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Abstract
Objectives—FRNK, the C-terminal domain of focal adhesion kinase (FAK), is a tyrosine-
phosphorylated, vascular smooth muscle cell (VSMC)-specific inhibitor of cell migration. FRNK
inhibits both FAK and PYK2 in cultured VSMCs, and both kinases may be involved in VSMC
invasion during vascular remodeling.

Methods and Results—Adenoviral-mediated gene transfer of GFP-tagged, wildtype (wt)
FRNK into balloon-injured rat carotid arteries confirmed that FRNK overexpression inhibited both
FAK and PYK2 phosphorylation and downstream signaling in vivo. To identify which kinase was
involved in regulating VSMC invasion, adenoviral-mediated expression of specific shRNAs were
used to “knock down” FAK vs. PYK2 in cultured VSMCs, but only FAK shRNA was effective in
reducing VSMC invasion. The role of FRNK tyrosine phosphorylation was then examined using
adenoviruses expressing nonphosphorylatable (Y168F-, Y232F-, and Y168,232F-) GFP-FRNK
mutants. wtFRNK and all FRNK mutants localized to FAs, but only Y168 phosphorylation was
required for FRNK to inhibit invasion. Preventing Y168 phosphorylation also increased FRNK-
paxillin interaction, as determined by co-immunoprecipitation, total internal reflection
fluorescence (TIRF)-microscopy, and fluorescence recovery after photobleaching (FRAP).
Furthermore, wtFRNK competed with FAK for binding to p130Cas (a critically important
regulator of cell migration), and prevented its phosphorylation. However, Y168F-FRNK was
unable to bind p130Cas.

Conclusion—We propose a 3-stage mechanism for FRNK inhibition – FA targeting, Y168
phosphorylation, and competition with FAK for p130Cas binding and phosphorylation, which are
all required for FRNK to inhibit VSMC invasion.
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INTRODUCTION
Vascular remodeling requires a complex interaction between growth factor receptors,
extracellular matrix components, and integrins. Key proteins are involved in integrating
extracellular signals and promoting the intracellular signal transduction required for vascular
remodeling. One of these proteins is focal adhesion kinase (FAK), which is activated by
growth factor receptors and integrin clustering, and which is critical for the assembly of a
signaling complex within focal adhesions (FAs) that is required for cell migration and other
aspects of the remodeling process.1

In addition to FAK, FAK-Related Non-Kinase (FRNK) is also a product of the PTK2 gene,
but is autonomously expressed under control of an alternative, intronic promoter.2 FRNK is
comprised of the noncatalytic, C-terminal region of FAK containing the focal adhesion
targeting (FAT) sequence, and proline-rich domains important for adaptor protein binding.
FRNK is selectively expressed in VSMCs, with very high levels found in large arterioles,
and after arterial injury.3

Our laboratory has demonstrated that FRNK inhibits both FAK- and PYK2-dependent
signaling in cultured VSMCs.4 We also showed that FRNK undergoes tyrosine
phosphorylation at Y168 and Y232 after carotid artery injury in vivo, and in response to
angiotensin II (AngII) in vitro.5,6 These phosphorylation sites are equivalent to the Y861
and Y925 phosphorylation sites within the C-terminal region of FAK.

The mechanisms responsible for FRNK inhibition of FAK and PYK2 signaling in VSMC
invasion are uncertain. FAK localization to FAs is required for its activation, and its
displacement from these sites results in decreased FAK activation.7 Since FRNK contains
the identical FAT domain as FAK, we and others have proposed that FRNK inhibits FAK-
dependent signaling by competitively displacing FAK from FAs.8,9 However, another
possibility is that FRNK inhibits FAK signaling by acting as a sink for FAK binding
proteins.10 One candidate binding partner is p130Cas, which is a critical regulator of cell
migration.11 p130Cas binds to the first of two proline-rich domains (residues 711–717;
APPKPSR) in the C-terminal region of FAK,12,13 but its binding appears to be regulated by
FAK phosphorylation at Y861.14 Our evidence that FRNK can undergo tyrosine
phosphorylation independently of FAK suggests that other factors in addition to FRNK
targeting are important for its inhibitory function. These factors may also be responsible for
the phenotypic differences observed between FAK-null and FRNK-overexpressing
cells.9,15–17

Our recent observations indicate that FRNK inhibition of FAK autophosphorylation at Y397
is not related to FRNK’s ability to inhibit cell migration, so long as FA targeting is
preserved. For instance, FRNK mutated at Y168 (Y168F-FRNK) retains its ability to target
to focal adhesions and to inhibit FAK autophosphorylation, but fails to inhibit VSMC
spreading and migration.5 One possibility is that FRNK’s inhibitory effect depends on its
ability to inhibit the autophosphorylation of PYK2, rather than FAK. PYK2 is the other
member of the FAK-family of nonreceptor protein tyrosine kinases. PYK2 is highly
expressed in VSMCs, and shares both overlapping as well as distinct functions in integrin-
dependent signaling. We now demonstrate that in addition to FAK, PYK2 is also up-
regulated in balloon-injured rat carotid arteries, and overexpression of FRNK by adenoviral-
mediated gene transfer immediately after injury reduces FAK, PYK2 and paxillin
phosphorylation in vivo. To determine which kinase is involved in regulating cell invasion,
shRNAs specific for each kinase were then used to “knock down” FAK vs. PYK2 in
cultured VSMCs. We also examined the role of FRNK tyrosine phosphorylation on paxillin
and p130Cas binding. Data are presented to indicate that competition for p130Cas binding to
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FAK, and subsequent inhibition of p130Cas phosphorylation mediates the inhibitory effect of
FRNK on cell invasion.

METHODS
Experimental animals

Loyola University Medical Center’s Institutional Animal Care and Use Committee approved
all procedures involving animals, which were handled in accordance with the Guide for the
Care and Use of Laboratory Animals published by the US National Institutes of Health.
Please see the Online Supplemental Data Section (available at http://atvb.ahajournals.org)
for a detailed description of the materials and methods used for these studies.

RESULTS
FRNK overexpression in balloon-injured rat carotid artery reduces FAK and PYK2
autophosphorylation and downstream signaling

In initial experiments, we made use of a carotid artery balloon injury model5 to assess
endogenous FAK, FRNK and PYK2 expression, and to determine if adenovirally-mediated
gene transfer of GFP-wtFRNK inhibited FAK and PYK2 activation and downstream
signaling in vivo. Western blot analysis demonstrated that, in addition to FAK and
endogenous FRNK, PYK2 was markedly increased in rat carotid arteries 2wks after balloon
injury (FAK=3.5±0.9-fold; FRNK=8.9±2.8-fold; PYK2=6.0±2.2-fold; n=3 animals; Figure
1). Increased FAK and PYK2 expression was also noted 1wk after injury, which was
accompanied by increased FAK-Y397 and PYK2-Y402 phosphorylation, along with
increased paxillin expression and Y118 phosphorylation. Gene transfer of a control Adv
(Adv-GFP) immediately after balloon injury had no effect on FAK, PYK2 or paxillin
phosphorylation or expression levels relative to injured, uninfected arteries 1wk later.
However, Adv-GFP-wtFRNK gene transfer substantially reduced FAK, PYK2 and paxillin
phosphorylation (n=4 animals), indicating that FRNK overexpression early in the course of
balloon injury can inhibit both FAK and PYK2 activation and downstream signaling in vivo.

FRNK inhibits VSMC FAK and PYK2 phosphorylation and cell invasion
Confirming our previous studies,4,5 FRNK overexpression in cultured VSMCs also inhibited
basal and AngII-induced FAK-Y397 autophosphorylation, and FAK phosphorylation at
Y861 and Y925 (Supplemental Figure I). FRNK was also basally phosphorylated at Y168
and Y232 (the equivalent C-terminal phosphorylation sites on FAK), and FRNK
phosphorylation at both sites increased further in response to AngII. However, FRNK’s
inhibitory activity was not specific for FAK, as FRNK reduced basal and AngII-induced
PYK2-Y402 phosphorylation. Finally, FRNK overexpression was associated with a marked
inhibition of VSMC invasion, as assessed in a 3D-Boyden chamber assay.

FRNK-dependent inhibition of VSMC invasion is not dependent on PYK2
To ascertain whether FRNK’s inhibitory effect on cell invasion was dependent upon FAK or
PYK2, we generated adenoviral (Adv) vectors that express shRNAs specific for each kinase.
As seen in Figure 2, each pair of shRNA vectors successfully “knocked down” FAK or
PYK2, without significantly affecting the expression of the other kinase. However, only
FAK shRNAs reduced VSMC invasion in the 3D-Boyden chamber assay, indicating that
FRNK-mediated inhibition of cell invasion was predominantly dependent on its inhibitory
activity against FAK rather than PYK2.

To further explore the role of FAK vs. PYK2 in VSMC invasion, we compared the invasive
potential of VSMCs expressing GFP-wtFRNK with cells expressing GFP-wtCRNK, the C-
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terminal domain of PYK2. CRNK is a naturally occuring inhibitor of PYK2, which when
overexpressed in HEK293 cells, blocked PYK2 but not FAK autophosphorylation.18

wtCRNK also inhibited basal, endothelin-1, and H2O2-induced PYK2 activation in neonatal
rat cardiomyocytes.19 As seen in Supplemental Figure II, both wtFRNK and wtCRNK
inhibited VSMC invasion in the 3D-Boyden chamber assay, but FRNK was significantly
more effective, further indicating that FRNK’s inhibition of cell invasion was predominantly
dependent on its inhibitory activity against FAK.

To explore the requirement for FAK phosphorylation on VSMC invasion, we made use of
two different pharmacological agents that differentially inhibit FAK tyrosine
phosphorylation.6,20 As seen in Supplemental Figure III, PF573,228, a FAK-specific kinase
inhibitor20 reduced FAK autophosphorylation at Y397, and also indirectly prevented Src-
dependent FAK phosphorylation at Y861 and Y925.6 In contrast, PP2, a Src-specific kinase
inhibitor, reduced FAK phosphorylation at Y861 and Y925, but had no significant effect on
basal or AngII-induced FAK autophosphorylation at Y397. However, both agents
significantly inhibited VSMC invasion, indicating that FRNK’s ability to inhibit FAK
autophosphorylation at Y397 was not the responsible mechanism.

FRNK tyrosine phosphorylation at Y168 is necessary for FRNK inhibition of VSMC
invasion

Since FRNK overexpression, PP2 and PF573,228 all blocked FAK tyrosine phosphorylation
at Y861 and Y925, we next examined whether the same tyrosine phosphorylation sites on
FRNK (i.e., Y168 and Y232) are required for FRNK inhibition of VSMC invasion. We
generated replication-deficient Adv expressing GFP-tagged wtFRNK, Y168F-FRNK,
Y232F-FRNK and Y168,232F-FRNK. Their effects on FAK phosphorylation, as well as
FRNK targeting, binding kinetics, and inhibition of cell invasion were examined. As seen in
Supplemental Figure IV, wtFRNK and the 3 FRNK phosphorylation mutants all displayed
identical FA distribution patterns as observed by TIRF-microscopy of living cells. FA
targeting of wtFRNK and the 3 FRNK mutants also reduced basal and AngII-induced FAK
phosphorylation at Y397, Y861, and Y925, and markedly reduced downstream
phosphorylation of paxillin and ERK1/2. Taken together, these results indicate that FRNK
tyrosine phosphorylation is not required for its efficient FA targeting and inhibition of
certain aspects of FAK-dependent signaling.

A critical requirement for FRNK-mediated inhibition of VSMC migration is its binding
affinity to paxillin and other FA proteins.6 Therefore, we used TIRF-microscopy and FRAP
analysis to examine the kinetics of wt and mutant FRNK binding to FAs. Surprisingly, we
observed a small but statistically significant reduction in kFRAP for the Y168F and
Y168,232F mutants (Figure 3 and Supplemental Figure V), indicating that their binding
affinity was increased by rendering these sites nonphosphorylatable. These data were further
analyzed by 2-way ANOVA, which indicated that mutation of the Y168 site was highly
significant (P=0.007), whereas mutation of the Y232 site had no significant effect (P=0.224)
on kFRAP. Also, there was no statistically significant interaction between mutation of the
Y168 and Y232 sites (P=0.631). That is, the effect of the Y168 mutation was unaffected by
the mutational status of Y232. Finally, the significant reduction in kFRAP was associated
with a substantial loss of the inhibitory effect of the Y168F and Y168,232F mutants on
VSMC invasion.

These initial studies were conducted using unstimulated cells which demonstrate somewhat
lower levels of basal wtFRNK-Y168 and wtFRNK-Y232 phosphorylation (Supplemental
Figure I). Since the invasion assays were conducted in the presence of AngII, we repeated
the TIRF-FRAP analysis in unstimulated cells expressing wtFRNK or Y168F-FRNK, and in
paired cells that were stimulated with AngII. As seen in Figure 4, AngII stimulation had no
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significant effect on the observed kFRAP for either wtFRNK or Y168F-FRNK (P=0.177; 2-
way ANOVA). Only the presence of the Y168F mutation was significant (P<0.001) and
there was no statistically significant interaction between Y168F and AngII (P=0.848).

The 2-compartment analysis of wtFRNK and Y168F-FRNK binding kinetics also revealed
that there was a significant increase in the percentage of Y168F-FRNK in the M2 or “slow”
compartment, which was unaffected by AngII stimulation (Figure 4). These kinetic data
were confirmed by co-immunoprecipitation analysis of paxillin, which revealed a substantial
increase in the amount of Y168F-FRNK as compared to wtFRNK that was bound to paxillin
under basal conditions. AngII stimulation had no further effect on steady-state paxillin
binding to either wtFRNK or Y168F-FRNK (data not shown).

Tyrosine phosphorylation at Y168 is critical for the binding of FRNK to p130Cas

Like paxillin, p130Cas is a focal adhesion adaptor protein that binds to the first of two
proline-rich regions in the C-terminal domain of FAK. Since FRNK contains the same
proline-rich regions, we examined whether FRNK and p130Cas co-localize to VSMC focal
adhesions. As seen in Figure 5A, GFP-tagged wtFRNK (green) was readily detected by
confocal microscopy within linear structures at the cell-substratum interface of fully spread
VSMCs. The identical structures also contained p130Cas (red). Co-localization was
confirmed in the merged images (yellow). Interestingly, a similar co-localization pattern was
observed for GFP-tagged Y168F-FRNK.

A substantial fraction of the p130Cas also co-localized with both wtFRNK and Y168F-
FRNK at the leading edge of VSMCs during focal adhesion formation. As seen in
Supplemental Figure VI-A, GFP-tagged wtFRNK and Y168F-FRNK were readily identified
in linear structures at the cell-substratum interface of spreading VSMCs. Although most of
the p130Cas was centrally located around the nucleus of spreading cells, it was also readily
identified in peripheral focal adhesions, where it was found to co-localize with both
wtFRNK and Y168F-FRNK. A similar distribution pattern was observed for paxillin, and wt
and mutant FRNK (Supplemental Figure VI-B).

Interaction of p130Cas with FAK and FRNK
Co-immunoprecipitation was then used to examine the steady-state interaction of p130Cas

with wtFRNK and Y168F-FRNK. As seen in a representative experiment (Figure 5B), equal
amounts of endogenous p130Cas were immunoprecipitated in cells infected (100moi, 24h)
with Adv-GFP, Adv-GFP-wtFRNK, or Adv-GFP-Y168F-FRNK. As predicted from its
known structure, there was considerable steady-state interaction between p130Cas and
wtFRNK. Surprisingly, this interaction was significantly reduced in cells expressing Y168F-
FRNK. A quantitative analysis of wtFRNK vs. Y168F-FRNK binding in n=4 experiments is
depicted in Figure 5C. Of note, direct analysis by Western blotting of cell extracts prior to
co-immunoprecipitation revealed equal expression levels of GFP-tagged wtFRNK and
Y168F-FRNK, indicating that the dramatic difference in p130Cas binding was not due to
differences in the expression or stability of wt vs. mutant FRNK.

The same co-immunoprecipitates were then examined for the presence of endogenous FAK,
which revealed evidence of competition for p130Cas binding between wtFRNK and FAK. A
quantitative analysis of FAK/p130Cas binding from n=4 experiments is depicted in Figure
5D. As is evident from the figure, there was a significant reduction in p130Cas-FAK steady-
state interaction in cells expressing wtFRNK. In contrast, there was no significant difference
in FAK binding to p130Cas in cells expressing Y168F-FRNK.

Once localized, FAK phosphorylates itself at a single tyrosine residue (Y397), which serves
as a high-affinity binding site (pYAEI motif) for the SH2 domain of Src-family protein
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tyrosine kinases.21 Src also binds via its SH3 domain to the proline-rich region (RPLPSPP)
of p130Cas,22 and Src then phosphorylates p130Cas at multiple sites within its substrate
domain. Since p130Cas tyrosine phosphorylation is critical for downstream signaling
required for cell migration,11 we examined whether the interaction of wtFRNK with p130Cas

affected p130Cas phosphorylation at Y165. As seen in Figures 5B and 5E, the
immunoprecipitated p130Cas was highly phosphorylated in control cells expressing GFP.
wtFRNK expression markedly reduced p130Cas phosphorylation. However, p130Cas

phosphorylation in cells expressing Y168F-FRNK was similar to control cells. Of note, the
phosphorylation of p130Cas at Y165 was Src-dependent, as PP2 markedly suppressed basal-
and AngII-stimulated phosphorylation at this site (Supplemental Figure VII-A). We interpret
these results to indicate that the residual p130Cas binding to FAK within focal adhesions of
cells expressing Y168F-FRNK was sufficient to maintain near normal levels of p130Cas

phosphorylation by Src that is required for the initiation of cell migration.

To further examine the relationship between FAK, FRNK and p130Cas, we attempted to
“rescue” wtFRNK-induced inhibition of VSMC invasion by overexpressing a “constitutively
active” mutant of FAK, known as CD2-FAK.23 Fusion of CD2 to the FAK N-terminus
caused hyperphosphorylation of its Y397 site (Figure 6A), perhaps by membrane anchoring
and unfolding its N-terminal autoinhibitory domain. As depicted in Figure 6B, this construct
increased VSMC invasion in cells expressing GFP, and also partially rescued the FRNK-
mediated inhibition of cell invasion. Similarly, wt-p130Cas overexpression also partially
reversed the inhibitory effect of GFP-wtFRNK, but had no effect on VSMCs expressing
GFP (Figure 6C). Finally, overexpression of a nonphosphorylatable mutant of p130Cas (i.e.,
Cas-ΔSD)24 reduced endogenous p130Cas phosphorylation (Figure 6A), and mimicked the
inhibitory phenotype of wtFRNK overexpression (Figure 6D).

DISCUSSION
FRNK is a naturally occurring, smooth-muscle specific protein that is markedly up-
regulated in the vessel wall following vascular injury.3,5,16,25 In cultured VSMCs, FRNK
overexpression has a number of effects, including inhibition of new protein synthesis,4
inhibition of cell proliferation and migration,5,6,16,26,27 and induction of serum- and TGF-β–
stimulated smooth muscle marker gene expression.25 As FRNK can inhibit both FAK and
PYK2, it is conceivable that some of FRNK’s inhibitory activity is mediated by inhibition of
PYK2 rather than FAK. Indeed, both proteins have distinct as well as overlapping functions
in cell signaling, including similar FAT sequences and proline-rich domains that are
involved in protein-protein interactions. As we demonstrate in this report, the anti-invasive
effect of FRNK is primarily due to its inhibitory effect on FAK, as FRNK overexpression,
FAK knockdown, and PF-573228, a highly specific FAK kinase inhibitor, all showed
similar results in our 3D-Boyden chamber invasion assay. Nevertheless, it is conceivable
that other FRNK effects, including its regulation of both the ERK1/2 and the
phosphatidylinositol 3-kinase/Akt pathways that are involved in AngII-induced VSMC
protein synthesis, could be mediated by its inhibition of PYK2.28

Although FRNK is a potent inhibitor of VSMC migration in 2D and 3D culture, the
mechanisms responsible for FRNK inhibition appear much more complicated that
previously proposed. FRNK targeting to FAs is consistently required for FRNK inhibition of
FAK-dependent signaling, including its effect on VSMC invasion.6 However, our data
indicate that other factors, including FRNK tyrosine phosphorylation, are also necessary. In
fact, rendering FRNK nonphosphorylatable at Y168 resulted in enhanced, rather than
reduced FA targeting, as evident by a reduction in the dynamic exchange of FRNK between
the cytoplasm and binding partners within VSMC FAs. Reduced exchange resulted in an
increase in the steady-state interaction of FRNK with paxillin. Surprisingly however,
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enhanced FA targeting did not correlate with enhanced inhibitory activity with respect to
cell invasion. Rather, the Y168F mutation abolished FRNK’s ability to inhibit cell invasion,
yet the mutated FRNK still retained its ability to inhibit FAK tyrosine phosphorylation at
multiple sites, paxillin phosphorylation, and downstream signaling to the ERK1/2 cascade.

Our current observations now explain the significance of FRNK Y168 phosphorylation, and
reveal its importance in regulating the competition of FRNK and FAK for p130Cas binding.
Unlike paxillin which binds to the FAT domain of FAK and FRNK and regulates
targeting,29,30 p130Cas binds via its SH3 domain to the first of two proline-rich regions
(APPKPSR) in both FAK and FRNK.12 SH3-domain-mediated binding of p130Cas to FAK
is critically important in promoting cell migration through the coordinated activation of Rac
at membrane extensions.31 Importantly, Lim et al.14 showed that p130Cas binding to FAK
was influenced by the phosphorylation state of FAK at Y861. We now clearly demonstrate
that p130Cas binding to FRNK is highly dependent on the phosphorylation state of FRNK at
Y168. When overexpressed, FRNK successfully competed for p130Cas binding as an
essential mechanism for its inhibitory activity. However, FRNK overexpression also
prevented the downstream phosphorylation of p130Cas, which is necessary for the initiation
of cell migration.11 Therefore, we propose a 3-stage mechanism for FRNK inhibition – FA
targeting, Y168 phosphorylation, and competition with FAK for p130Cas binding and
phosphorylation, which are all required for FRNK to inhibit VSMC invasion. In this
scenario, FRNK undergoes phosphorylation at Y168, targets to FAs, and competes with the
FAK/Src complex for p130Cas. Because FRNK has no kinase activity or SH2 binding site
for Src, it cannot phosphorylate p130Cas and initiate migration. This scenario is
schematically depicted in Supplemental Figure VII-B.

Nevertheless, the relationship between FRNK-Y168/FAK-Y861 phosphorylation and
p130Cas binding remains unknown. X-ray crystallographic analysis of the FAT domain has
revealed a highly compact, 4 α-helix bundle that interacts via 2 hydophobic patches with the
LD2 and LD4 domains of paxillin.32 However, Campbell and colleagues33,34 have
suggested by solution-phase NMR and molecular dynamics simulations that conformational
flexibility within the FAT domain promotes an open conformation of Helix-1. This
unfolding of the hinge region of the FAT domain would disrupt paxillin binding, and
facilitate the Src-dependent phosphorylation of FAK at Y925, thereby creating a recognition
site for binding of the adaptor protein Grb2. Our recent data6 support this model, as reducing
the affinity of FRNK for paxillin (by introduction of a hydrophilic Ser in place of a
hydrophobic Leu at position 341) increased the phosphorylation of FRNK at Y232, which is
equivalent to the Y925 site on FAK. These results also suggest that a similar mechanism
may be operative in regulating p130Cas binding to FRNK and FAK. Src-dependent
phosphorylation at Y168/Y861 may induce a more open conformation in the intervening
sequences between the kinase and FAT domains, exposing the proline-rich domain, and
thereby allowing p130Cas interaction with both FRNK and FAK. Interestingly, we observed
that rendering FRNK nonphosphorylatable at Y168 not only reduced p130Cas-FRNK
interaction, but also increased FRNK’s interaction with paxillin. Thus, the Y168F mutation
must also have favored the closed conformation of the FAT domain and reduced its dynamic
exchange with paxillin in FAs.

There may be potential therapeutic value in pharmacologically manipulating FAK
phosphorylation during vasculogenesis and neointima formation. However, the structural
similarities between FAK and FRNK require caution in manipulating FAK-dependent
signaling in VSMCs, as FAK and FRNK phosphorylation may occur by similar
mechanisms, but result in opposing effects on cell spreading, migration and invasion.
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Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1. FRNK overexpression in balloon-injured rat carotid artery reduces FAK and PYK2
autophosphorylation and downstream signaling
Representative Western blots of FAK (A) FRNK (A) and PYK2 (B) expression in balloon-
injured and contralateral control carotid arteries 2wks after arterial injury. Quantitative
analysis of expression levels is indicated in the text for n=3 animals. (C) Repesentative
Western blots of FAK, PYK2 and paxillin phosphorylation and expression in contralateral
(Control) and 1wk-injured, uninfected (UI) arteries, and in injured arteries subjected to Adv
gene transfer with ~1010 pfu of Adv-GFP or Adv-GFP-wtFRNK. (D) Quantitative analysis
of FAK-Y397, PYK2-Y402, and paxillin-Y118 phosphorylation in injured-uninfected,
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injured-Adv-GFP-infected, and injured-Adv-GFP-wtFRNK-infected arteries (relative to
uninjured-uninfected control arteries) from n=4 rats. *P<0.05 vs. Uninfected-injured.
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Figure 2. FRNK inhibition of VSMC invasion is not dependent on PYK2
RASMCs were maintained in serum-free medium (uninfected, or UI), or were infected with
Adv-Luci-shRNA Adv-FAK-shRNAs, or Adv-PYK2-shRNAs (300moi, 96h). (A) For FAK-
shRNAs, equal amounts of cell protein (50µg) were subjected to Western blotting, and blots
were probed with total FAK, total PYK2 and GAPDH antibodies. (B) Quantitative analysis
of total FAK relative to GAPDH. Data are means±SEM, n=4 experiments. (C) For PYK2-
shRNAs, equal amounts of cell protein (50µg) were subjected to Western blotting, and blots
were probed with total PYK2, total FAK, and GAPDH antibodies. (D) Quantitative analysis
of total PYK2 relative to GAPDH. Data are means±SEM, n=4 experiments. The position of
molecular weight markers is indicated to the left of each blot. (E–F) RASMCs were infected
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with Adv-Luci-shRNA, Adv-FAK-shRNAs or Adv-PYK2-shRNAs (300moi, 96h). Equal
numbers of Adv-infected cells were suspended in serum-free medium, and placed in the
upper chamber of Matrigel-coated Boyden chambers. AngII (100nM) was placed in the
lower chamber. Cells were allowed to migrate for 2h, and cell invasion was quantified as in
Figure 2. Data are means±SEM, n=4 experiments. *P<0.05 vs. UI or Luci-shRNA, where
appropriate.
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Figure 3. FRNK tyrosine phosphorylation at Y168 is critical for FRNK inhibition of VSMC
invasion
RASMCs were infected (100moi, 24h) with Adv expressing GFP-tagged, wt, Y168F-,
Y232F-, or Y168,232F-FRNK. (A) Average kFRAP values (sec−1) for peripheral focal
adhesions of 20 cells from each of 4 different experiments (a total of 80 individual TIRF-
FRAP recordings) were compared. Data are means±SEM; *P<0.05 vs. wtFRNK. (B–C)
Equal numbers of Adv-infected cells were suspended in serum-free medium, and placed in
the upper chamber of Matrigel-coated Boyden chambers. AngII (100nM) was placed in the
lower chamber. Cells were allowed to migrate for 2h, and cell invasion was quantified as in
Figure 2. (B) Representative object scoring maps from a single experiment. (C) Quantitative
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analysis of 20 object scoring maps per group from 3 separate experiments was compared.
Data are means±SEM; *P<0.05 vs. GFP.
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Figure 4. Mutation of Y168 enhanced FA targeting and paxillin interaction
RASMCs were infected (100moi, 24h) with Adv expressing GFP-tagged, wt or Y168F-
FRNK. Paired cultures were stimulated with AngII (100nM, 15–45min). (A) Average kFRAP
values (sec−1) for the 80 individual TIRF-FRAP recordings were compared. (B) 2-
compartment analysis of wtFRNK and Y168F-FRNK binding kinetics. M1 and M2
represent the fraction of total fluorescence in the “fast” and “slow” compartments,
respectively. (C–D) RASMCs were infected (100moi, 24h) with Adv-GFP, Adv-GFP-
wtFRNK or Adv-GFP-Y168F-FRNK. (C) Cell extracts (500µg total protein) were co-
immunoprecipitated with anti-paxillin mAb, and immunoblots were probed with anti-GFP
mAb (to detect GFP-wtFRNK and GFP-Y168F-FRNK). The position of molecular weight
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markers is indicated to the left of each blot. (D) Quantitative analysis of GFP-wtFRNK and
GFP-Y168F-FRNK co-immunoprecipitated with paxillin. Data are means±SEM; n=4
experiments. *P<0.05 vs. wtFRNK.
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Figure 5. Tyrosine phosphorylation at Y168 is critical for the binding of FRNK to p130Cas

(A) RASMCs were infected (100moi, 24h) with Adv-GFP-wtFRNK, or Adv-GFP-Y168F-
FRNK (green). Cells were then fixed, permeabilized, counterstained with anti-p130Cas mAb
(red), mounted with DAPI-containing mounting medium to detect cell nuclei (blue), and
viewed by confocal microscopy. Co-localization of GFP fluorescence and p130Cas in these
1µm optical sections at the cell-substratum interface was represented in the merged image
(yellow). The bar indicates 15µm. (B) RASMCs were infected (100moi, 24h) with Adv-
GFP, Adv-GFP-wtFRNK or Adv-GFP-Y168F-FRNK. Cell extracts (1000µg total protein)
were co-immunoprecipitated with anti-p130Cas mAb, and immunoblots were probed with
anti-p130Cas, anti-GFP mAb (to detect GFP-wtFRNK and GFP-Y168F-FRNK), anti-N-
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terminal FAK mAb and pY165p130Cas. The position of molecular weight markers is
indicated to the left of each blot. (C) Quantitative analysis of GFP-wtFRNK and GFP-
Y168F-FRNK co-immunoprecipitated with p130Cas. (D) Quantitative analysis of FAK co-
immunoprecipitated with p130Cas in the same pull-downs. (E) Quantitative analysis of
pY165-p130Cas in the same pull-downs. Data are means±SEM; n=4 experiments. *P<0.05
vs. GFP control; +P<0.05 for wtFRNK vs. Y168-FRNK.
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Figure 6. Rescue of wtFRNK inhibition of VSMC invasion by CD2-FAK and p130Cas

RASMCs were infected (100moi, 24h) with either Adv-GFP or Adv-GFP-wtFRNK. To
“rescue” the phenotype, cells were then infected with either Adv-CD2-FAK or Adv-wtCas
(100moi, 24h). Adv-neßgal (100moi, 24h) was used to control for the nonspecific effects of
Adv infection. To further analyze the importance of p130Cas phosphorylation, a
nonphosphorylatable Cas mutant (Cas-ΔSD; 100moi, 24h) was also used. (A)
Representative Western blots; (B–D) Quantitative analysis of cell invasion from n=4
experiments. *P<0.05 vs. GFP+neßgal; #P<0.05 vs. wtFRNK+neßgal.
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