK
showed poorer branching and elongation as well as a progressive
loss of cells (supplementary material Fig. S2). These data serve
to confirm a critical signaling requirement for the presence of
FAK in human endothelial cells. Thus, while not a requirement
for in vitro proliferation and migration, the absence of FAK in
human endothelial cells significantly impacts vascular
morphogenesis and survival, largely phenocopying results from
embryonic mouse explants (Ilic et al., 2003; Braren et al., 2006).
In addition given the similarity of the observed phenotype to
those reported in vivo for developmental angiogenesis (Ilic et al.,
2003; Lim et al.,, 2010) (an inability to extend, elongate and
stabilize early sprouts) (supplementary material Fig. S2) this may
be an excellent model to use an “erase and replace” strategy to
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Fig. 8. FAK expression is required for vascular morphogenesis.

(A) HUVECs co-infected with lentiviruses that coded for: control shRNA and
GFP; FAK-3'UTR shRNA and GFP; or FAK-3'UTRshRNA and FAK (Rescue)
were co-cultured with primary human fibroblasts for 21 days. Endothelial
vascular structures were visualized by monitoring RFP expression co-expressed
with shRNA. Images were photographed at a final magnification of 100x. Data
from the entire time course can be found in supplementary material Fig. S2.
(B) HUVEC s infected with GFP were plated as admixed co-cultures in the
presence or absence of 1 UM PF573228. Cells were monitored and
photographed at day 12 at a final magnification of 100x

probe the structure-function of FAK in
developmental angiogenesis.

Our data reveal several distinct types of FAK signal
transduction taking place in vascular endothelial cells. One is
an absolute requirement for FAK in the processes of vascular
morphogenesis and ultimately cellular survival in complex
microenvironments. In contrast, FAK was not required for
endothelial cell proliferation or migration (at least in two-
dimensional culture), though these processes were readily
inhibited by interfering with FAKY?°7 phosphorylation, either
through expression of non-phosphorylated mutants or treatment
with kinase inhibitors. Furthermore, our findings suggest that
there is a fundamental difference in activation of Rac when FAK
is in the cell but Y397 cannot be phosphorylated compared to
when FAKY?"7 levels are reduced by a loss of FAK expression.
These data argue that FAK Y397, and indeed FAK itself, is not
required for Rac activation, yet it does seem to play an important
regulatory role. We found no evidence of PYK2 based
compensation under the conditions we employed, consistent
with a requirement for an evolved compensation response as
originally reported as well as with recent reports from cells
derived from knockout mice. These data also cannot be explained
by a partial or insufficient knockdown of FAK for several
reasons: 1) we find equivalent or lower levels of FAK 397
phosphorylation in knockdown cells compared to FRNK and
FAKY**7; and 2) experiments with the FAK inhibitors clearly
showed a dose dependent effect on proliferation, yet even near
complete knockdown of FAK resulted in no effect on
proliferation. Taking into account all of our observations, we
propose that FAK activation serves not just as a scaffold for the
assembly of downstream signals but also as a basal repressor of
Rac activation, and possibly other signaling events as well, that is
relieved following FAK activation and Y397 phosphorylation.
We have schematically depicted this concept in the model

requirements

represented by Fig. 9. In this model, non-phosphorylated FAK
localized to focal adhesions by the FAT-domain (required)
represses Rac activation (directly or indirectly) in the basal state.
Upon stimulation and phosphorylation of Y397, changes in FAK
binding partners and/or conformational shifts in the FAK protein
itself, permit subsequent Rac activation, normal proliferation and
migration (Fig. 9A). In cells lacking FAK, the FAK induced
repression signal is relieved allowing normal Rac activation,
proliferation, and migration to take place upon stimulation,
despite the absence of FAK and the associated ability to scaffold
downstream signaling molecules. However, reintroduction of
FRNK under these circumstances (Fig. 4) inhibits these
processes, suggesting that this is indeed a physical and
repressive function of FAK mediated via FAT domain
interactions (proliferation and migration are not inhibited by a
mutant which cannot target to the Focal adhesion). This is in
contrast to an active role of FAK in recruiting Rac regulators,
though our data do not rule out that this possibility could also
occur. There are clearly additional signaling functions of FAK
that actively regulate vascular morphogenesis and survival, and
these appear to have an absolute requirement for the presence of
FAK (Fig. 9B). In cells where FAK 397 cannot be
phosphorylated following cellular activation because either
FAK lacks a kinase domain, lacks a Y397 residue, or is
chemically inhibited (Fig. 9C), the repression of Rac cannot be
relieved. In addition, the normal recruitment of Src, subsequent
phosphorylation and generation of downstream signaling
complexes is also compromised, leading to an inhibition of
proliferation and migration, as well as morphogenesis and
survival. This model is consistent with existing data on FAK in
endothelial cells and many other cell types. However, it is likely
that FAK represents a truly multi-functional signaling protein
(Schaller, 2010), with this being just one aspect of its
functionality. Recent experiments using knock-in mice suggest
FAK has signaling roles that are both kinase-dependent and
kinase independent (Lim et al., 2010; Zhao et al., 2010). While
Rac repression may constitute a kinase-dependent role in primary
endothelial cells, it also seems plausible that in cells with
elevated Src activity or other situations that might provide for
alternative mechanisms to phosphorylate FAK397, this
repression could be relieved independently of the kinase
activity of FAK itself. These types of events may underscore
some of the variability observed with respect to efficacy of FAK
inhibitors in the treatment of tumors in preclinical models
(Lechertier and Hodivala-Dilke, 2012).

A permissive role for FAK regulating proliferation and migration
provides an essential adhesion checkpoint in cancer progression.
Amplification of FAK signaling (and accompanying autoactivation)
in cancer cells (Gabarra-Niecko et al., 2003; Mitra and Schlaepfer,
2006; Zhao and Guan, 2009), may provide an opportunity to bypass
adhesion requirements and enhance metastatic potential, at least in
part by relieving this repression. Similarly, our proposed model of
FAK-mediated repression may provide an explanation for the
paradoxical correlation linking low FAK expression levels with
poor prognosis in several cancer types (Ayaki et al., 2001; Gabriel
et al., 2006). The role of FAK in regulating tumor cell migration and
metastasis, in addition to a critical role in angiogenesis, make FAK
an emerging therapeutic target (Infusino and Jacobson, 2012; Ma,
2011). Our data suggest there may be important mechanistic
differences between siRNA based approaches (Halder et al., 2005;
Han et al.,, 2010) and chemical based inhibitors of FAK kinase
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Fig. 9. A model of FAK as a phospho-regulated repressor of Rac activation and endothelial cell function. (A) Under resting conditions FAK is bound to focal
adhesion proteins through FAT-dependent interactions but remain unphosphorylated. Under these conditions Rac activation (orange ellipse) is not efficiently coupled,
neither are other signals requiring SRC docking, subsequent phosphorylation and the scaffolding of other signaling proteins (e.g., CAS, Grb7, PI3’-Kinase, Grb2 etc.)
(purple triangle). Activation of FAK, results in phosphorylation of tyrosine 397, with subsequent changes in conformation of FAK itself and/or binding partners that
permits Rac activation, proliferation and migration. Other signals essential for vascular morphogenesis and survival are also coordinately activated. (B) When FAK is
silenced, the physical loss of FAK removes the repression allowing full activation of Rac (upon appropriate stimulation) as well as normal proliferation and migration,
even in the absence of FAK397 phosphorylation. However, coordination and activation of the additional signals required for vascular morphogenesis, which are FAK-
dependent, is impaired. (C) When FAK is present but is inhibited (whether induced by chemical inhibitors or expression of mutant constructs), the FAT domain of
FAK targets FAK but tyrosine 397 phosphorylation is disrupted. Under these conditions the repressive signal cannot be relieved and there is no efficient Rac

activation. The altered 397 phosphorylation also disrupts the activation of the FAK-dependent additional signals required for vascular morphogenesis and survival.
The loss of focal adhesion targeting via the FAT domain renders these mutants ineffective. Expression of these mutants in cells knocked down for FAK results in

repression of Rac activation, proliferation and migration.

activity (Parsons et al., 2008; Schultze and Fiedler, 2011). In
addition, our data reveal a heretofore unappreciated repressive role
of FAK, mediated through the FAT domain and regulated by Y397
phosphorylation. It remains to be seen if these differences can be
exploited to clinical advantage.

Materials and Methods

Cell culture

HUVECs were purchased from several vendors and cultured as previously
described (Bryant et al., 2006). Experiments were conducted in the presence of
serum-free MCDB-131 and stimulation was performed with VEGF or complete
growth medium (CGM).

Western blotting

We used the following anti-bodies: anti-FAK (Upstate, Lake Placid, NY), anti-
FAK Y397, anti-ERK2 (Santa Cruz Biotechnology, Santa Cruz, CA). Western
blotting conditions were performed as previously detailed (Meadows et al., 2001).
Erk2 was routinely used to insure equal loading.

Measurement of DNA synthesis

HUVECs genetically manipulated as indicated were placed in serum-free
conditions for 24 hours. After 24 hours, a mitogenic stimulus was added.
Measurement of DNA synthesis by BrdU incorporation was performed as
previously described (Meadows et al., 2004).

Recombinant adenovirus

The viruses described in this study were constructed using the AdEasy Adenoviral
System (He et al., 1998). GFP-FRNK was generously provided by Dr. Allen
Samarel (Loyola University Medical Center) (Heidkamp et al., 2002). Viruses
were used at an MOI between 10-20.

Small-interfering RNA

Electroporation was used to transfect 125 ng of siRNA into 7.5x10* HUVECs
resuspended in 75 pl of siRNA electroporation buffer (Ambion, Inc.). Cells were
plated and recovered 24 hours in complete medium prior to any subsequent
manipulation. An On-Target PLUS modified version of a FAK siRNA sequence
selected from an unmasked Smartpool, was ordered from Dharmacon (cat NO. J-
00316-05), FAK-si#1. We found modification of this siRNA (Jackson et al., 2006)
is essential to avoid profound off-target effects. An additional FAK siRNA, was
also synthesized with On-Target PLUS (GCGAUUAUAUGUUAGAGAUA),
FAK-si#2 (Yano et al., 2004). A siRNA targeting GAPDH was used as a
control (cat NO. D-001830-01-05).

Lentiviral expression

To stably knock down FAK, we used a sequence directed against the 3'-UTR
(AGCATTGGGTCGGGAACTA) and converted to a hairpin for stable expression
in the pFUGW lentiviral system (Lois et al., 2002) in which the GFP had been
replaced with RFP. In some experiments, co-infections were performed with an
additional virus generated from a FUGW-modified vector, whereby the GFP had
been replaced with a FAK-IRES-GFP sequence. This sequence lacks the 3'-UTR
and is not targeted by the 3'UTR directed shRNA. Cells were sterile sorted by
FACS using RFP or RFP/GFP color selection to insure 100% infection of the
desired populations, essentially as we have previously described (Bajaj et al.,
2010). To confirm results, we also used two additional shRNA sequences directed
against human FAK (D-1 and G-7) purchased from Open Biosystems in the GIPZ
lentiviral vector.

Co-culture angiogenesis assay

HUVECs, modified with lentiviruses, were seeded with fibroblasts as previously
described (Donovan et al., 2001; Bajaj et al., 2010). The medium was changed
every third day and tube formation was monitored for at least 3 weeks. HUVECs
were viewed with fluorescent microscopy to visualize infected cells and identical
fields were photographed over time.
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