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Focal adhesion kinase (FAK) was ®rst identi®ed as a
viral Src (v-Src) substrate, but the role of FAK in Src
transformation events remains unde®ned. We show
that stable expression of the FAK C-terminal domain
(termed FRNK) in v-Src-transformed NIH 3T3 ®bro-
blasts inhibited cell invasion through Matrigel and
blocked experimental metastases in nude mice without
effects on cell motility. FRNK inhibitory activity was
dependent upon its focal contact localization. FRNK
expression disrupted the formation of a v-Src-FAK
signaling complex, inhibited p130Cas tyrosine phos-
phorylation, and attenuated v-Src-stimulated ERK
and JNK kinase activation. However, FRNK did not
affect v-Src-stimulated Akt activation, cell growth in
soft agar, or subcutaneous tumor formation in nude
mice. FRNK-expressing cells exhibited decreased
matrix metalloproteinase-2 (MMP-2) mRNA levels
and MMP-2 secretion. Transient FRNK expression in
human 293 cells inhibited exogenous MMP-2 pro-
moter activity and overexpression of wild-type but not
catalytically-inactive (Ala-404) MMP-2 rescued v-Src-
stimulated Matrigel invasion in the presence of
FRNK. Our ®ndings show the importance of FAK in
Src-stimulated cell invasion and support a role for
Src-FAK signaling associated with elevated tumor cell
metastases.
Keywords: cell invasion/FAK/matrix/metalloproteinase/
metastasis/Src

Introduction

FAK is a non-receptor protein-tyrosine kinase (PTK) that
facilitates integrin signaling, regulating cell cycle pro-
gression, cell survival and cell migration (reviewed in
Parsons et al., 2000; Zhao and Guan, 2000; Schaller,
2001). FAK is a major tyrosine-phosphorylated protein in
adherent cells, and the transient recruitment of Src-family
PTKs to FAK is one of the best measures of integrin-
stimulated FAK activation. Studies with human tumor
tissues and tumor-derived cell lines have shown that
enhanced tumorigenicity in vivo is correlated with ele-
vated FAK expression, tyrosine phosphorylation and c-Src

association with FAK (Cance et al., 2000; Hecker et al.,
2002).

In Rous sarcoma virus (v-Src)-transformed chicken
®broblasts, FAK was identi®ed as a highly tyrosine-
phosphorylated protein that directly associated with v-Src
(Schaller et al., 1992). Both Src homology-2 (SH2)- and
SH3-binding interactions stabilize the v-Src±FAK signal-
ing complex (Hauck et al., 2001a). Although v-Src is a
potent oncogene (reviewed in Martin, 2001; Frame et al.,
2002) and FAK-associated proteins such as p130Cas are
important mediators of Src-stimulated cell growth (Honda
et al., 1998), the role of a v-Src±FAK complex remains
unde®ned, as studies with FAK-null cells showed that
FAK was not essential for enhanced v-Src-stimulated cell
growth (Roy et al., 2002).

A number of studies have shown that FAK localization
with integrins at cellular focal contact sites is required for
maximal FAK activation. FAK focal contact localization
is mediated by FAK C-terminal domain interactions
with integrin-associated proteins (Tachibana et al., 1995;
Klingbeil et al., 2001). The FAK C-terminal domain is
also expressed as a separate mRNA transcript termed
FRNK in chicken ®broblasts (Schaller et al., 1993; Nolan
et al., 1999) and in smooth muscle cells after vascular
injury (Taylor et al., 2001). FRNK functions as a potent
dominant-negative inhibitor of FAK activity by competi-
tively preventing FAK localization to focal contacts
(Richardson and Parsons, 1996). In this manner, FRNK
exerts inhibitory effects on cell cycle progression (Zhao
and Guan, 2000), cell migration (Hauck et al., 2001b;
Taylor et al., 2001) and cell survival (Xu et al., 2000).

Here, we test the importance of FAK in v-Src-
stimulated cell transformation through the dominant-
negative effects of FRNK expression. We found that
stable FRNK expression prevented v-Src-stimulated cell
invasion in vitro and experimental metastases in vivo.
FRNK localization to focal contacts disrupted the v-Src±
FAK signaling complex, inhibited v-Src-stimulated ERK2
and JNK activation and reduced the gene transcription of
targets such as matrix metalloproteinase-2 (MMP-2). Our
studies support the hypothesis that increased Src±FAK
signaling in transformed cells is connected to the
generation of an invasive cell phenotype.

Results

FRNK inhibits v-Src-stimulated cell invasion but
not cell motility
To determine the signi®cance of v-Src±FAK association
with respect to cell transformation, FRNK was stably
expressed as a dominant-negative inhibitor of FAK
function in NIH-3T3 ®broblasts transformed by the
Schmidt±Ruppin D v-src expression plasmid psrc11
(v-Src3T3s). Since pooled populations of v-Src3T3s

FRNK blocks v-Src-stimulated invasion and
experimental metastases without effects on cell
motility or growth
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were heterogeneous for FRNK expression (data not
shown), cell clones were obtained and expanded, and
three that expressed equivalent levels of FRNK (termed
R2, A2 and O4) were selected for further analyses
(Figure 1A). Stable FRNK expression levels are approxi-
mately equal to endogenous FAK levels in v-Src3T3s
(data not shown). The ability of FRNK to act as a
dominant-negative inhibitor of FAK depends upon its
localization to focal contact sites, and this can be
inactivated by a point mutation (Leu1034 to serine in
FAK) that de-stabilizes the focal adhesion targeting
domain and disrupts paxillin binding (Sieg et al., 1999;
Hayashi et al., 2002). Since FRNK S-1034 is a stable

cytoplasmically distributed protein, v-Src3T3s expressing
FRNK S-1034 were used as a control for FRNK
(Figure 1A).

Compared with mock-transfected v-Src3T3s, equivalent
v-Src expression and in vitro kinase activities were present
in FRNK clones R2 and A2 (Figure 1A and B). Lower
levels of v-Src expression and in vitro kinase activity were
detected in FRNK clone O4 compared with v-Src3T3s
(Figure 1B). Analyses of ®bronectin (FN)-stimulated
haptotaxis motility as measured by Boyden chamber
assays revealed that v-Src3T3s exhibited reduced migra-
tion compared with normal NIH-3T3 ®broblasts
(Figure 1C). This result may be related to the weakening

Fig. 1. Stable FRNK expression in v-Src3T3s does not inhibit cell motility. (A) Equal protein lysates of either NIH-3T3 or v-Src3T3 ®broblasts were
analyzed by blotting with a v-Src-speci®c mAb (top panel) and re-probed with an HA tag mAb to visualize FRNK (clones R2, A2 and O4) or FRNK
S-1034 expression (lower panel). (B) c-Src and v-Src were immunoprecipitated (mAb 2-17) from lysates of serum-starved cells and were analyzed for
associated in vitro kinase (IVK) activity using GST±FAK-CT as a substrate. (C) Haptotaxis motility was assayed with immobilized FN and the
indicated cells. Random cell motility was measured in the presence of BSA. Values are means 6 SD from four experiments. (D) Chemotaxis motility
was assayed on collagen-coated membranes with the indicated cells using a serum stimulus added to the lower chamber. Random cell motility was
measured in the presence of BSA. Values are means 6 SD from three experiments. (E) Wound-healing scratch motility assays were performed with
the indicated cells plated onto Matrigel-coated glass slides in the presence of serum. Cell migration was assessed by 1 mm grid comparisons of four
image sets at 0 and 24 h; representative images are shown.
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of cell contact sites either through v-Src-enhanced
b1-integrin cytoplasmic domain phosphorylation (Sakai
et al., 2001) or effects of enhanced protease secretion from
v-Src-transformed cells (Datta et al., 2001). Importantly,
FRNK expression in v-Src3T3s did not inhibit haptotaxis
motility (Figure 1C), serum-stimulated chemotaxis motil-
ity (Figure 1D) or two-dimensional motility on top of
Matrigel as performed in scratch-type assays (Figure 1E)
compared with control v-Src3T3s. However, when ana-
lyzed for three-dimensional cell invasion activity through
a polymerized Matrigel or collagen type I barrier
(Figure 2), FRNK inhibited v-Src3T3 cell invasion in all
clones analyzed. Notably, cell invasion was stimulated
by v-Src as NIH-3T3 ®broblasts were motile (Figure 1),
but these cells displayed only low invasive activity
(Figure 2). FRNK S-1034 did not inhibit v-Src-
stimulated cell invasion through either Matrigel or
collagen type I barriers (Figure 2). Together, these results
support the conclusion that FRNK inhibition of cell
invasion occurs through a mechanism that is independent

of effects on cell motility within a v-Src-transformed cell
background.

Disruption of the v-Src±FAK signaling
complex by FRNK
When expressed at high levels in chicken or rat ®broblasts,
v-Src promotes the loss of focal contacts and actin stress
®bers with the concomitant formation of actin-rich ventral
contact sites termed podosomes (Tarone et al., 1985;
Meijne et al., 1997). v-Src localizes to both podosomes and
perimeter focal contact sites (Fincham et al., 1996; Hauck
et al., 2002). v-Src3T3s form podosomes when plated onto
FN in the absence of serum, whereas they form actin stress
®bers and focal contacts when plated onto FN in the
presence of serum (data not shown). FRNK-expressing
v-Src3T3s exhibit a fusiform cell shape and form podo-
somes or focal contacts on FN in a manner identical to
v-Src3T3s (Figure 3A). FRNK expression did not affect
v-Src distribution in v-Src3T3s (data not shown). However,
FRNK expression in many cell systems promotes FAK

Fig. 2. FRNK inhibits v-Src-stimulated three-dimensional cell invasion. (A) Matrigel (30 mg) invasion assays were performed with the indicated cells
for 24 h using a serum stimulus in the lower chamber. Values are means 6 SD from four experiments. No cell invasion was detected in the presence
of BSA. (B) Representative images (603) of the lower porous membrane surface from Matrigel invasion assays. Crystal violet-stained cells can be
distinguished from the 8 mm membrane pores. (C) Cell invasion through polymerized collagen type I was assayed with the indicated cells for 24 h
using a serum stimulus in the lower chamber. Values are means 6 SD from two independent experiments. Random invasion activity was assayed in
the presence of BSA.
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dephosphorylation potentially by displacement of FAK
from focal contact sites (Parsons et al., 2000). To evaluate
the effect of FRNK on FAK tyrosine phosphorylation,
N-terminally directed antibodies were used to isolate
endogenous FAK and comparative analyses were per-
formed between FRNK clone R2 (herein termed v-Src
FRNK) and v-Src FRNK S-1034 cells, as they are equal for
v-Src expression and activity (see Figure 1A and B). Lower
levels of both FAK-associated in vitro kinase activity and
v-Src co-immunoprecipitation (IP) were detected in lysates
from v-Src FRNK compared with both v-Src3T3s and v-Src
FRNK S-1034 cells (Figure 3B). Since equal levels of FAK
were isolated in the IP analyses, these results support the
conclusion that FRNK expression disrupts the signaling
complex formed between v-Src and FAK.

As shown previously (Schlaepfer and Hunter, 1996) and
evaluated through the use of phospho-speci®c antibodies

to FAK, FAK Tyr397 can be highly phosphorylated in
starved NIH-3T3 cells (Figure 3C) under conditions where
FAK-associated kinase activity is very low (Figure 3B).
Therefore, the analysis of FAK Tyr397 phosphorylation is
not always an accurate measure of FAK activation.
However, v-Src transformation of NIH-3T3 ®broblasts
results in elevated FAK tyrosine phosphorylation at sites
in the C-terminal domain such as Tyr861 (Calalb et al.,
1996) and the Grb2 SH2-binding site at Tyr925
(Schlaepfer et al., 1994). FRNK expression in v-Src3T3s
inhibited FAK phosphorylation at Tyr861 and Tyr925, but
not FAK phosphorylation at Tyr397 compared with
v-Src3T3s (Figure 3C). Notably, FRNK also inhibited
the tyrosine phosphorylation of FAK-associated proteins
such as p130Cas (Figure 3D). Importantly, FRNK S-1034
expression did not signi®cantly decrease v-Src-enhanced
FAK or p130Cas tyrosine phosphorylation (Figure 3C and

Fig. 3. FRNK inhibits the formation of a v-Src±FAK signaling complex, promotes FAK and p130Cas dephosphorylation, but does not affect cell
morphology. (A) v-Src3T3 FRNK cells plated onto FN in the presence or absence of serum visualized by phase, actin staining with FITC±phalloidin
or indirect staining for focal contact-associated vinculin. The scale bar is 30 mm. (B) FAK was immunoprecipitated (IP) from the indicated serum-
starved cells and analyzed for 32P-associated in vitro kinase (IVK) activity. The FAK IPs were resolved by SDS±PAGE, transferred to a PVDF mem-
brane and exposed to ®lm. Equal levels of FAK and the co-immunoprecipitation of v-Src were visualized by blotting. (C) FAK IPs from the indicated
serum-starved cells were analyzed sequentially with anti-phosphotyrosine (pTyr) or with phospho-speci®c antibodies to FAK Tyr397 (pY397), Tyr861
(pY861) or Tyr925 (pY925). FAK levels were determined by FAK blotting, and these analyses were performed on two sets of IPs. (D) p130Cas IPs
from the indicated cells were analyzed sequentially by anti-P.Tyr and p130Cas blotting.
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D). These results indicate that FRNK disrupts the
v-Src±FAK signaling complex and promotes the site-
speci®c inhibition of v-Src-mediated FAK and p130Cas
tyrosine phosphorylation.

FRNK inhibits v-Src-stimulated JNK1 and ERK2 but
not Akt activation
As FRNK expression in v-Src3T3s selectively reduced
p130Cas tyrosine phosphorylation and FAK phosphoryl-
ation at Tyr925, and as these events have been connected
to JNK/SAP kinase and ERK/MAP kinase activation,
respectively (Dol® et al., 1998; Schlaepfer et al., 1998),
blotting comparisons of whole-cell lysates were made with
phospho-speci®c antibodies to activated ERKs, JNKs and

Akt (Figure 4A±C). Under serum-starved conditions,
v-Src promoted the strong activation of ERK2, JNK1
and Akt kinases in v-Src3T3s compared with the lack of
signaling pathway activation in NIH-3T3s (Figure 4A±C,
lanes 1 and 2). In v-Src FRNK cells, the level of activated
ERK2 and JNK1 detected by blotting was reduced
compared with v-Src3T3s and v-Src FRNK S-1034 cells
(Figure 4A and B, lanes 2±4). ERK2 in vitro kinase
activity was reduced ~2-fold, whereas JNK kinase activity
was reduced ~3-fold in cells expressing FRNK compared
with v-Src3T3 controls (Figure 4A and B). However,
FRNK was not acting as a general inhibitor of
v-Src-stimulated signaling events, as the level of activated
Akt detected by blotting and in vitro kinase assays was
equivalent in FRNK, FRNK S-1034 and v-Src3T3 cells
(Figure 4C).

FRNK does not block v-Src-stimulated cell growth
or tumor formation
To determine whether FRNK-mediated inhibition of
v-Src-stimulated ERK or JNK activity affected cell growth
or survival, analyses measuring serum-independent and
anchorage-independent growth of v-Src3T3s were per-
formed (Figure 4D and E). Under 0.5% serum conditions,
v-Src3T3s but not normal NIH-3T3 cells continued to
proliferate and form foci (Figure 4D). No differences in
either cell growth or foci formation after 12 days were
observed for the v-Src3T3s, v-Src FRNK or v-Src FRNK
S-1034 cells in 0.5% serum (Figure 4D) or in normal 10%
serum conditions (data not shown).

Although JNK (Turkson et al., 1999) and ERK2
activation (Penuel and Martin, 1999) have been implicated
in promoting v-Src-stimulated cell growth, v-Src FRNK
cells exhibited robust anchorage-independent growth in
soft agar (Figure 4E). No differences in either colony
number or size were observed between v-Src FRNK, v-Src
FRNK S-1034 or v-Src3T3 cells. Since in vitro cell
proliferation does not always correlate with cell growth
in vivo, solid tumor formation was analyzed by subcuta-
neous injection of cells into athymic nude mice
(Figure 5A). v-Src FRNK cells grew equally well as a
solid tumor mass compared with both v-Src FRNK S-1034
and v-Src3T3s, whereas NIH-3T3 cells did not form
tumors. Blotting analyses of tumor tissue revealed that
equivalent levels of v-Src, FRNK and FRNK S-1034
expression were maintained in vivo (Figure 5B). Together,
these results support the conclusion that FRNK selectively
inhibited v-Src-stimulated cell invasion through a
molecular mechanism that was independent of growth-
promoting signaling pathways.

FRNK expression prevents v-Src-stimulated
experimental metastasis
Since the in vitro Matrigel invasion assays do not fully
reconstitute the multiple steps of tumor cell metastasis
in vivo (Curran and Murray, 2000), experimental meta-
stases assays were also performed. Solid tumor growth
assays were stopped after 19 days due to skin ulceration
and, at this point, no lung or organ metastases were
detected in animals (data not shown). Therefore, cells were
tail vein injected and experimental lung metastases were
evaluated after 4 weeks. A total of 75% (12/16) of
v-Src3T3- and 84% (16/19) of v-Src FRNK S-1034-

Fig. 4. FRNK inhibits v-Src-stimulated ERK2 and JNK1 but not Akt
activation. FRNK does not affect v-Src-stimulated cell growth in vitro.
(A±C) Lysates were made from the indicated serum-starved cells.
Blotting analyses were performed on whole-cell lysates with phospho-
speci®c antibodies to either activated ERK (pERK), JNK (pJNK) or
Akt (pAkt). The corresponding blots were stripped and reprobed with
polyclonal antibodies to ERK2, JNK1 and Akt, respectively. (A) ERK2
IPs from the indicated cells were analyzed for in vitro kinase activity
by the phosphorylation of myelin basic protein (MBP). (B) IPs using
polyclonal antibodies to JNK1 and JNK2 from the indicated cell lysates
were analyzed for in vitro kinase activity using GST±ATF-2 as a sub-
strate. (C) Akt IPs from the indicated cells were analyzed for in vitro
kinase activity by the phosphorylation of GST±GSK-3. Values in
(A±C) are means 6 SD from two experiments. (D) Growth of the indi-
cated cells on gelatin-coated dishes in 0.5% serum. Cell counts were
performed every 24 h in triplicate. Values are means 6 SD from two
independent experiments. NIH-3T3 (diamonds), v-Src3T3 (open
squares), v-Src FRNK (open triangles) and v-Src FRNK S-1034 (®lled
circles). (E) Anchorage-independent cell growth in soft agar was evalu-
ated by plating the indicated cells in 10% serum within 0.3% agar on a
solidi®ed base. Images show typical ®elds at 603.
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injected animals exhibited multiple and large tumor
nodules on the lung surface (Figure 5C; Table I). Thin
sectioning and staining of lungs revealed tumor cell
growth in areas close to blood vessels for v-Src3T3- and
v-Src FRNK S-1034- but not for v-Src FRNK- or NIH-3T3
cell-injected animals (Figure 5D).

Notably, only 19% (3/16) of v-Src FRNK-injected
animals exhibited macroscopic metastatic tumor nodules
on the lung surface (Table I) and the average number of

surface tumor nodules per lung lobe in v-Src FRNK-
injected animals was 10-fold less than in mice injected
with v-Src FRNK S-1034 cells (Figure 5C; Table I). As a
more sensitive means to detect microscopic metastases,
protein extracts from lung tissue were analyzed by either
v-Src or hemagglutinin (HA) tag blotting analyses
(Figure 5E). Equivalent endogenous FAK expression
was used as a loading control. Importantly, v-Src expres-
sion was detected in the lung tissue from v-Src3T3- and

Fig. 5. FRNK inhibits experimental metastasis but not v-Src-stimulated solid tumor growth. (A) Athymic nude mice were injected subcutaneously
with the indicated cells and, after 10 days, visible tumor size was measured with calipers. Values are means 6 SD from two experiments with eight
animals per group. NIH-3T3 (diamonds), v-Src3T3 (open squares), v-Src FRNK (open triangles) and v-Src FRNK S-1034 (®lled circles). (B) Protein
lysates from the indicated subcutaneously grown tumor tissue were analyzed by FAK (top), v-Src (middle) or HA tag blotting (lower).
(C) Representative Bouin's-®xed lungs from mice 4 weeks after injection with the indicated cells. Multiple tumor nodules on the lung surface can be
seen in v-Src3T3- and v-Src FRNK S-1034-injected animals. The scale bar is 1 cm. (D) Representative H&E-stained mouse lung sections from
animals injected with the indicated cells. Metastatic tumor cells (arrows) and blood vessels (B) are indicated. (E) Blotting analyses of lung tissue after
4 weeks from animals injected with the indicated cells. FAK blotting was performed on protein lysates (top), v-Src was detected by immunoprecipita-
tion and blotting (middle), and FRNK was detected by HA tag immunoprecipitation and blotting (lower). (F) HA tag blotting analysis was performed
on protein lysates of lung tumor nodules from either v-Src FRNK- or v-Src FRNK S-1034-injected mice. The M number is used to identify mice.
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v-Src FRNK S-1034-injected animals, and HA tag blotting
also revealed strong FRNK S-1034 expression (Figure 5E).
However, neither v-Src nor FRNK were detected in the
lung tissue from v-Src FRNK-injected animals (Figure 5E).

Since FRNK expression was maintained in the cells
grown as subcutaneous tumors (Figure 5B), HA tag
blotting analyses were also performed with protein
extracts from two individual lung surface tumor nodules
isolated from either v-Src FRNK- or v-Src FRNK S-1034-
injected animals (Figure 5F). Whereas v-Src was detected
equally in the tumor nodules (data not shown), surpris-
ingly, FRNK expression was not detected (Figure 5F).
This result contrasts with the 100% frequency of detect-
able FRNK S-1034 expression in multiple lung tumor
nodules analyzed (Figure 5F; Table I). Since experimental
metastases are believed to arise from the colonization of
single cells, we speculate that the low frequency of
metastases observed after v-Src FRNK cell injection may
represent cells within the clonal population that ceased to
express FRNK.

FRNK inhibits MMP-2 secretion and expression
For cell invasion and experimental metastasis, cells must
be able to proliferate and migrate, and be capable of
degrading and moving through extracellular matrix
barriers (Curran and Murray, 2000). v-Src can promote
increased expression of gelatinases (Hamaguchi et al.,
1995) and collagenases (Vincenti et al., 1998) involved in
breaking down tissue barriers. By gelatin zymography of
conditioned media, there is increased gelatinase A (or
MMP-2) and gelatinase B or (MMP-9) secretion from
equal numbers of v-Src3T3 compared with NIH-3T3 cells
(Figure 6A). FRNK-expressing clones R2, A2 and O4
showed reduced secretion of MMP-2 compared with
v-Src3T3s, as determined by both zymography and blot-
ting of conditioned media (Figure 6B). In contrast, no
differences in MMP-2 secretion were observed for v-Src
FRNK S-1034 compared with v-Src3T3s (Figure 6B).
Proteolytic activation of 72 kDa proMMP-2 occurs in part
through the actions of a membrane-associated MMP,
termed MT1-MMP (Nagase and Woessner, 1999). v-Src
promotes increased MT1-MMP expression that cleaves
MMP-2 to an ~64 kDa active form (Kadono et al., 1998).
Whereas low levels of active MMP-2 were detected by
zymography of FRNK R2-conditioned media (Figure 6B),
no differences in MT1-MMP expression were detected bet-
ween v-Src3T3s and FRNK-expressing clones (Figure 6B).

Since MMP activity is also regulated by TIMP binding
(Nagase and Woessner, 1999) and the dissociation of
TIMP±MMP complexes during gel electrophoresis prior to
zymography assays acts to enhance the apparent activity of
proMMP isoforms, soluble gelatinase activity in the cell-

Table I. Subcutaneous tumor growth and experimental lung metastases in athymic nude mice

Cell line Subcutaneous growth Lung metastases

Mice with
tumors/total mice

Average diameter
(mm)

Mice with
visible nodules

(%) Average No.
of surface nodules

FRNK expression
in nodules (%)

NIH-3T3 0/4 0 0/12 0 0 N/A
v-Src3T3 16/16 15.5 6 0.6 12/16 75 6.2 N/A
v-Src FRNK 16/16 15.6 6 2.0 3/16 19 1 0
v-Src FRNK S-1034 16/16 14.2 6 2.1 16/19 84 11 100

The average diameter of subcutaneous tumors was determined 19 days after injection. Visible lung tumor nodules (1±10 mm in size) were counted
under a stereomicroscope 4 weeks after tail vein injection. HA tag blotting of excised tumor nodule tissue was evaluated for FRNK expression.
N/A, not applicable.

Fig. 6. FRNK inhibits v-Src-stimulated MMP-2 secretion. (A) Gelatin
zymography of conditioned media from equal numbers of NIH-3T3 or
v-Src3T3 ®broblasts. The positions of proMMP9, proMMP-2 and active
MMP-2 are indicated. (B) Conditioned medium from the indicated cells
was analyzed by gelatin zymography and MMP-2 blotting. Whole-cell
lysates from the indicated cells were analyzed by MT1-MMP blotting.
(C) Conditioned medium from the indicated cells was analyzed for
soluble gelatinase activity. Values are expressed as a percentage of an
activated MMP-2 standard. (D) Whole-cell lysates from the indicated
cells were analyzed for soluble gelatinase activity. (E) Matrigel
invasion assays were performed with v-Src3T3s in the presence of re-
combinant human TIMP-2 at the concentration indicated in the top
chamber. Values are means 6 SD from two independent experiments.
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conditioned media samples was assayed using a peptide
substrate (Figure 6C). Both v-Src3T3 and v-Src FRNK
S-1034 cells contained high levels of soluble gelatinase
activity, whereas NIH-3T3 and the various v-Src FRNK
cell clones had ~4-fold lower levels of gelatinase activity
secreted from the same number of cells (Figure 6C).
Analysis of whole-cell lysates also revealed that FRNK
expression resulted in lower levels of cell-associated
gelatinase activity (Figure 6D). Although blotting analyses
did not reveal signi®cant changes in TIMP expression
(data not shown), addition of recombinant TIMP-2 to
v-Src3T3s inhibited Matrigel invasion activity in a dose-
dependent manner (Figure 6E). Taken together, these
results support the hypothesis that FRNK may block
v-Src-stimulated cell invasion through the inhibition of
MMP-2 secretion and/or production.

To determine whether FRNK inhibition of MMP-2
secretion was associated with lower levels of MMP-2
expression, semi-quantitative RT±PCRs were performed
with total RNA samples isolated from v-Src3T3s and
FRNK-expressing cells (Figure 7A). Compared with
v-Src3T3s and normalized to b-actin and GAPDH levels
(values set to 1), MMP-2 mRNA levels were 2.5- to 3.3-
fold lower in FRNK-expressing cells. The v-Src FRNK
S-1034 cells contained MMP-2 mRNA levels equivalent
to those of v-Src3T3s, and no signi®cant differences were
observed for MMP-9 mRNA levels in the cells analyzed
(Figure 7A). To evaluate whether FRNK expression
directly inhibited MMP-2 mRNA production, transient
transfection assays in human 293T cells were performed
with a 1686 bp fragment of the rat MMP-2 promoter
region fused to a luciferase reporter (Figure 7B). This
pT4-Luc-1686 construct exhibited high basal activity
(Harendza et al., 1995), and v-Src co-transfection did
not result in enhanced luciferase production (data not
shown). However, co-transfection of FRNK inhibited
MMP-2 promoter activity ~4 fold in a dose-dependent
manner (Figure 7B), and increased FRNK expression
promoted endogenous FAK dephosphorylation in 293T
cells (data not shown). Co-transfection of FRNK S-1034
did not signi®cantly (P = 0.09) inhibit MMP-2 promoter
activity. Since MMP-2 mRNA differences as determined
by RT±PCR (Figure 7A) parallel the amount of both MMP
activity and secreted protein detected in cell-conditioned
media (Figure 6B) and also correlate with the invasive
activity of v-Src3T3s (Figure 2), our combined results
support the hypothesis that FRNK expression blocks
v-Src3T3 cell invasion through the inhibition of MMP-2
gene expression.

Inhibition of JNK blocks v-Src-stimulated cell
invasion and MMP-2 secretion, but
not cell motility
The regulation of MMP gene expression and secretion
involves the convergence of multiple signaling pathways
(Nagase and Woessner, 1999). Since FRNK expression
inhibited both v-Src-stimulated ERK2 and JNK activity,
pharmacological inhibitors of these signaling pathways
were tested for effects on v-Src3T3 cell invasion
(Figure 8A). Treatment of cells with 25 mM PD98059
MEK1 inhibitor reduced v-Src-stimulated ERK2 in vitro
kinase activity ~2-fold and blocked ERK2 phosphoryl-
ation as detected by an activation-speci®c monoclonal

antibody (mAb) (Figure 8B). However, treatment of
v-Src3T3s with 25 mM PD98059 did not alter v-Src3T3
cell invasion through Matrigel (Figure 8A) and did not
inhibit cell motility in scratch assays (data not shown).
However, treatment of v-Src3T3s with the SP600125
JNK inhibitor reduced v-Src3T3 cell invasion in a dose-
dependent manner (Figure 8A). At 25 mM, SP600125
reduced v-Src3T3 cell invasion 4-fold (Figure 8A),
inhibited JNK in vitro kinase activity ~2.5-fold
(Figure 8C) and blocked JNK1 phosphorylation as
detected by an activation-speci®c mAb (Figure 8C).
Importantly, treatment of cells with 25 mM of either the
SP600125 or PD98059 inhibitors did not cross-inhibit
either v-Src-stimulated ERK2 or JNK activity, respect-
ively (Figure 8B and C). As treatment of v-Src3T3s with

Fig. 7. FRNK inhibits MMP-2 gene expresion. (A) Semi-quantitative
RT±PCR analysis was performed with RNA isolated from the indicated
cells using primer pairs to amplify MMP-2 (449 bp), MMP-9 (433 bp),
b-actin (302 bp) or GAPDH (265 bp). The intensity of either the
MMP-2 or MMP-9 bands was normalized to both b-actin and GAPDH
signals. Values for v-Src3T3s were set to 1. (B) Luciferase activity
from a 1686 bp region of the MMP-2 promoter (pT4-Luc-1686) or the
empty luciferase vector (pGL2-Basic). Constructs were transiently
transfected into human 293T cells along with increasing concentrations
of FRNK or FRNK S-1034. Results are expressed as the ratio of
luciferase versus Renilla activity. Values are means 6 SD from two
experiments.
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SP600125 also did not inhibit cell motility in scratch
assays performed on Matrigel-coated slides (data not
shown), analyses of MMP activity in v-Src3T3-condi-
tioned media showed that incubation of cells with 25 mM
SP600125 for 18 h resulted in reduced MMP-2 secretion
(Figure 8D). These results support the hypothesis that
v-Src±FAK signaling through JNK is an important path-
way regulating MMP-2 secretion and cell invasion.

MMP-2 overexpression rescues FRNK blockage
to cell invasion
Since MMP-2 is probably one of several v-Src-stimulated
targets that are regulated in part by a FAK±JNK signaling
pathway, epitope-tagged human MMP-2 or a catalytically
inactive (Ala404) point mutant (Morgunova et al., 1999)
were stably overexpressed to test whether increased
MMP-2 expression could reverse the FRNK blockage of
cell invasion (Figure 9). Pooled populations of v-Src3T3s
and v-Src FRNK cells showed equal levels of exogenous
secreted His-tagged MMP-2 and His-tagged Ala404
MMP-2 by blotting analyses of conditioned media
(Figure 9A). No changes in either v-Src or FRNK
expression were detected in cells overexpressing MMP-2
(Figure 9A). Importantly, incubation of the 72 kDa pro-
form of His-MMP-2 with the catalytic domain of
MT1-MMP showed that this recombinant MMP-2 protein
could be cleaved and activated ef®ciently, as detected by
both blotting and zymography analyses (Figure 9B).

Notably, the amount of proMMP-2 secreted and active
MMP-2 generated from both v-Src3T3s and v-Src FRNK
cells was enhanced by wild-type but not Ala404 MMP-2
expression (Figure 9C). This result indicates that FRNK
did not block the increased secretion and proteolytic
activation of overexpressed His-tagged proMMP-2. When
analyzed in Matrigel invasion assays, MMP-2 overexpres-
sion in v-Src FRNK cells promoted a >3-fold increase in
cell invasion through Matrigel compared with v-Src
FRNK cells (Figure 9E). This corresponded to an ~70%
rescue in v-Src FRNK cell invasion compared with
v-Src3T3s. Importantly, Ala404 MMP-2 expression did
not increase v-Src FRNK cell invasion and no signi®cant
invasion differences were observed in v-Src3T3 cells
expressing either wild-type or Ala404 MMP-2 (Figure 9E).
Since no changes in v-Src in vitro kinase activity were
detected in cells overexpressing MMP-2 (Figure 9D),
these results support the conclusion that the inhibitory

Fig. 8. JNK activity is important for v-Src-stimulated cell invasion and
MMP-2 secretion. (A) Matrigel invasion assays were performed with
v-Src3T3s in the presence of DMSO or the indicated concentrations of
MEK1 (PD98059) or JNK (SP600125) inhibitors added to both
chambers. Values are means 6 SD from two experiments. (B and
C) v-Src3T3s were mock treated with DMSO or incubated in the pres-
ence of 25 mM of either PD98059 or SP600125 for 18 h in starved con-
ditions. Protein lysates were analyzed for (B) ERK2 in vitro kinase
activity or (C) JNK in vitro kinase activity. Values are means 6 SD
from two experiments. Whole-cell lysates were blotted for either
activated ERK (pERK) or activated JNK (pJNK1) and re-probed for
either total ERK2 or JNK1 protein expression, respectively.
(D) Conditioned media from either serum-starved, mock-treated
(DMSO) or 25 mM SP600125-treated (18 h) v-Src3T3s were analyzed
by gelatin zymography. A conditioned medium sample from the same
number of serum-starved NIH-3T3 ®broblasts is shown for comparison.
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effects of FRNK on v-Src-stimulated cell invasion were
due in large part to reduced MMP-2 expression.

Discussion

Through the stable expression of the FAK C-terminal
domain, termed FRNK, in v-Src3T3s, we show that FRNK
functioned as a speci®c inhibitor of v-Src-stimulated cell
invasion in vitro and experimental metastasis in vivo.
Quite surprisingly, FRNK expression did not inhibit cell
motility detectably in v-Src transformed cells. Addition-
ally, FRNK was not acting as a general inhibitor of
v-Src-mediated cell transformation events as there were no
detectable effects of FRNK on v-Src kinase activity,
v-Src-stimulated cell growth in low serum, anchorage-
independent growth in soft agar or solid tumor formation
in nude mice. The inhibitory effects of FRNK were
connected to the disruption of an activated v-Src±FAK

signaling complex, as FRNK expression inhibited the site-
speci®c phosphorylation of FAK at Tyr861 and Tyr925 as
well as v-Src-stimulated p130Cas tyrosine phosphoryl-
ation. Importantly, we show that the inhibitory effects of
FRNK could be inactivated by a point mutation (Leu1034
to serine) that prevents FRNK localization to focal
contacts and the stable expression of which did not inhibit
FAK or p130Cas tyrosine phosphorylation.

Studies have shown that the v-Src SH3 domain is
important for targeting v-Src to focal contacts (Frame
et al., 2002). Gain-of-function point mutations within the
v-Src SH3 RT loop also promote the binding to target
proteins containing a PXXPXXF motif (where F is a
hydrophobic residue) in addition to normal c-Src type I or
type II SH3-binding motifs (Hauck et al., 2001a). FAK
contains three PXXPXXF motifs, and comparisons of
Src±/± cells transformed by various v-Src isoforms
showed that gain-of-function mutations in the v-Src SH3
domain acted to stabilize the v-Src±FAK signaling com-
plex and enhance Matrigel invasion activity (Hauck et al.,
2002). Notably, in Src±/± cells transformed by a v-Src
isoform lacking gain-of-function SH3 mutations respon-
sible for enhanced FAK association, Matrigel invasion
activity was severely attenuated. However, adenoviral-
mediated FAK overexpression facilitated the formation of
a Src±FAK signaling complex, enhanced invadopodia
projections and increased Matrigel invasion 9-fold in these
cells (Hauck et al., 2002). Importantly, adenoviral-
mediated FAK overexpression did not promote an invasive
phenotype of normal Src±/± cells. Taken together with our
current results using FRNK as a dominant-negative
inhibitor of FAK within v-Src3T3s, our combined studies
support the conclusion that Src±FAK signaling is con-
nected to the generation of an invasive cell phenotype in
transformed cells.

FRNK did not inhibit the motility or proliferation
of v-Src3T3s
Previous studies have shown that FRNK expression in
normal ®broblast (Sieg et al., 1999, 2000), smooth muscle
(Hauck et al., 2000) or human carcinoma cells (Hauck
et al., 2001b; Slack et al., 2001) blocked both integrin- and
growth factor-stimulated cell motility. However, our
studies showed that FRNK did not inhibit v-Src3T3
motility as measured by both Boyden chamber and wound-
healing assays. We speculate that this surprising result
may be associated with the maintenance of FAK Tyr397
phosphorylation in v-Src3T3 cells expressing FRNK at
levels equivalent to endogenous FAK expression. Notably,
high levels of adenoviral-mediated FRNK expression
promote FAK Tyr397 dephosphorylation and inhibit cell
motility (Hauck et al., 2001b; Slack et al., 2001). Since
FAK Tyr397 phosphorylation is required for promoting
cell motility and a number of different SH2 domain-
containing proteins bind to this site (Schlaepfer et al.,
1999), it is likely that FAK function was not completely
inhibited by the level of FRNK expression in v-Src3T3s.
This conclusion is supported by the ®ndings that
adenoviral-mediated FRNK overexpression in v-Src-
transformed primary mouse ®broblasts inhibited cell
motility (D.Hsia, unpublished results).

Although FRNK expression has been connected to the
inhibition of cell proliferation in carcinoma cells (Aguirre

Fig. 9. MMP-2 overexpression rescues the FRNK-mediated blockage of
cell invasion. (A) Conditioned media samples from the indicated cells
stably overexpressing and secreting either MMP-2 or catalytically inac-
tive MMP-2 (Ala404) were analyzed by His tag blotting (top). v-Src
(middle) or HA tag (lower) blotting of whole-cell lysates from the indi-
cated cells. (B) In vitro cleavage and activation of His-tagged MMP-2
by incubation with the catalytic domain of MT1-MMP as visualized by
MMP-2 blotting (top) and gelatin zymography (lower). (C) Conditioned
media samples from the indicated cells were analyzed by gelatin zymo-
graphy. The positions of proMMP-9, proMMP-2 and active MMP-2 are
indicated. (D) v-Src was immunoprecipitated from the indicated serum-
starved cell lysates, and associated in vitro kinase activity (IVK) was
measured by GST±FAK-CT phosphorylation. (E) Matrigel (30 mg)
invasion assays were performed with the indicated cells for 24 h.
Values are means 6 SD from two independent experiments. No cell
invasion was detected in the presence of BSA.
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Ghiso, 2002), other cell lines such as immortalized smooth
muscle cells (Hauck et al., 2000), chicken embryo
®broblasts (Schaller et al., 1993) or N1E-115 neuro-
blastoma cells (Zhou and Song, 2001) either endogenously
express or can tolerate exogenous FRNK expression
without effects on cell proliferation. We found that
FRNK did not inhibit v-Src3T3 cell growth in low
serum, soft agar or as a tumor mass in nude mice. This
result is consistent with the ®nding that FAK is not
essential for Src-enhanced cell growth as determined using
FAK±/± cells (Roy et al., 2002). Although FRNK expres-
sion inhibited v-Src-stimulated ERK2/MAP kinase and
JNK/SAP kinase activation in v-Src3T3s, studies have
shown that multiple signaling pathways contribute to
v-Src-stimulated cell proliferation (Odajima et al., 2000).
In particular, as v-Src can also bind directly to the
p85 subunit of phosphatidylinositol (PI) 3¢-kinase and
stimulate PI 3¢-kinase activity (Liu et al., 1993), it is
possible that the strong activation of downstream targets of
PI 3¢-kinase such as Akt contributes to the anchorage-
independent growth of v-Src3T3 cells expressing FRNK.

FAK signaling regulates MMP expression
FRNK disruption of the v-Src±FAK signaling complex
inhibited the v-Src-mediated phosphorylation of FAK
Tyr861 and FAK Tyr925, and the tyrosine phosphoryl-
ation of p130Cas. FAK Tyr861 phosphorylation is
important for FAK association with integrins (Eliceiri
et al., 2002), FAK Tyr925 is important for FAK signaling
to ERK2/MAP kinase (Schlaepfer et al., 1998), whereas
p130Cas tyrosine phosphorylation has been connected
to JNK/SAP kinase activation (Dol® et al., 1998).
Pharmacological inhibition of JNK prevented v-Src3T3
cell invasion through Matrigel but not cell motility,
whereas pharmacological inhibition of MEK1 upstream
of ERK2 did not block v-Src3T3 invasion. FRNK
inhibited v-Src-stimulated JNK activity, and this pathway
can regulate MMP expression (Han et al., 2001). Both
FRNK expression and JNK inhibition resulted in
reduced MMP-2 secretion from v-Src3T3s. To test the
importance of MMP-2 secretion to v-Src3T3 cell invasion,
we found that overexpression of wild-type but not
catalytically inactive MMP-2 resulted in an ~70% rescue
of cell invasion activity in v-Src3T3 cells expressing
FRNK.

Previous studies have shown that FRNK overexpression
can inhibit MMP-9 and MMP-2 secretion from human
carcinoma cells (Hauck et al., 2001b) and that FAK re-
expression in FAK-null cells increases the secretion of
these MMPs (Sein et al., 2000). The regulation of MMP-2
gene expression is complex, and studies have shown that
JNK-responsive transcription factor-binding sites con-
tribute to constitutive MMP-2 expression (Qin et al.,
1999). As shown by RT±PCR, FRNK expression resulted
in lower levels of MMP-2 but not MMP-9 mRNA in
v-Src3T3s. Additionally, transient transfection of FRNK
inhibited constitutive MMP-2 promoter activity in 293T
cells under conditions promoting endogenous FAK
dephosphorylation. Whereas previous studies have impli-
cated FAK signaling in promoting elevated MMP-2
secretion (Zhang et al., 2002), our studies support a role
for FAK in promoting increased MMP-2 gene expression

leading to increased MMP-2 protein production and
secretion, and enhanced cell invasion.

Role of FAK in tumorigenesis
In the absence of tumor immune responses to Rous
sarcoma virus-associated antigens, v-Src can promote
malignancy and rapid metastasis in chicken wing tissues
(Stoker and Sieweke, 1989; Taylor et al., 1994). v-Src
transformation of many different mammalian cell types
has shown that this oncogene strongly promotes cell
invasion in vitro and experimental metastases in vivo
(Behrens et al., 1993; Aguirre-Ghiso et al., 1999).
Whereas our current study was focused upon the
molecular mechanism of the v-Src±FAK signaling in
®broblasts, our results also may portend a potential role for
Src±FAK signaling in the context of tumorigenesis.
Notably, FAK expression and tyrosine phosphorylation
are elevated as a function of increased human tumor cell
malignancy (Cance et al., 2000). Activating Src mutations
are found in malignant progression of human colon cancer
(Irby et al., 1999), Src activation contributes to the
metastatic spread of carcinoma cells (Boyer et al., 2002),
and Src±FAK signaling is implicated in malignant
astrocytoma tumor growth (Hecker et al., 2002). Since
FAK is a key regulator of normal cytotrophoblast-
mediated invasion of the uterus during placental formation
(Ilic et al., 2001), and FRNK expression potently inhibited
both v-Src3T3 cell invasion activity in vitro and experi-
mental metastasis formation in vivo, our ®ndings support
the conclusion that FAK signaling promotes cell invasion
in both normal developmental and neoplastic cell settings.
In conclusion, our studies warrant either the testing of
FAK antisense treatments (Hauck et al., 2001b) or the
development of inhibitors of FAK activity in the control of
tumorigenesis.

Materials and methods

Cells, antibodies and reagents
v-Src3T3s transformed with the pSrc11 plasmid (Johnson et al., 1985)
were maintained as described previously (Schlaepfer et al., 1994). Anti-
P.Tyr (4G10) mAb and avian-speci®c mAb to v-Src (EC10) were from
Upstate Biotechnology, anti-His tag mAb was from Qiagen, anti-HA-
epitope tag mAb (16B12) was from Covance Research, and anti-p130Cas
mAb was from BD/Transduction Laboratories. Anti-ERK2 mAb (B3B9),
anti-c-Src mAb (2-17) and anti-HA epitope tag mAb (12CA5) ascites
were used as described previously (Schlaepfer et al., 1998). Polyclonal
antibodies to c-Src (Src-2), p130Cas (C20), MMP-2 (C19), MMP-9
(C20), JNK1 (C17), ERK2 (C14) and Akt1 (C20) were from Santa Cruz
Biotechnology, and polyclonal antibodies to MT1-MMP (AB8102) were
from Chemicon. Phospho-speci®c mAbs to activated ERK2 (E10 to
pT202/pY204), activated JNK1 (G9 to pT183/pY185) and activated Akt
(pS473) were from Cell Signaling Technology. Phospho-speci®c
antibodies to FAK (FAK pY397, FAK pY861 and FAK pY925) were
from BioSource International. Af®nity-puri®ed polyclonal antibodies to
the N- and C-terminal domains of FAK were used as described previously
(Sieg et al., 1999). Recombinant human TIMP-2 and the catalytic domain
of MT1-MMP were purchased from Chemicon. Pharmacological
inhibitors to MEK1 (PD98059) and JNK1 (SP600125) were purchased
from Calbiochem.

DNA constructs and cell transfection
Triple HA-tagged constructs for FRNK and S-1034 FRNK in pCDNA3.1
(Hauck et al., 2001a) were transfected into v-Src3T3s using Effectene
(Qiagen) and selected for growth in hygromycin B (250 mg/ml). Single
cells were isolated by light scatter ¯uorescence-activated cell sorting
(FACS) into 96-well culture dishes, and clonal cell lines were established.
Human MMP-2 cDNA containing a secretion signal sequence followed
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by an internal His6 tag was cloned into pCEP-Puro. Catalytically inactive
MMP-2 was generated by replacement of Glu404 with alanine as
described previously (Morgunova et al., 1999). All constructs were
con®rmed by DNA sequence analyses.

Immunoprecipitation and immunoblotting
Cells were solubilized in modi®ed RIPA lysis buffer (Schlaepfer et al.,
1998) containing 1% Triton X-100, 1% sodium deoxycholate and 0.1%
SDS. Antibodies (2.5 mg) were incubated with lysates for 3 h at 4°C and
collected by binding to protein G-plus (Oncogene Research Products) or
protein A (Repligen) agarose beads. Blotting and sequential membrane
re-probing were performed as described previously (Schlaepfer et al.,
1998).

In vitro kinase (IVK) assays
For FAK and Src, assays were initiated by addition of [g-32P]ATP to
immuno-isolated proteins and incubated at 32°C for 15 min in the
presence (Src IVK) or absence (FAK IVK) of a Src substrate (GST±FAK-
CT) (Schlaepfer et al., 1994). ERK2 IVK activity was measured using
myelin basic protein, JNK IVK activity was measured using GST±ATF2,
and Akt IVK activity was measured using GST±GSK-3 as described
previously (Schlaepfer et al., 1998; Klingbeil et al., 2001). Following
SDS±PAGE and electrophoretic transfer to PVDF membranes
(Millipore), labeled proteins were visualized by autoradiography and
the equal recovery of the immuno-isolated kinase was veri®ed by
blotting.

Migration and invasion assays
MilliCell (12 mm diameter with 8 mm pores) chambers (Millipore) were
pre-coated on the membrane underside with 10 mg/ml FN (Sigma) for 2 h
at room temperature for haptotaxis assays or the whole chamber was
coated with 5 mg/ml rat tail collagen (Boehringer Mannheim) for 24 h at
4°C for chemotaxis assays. For invasion assays, growth factor-reduced
Matrigel (BD Biosciences) was diluted (30 mg in 100 ml of H2O), added to
the top chamber, allowed to gel for 1 h at 37°C, air-dried for 16 h, and the
Matrigel barrier was reconstituted with 100 ml of Dulbecco's modi®ed
Eagle's medium (DMEM) for 2 h at 37°C prior to use. For collagen type I
invasion, neutralized (240 mg in 100 ml) bovine dermal collagen
(Vitrogen) was added to the top chamber, allowed to gel, dried and
reconstituted as described above. For all assays, serum-starved cells were
collected by limited trypsin treatment followed by the addition of soybean
trypsin inhibitor as described previously (Sieg et al., 1999). Cells were
added to the upper compartment (1 3 105 cells in 300 ml) in migration
medium [DMEM with 0.5% bovine serum albumin (BSA)] and the
chambers were placed into 24-well culture dishes containing 0.4 ml of
migration medium for integrin-stimulated motility or with DMEM with
10% serum for chemotaxis motility and invasion assays, respectively.
Haptotaxis controls were performed with BSA-coated membranes,
whereas migration medium in the lower chamber served as the control
for chemotaxis and invasion assays. After 4 (migration) or 24 h (invasion)
at 37°C, migratory cells on the lower membrane surface were ®xed by
treatment with 2% formaldehyde/0.5% glutaraldehyde. Cells were stained
(0.1% crystal violet, 0.1 M borate pH 9.0 and 2% ethanol) and migration
values were determined either by dye elution (in 10% acetic acid) or by
counting ®ve high-power (403) ®elds/chamber. Mean values were
obtained from at least three individual chambers for each experimental
point per assay.

For scratch motility assays, etched grid coverslips (Bellco) were pre-
coated with 30 mg/ml Matrigel in phosphate-buffered saline (PBS) for 2 h
at 37°C, rinsed, placed into a 35 mm dish, and 1 3 106 cells in 3 ml were
allowed to adhere in migration medium for 6 h. Cells were wounded with
a pipet tip, rinsed, photographed (0 h) and incubated in DMEM with 10%
serum. After 24 h, cells were ®xed in paraformaldehyde, rinsed and
photographed using the same grid markers.

Gelatinase activity
A total of 5 3 106 cells were plated onto Matrigel-coated (30 mg/ml)
10 cm dishes in growth medium for 8 h, and then incubated in 5 ml of
Opti-MEM (Gibco-BRL) in the absence of serum at 37°C for 18 h. The
conditioned medium was collected, clari®ed by centrifugation, separated
in non-reducing gels containing 0.1% (w/v) gelatin, and processed for
zones of clearing activity by zymography as described previously (Hauck
et al., 2001b). Puri®ed human MMP-2 and murine MMP-9 (Chemicon)
were used as migration standards. For blotting analyses, secreted proteins
in the conditioned medium were precipitated by cold acetone and
separated by SDS±PAGE. Both conditioned medium and whole-cell
lysates were analyzed for soluble MMP-2 + MMP-9 activity using the

Chemicon Gelatinase Activity kit (ECM700) as per the manufacturer's
instructions. Sample activity is expressed as a percentage of control (10 ml
of p-aminophenylmercuric acetate-activated human MMP-2 as provided).
In vitro activation of puri®ed His-tagged MMP-2 was performed by
incubation (1 h at 37°C) with the recombinant catalytic domain of
MT1-MMP (MT1:MMP-2 ratio 1:10) as described previously (English
et al., 2001).

RT±PCR
Cells were incubated in Opti-MEM overnight and total RNA was isolated
using an RNeasy kit (Qiagen). Reverse transcription was carried out using
5 mg of RNA, oligo(dT) primers and the SuperScript ®rst strand cDNA
synthesis kit (Gibco-BRL). The method of primer dropping PCR was
used as a semi-quantitative means to analyze MMP RNA levels. Brie¯y,
primer pairs (R&D systems) were used to amplify MMP-2 (449 bp),
MMP-9 (433 bp), b-actin (302 bp) and GAPDH (265 bp) PCR products.
Range-®nding preliminary PCR experiments were used to determine the
subsaturating levels of PCR ampli®cation for each primer pair so that the
products remain proportional to the amount of target mRNA. Twenty-
three cycles were used to amplify the GAPDH and b-actin products,
MMP-2 was ampli®ed using 30 cycles, and 35 cycles were used to
amplify MMP-9. Co-ampli®cation of MMP-2 or MMP-9 with b-actin and
GAPDH was carried out by adding b-actin and GAPDH primer pairs after
PCR cycle 7 or cycle 12, respectively. Digitized images of the PCR
products were quanti®ed using ImageQuant (Molecular Dynamics).

MMP-2 promoter activity
We used 1686 bp of the 5¢ rat MMP-2 promoter region cloned into the
promoterless luciferase pGL2-basic vector (pT4-Luc-1686) as described
previously (Harendza et al., 1995). Human 293 T cells were transiently
transfected with either 0.5 mg of pGL-2-basic or pT4-Luc-1686 with
either 0.5 mg pCDNA3.1 or increasing amounts of pCDNA3.1 FRNK or
pCDNA3.1 FRNK S-1034 up to 0.5 mg using Lipofectamine Plus (Gibco-
BRL). A 20 ng aliquot of pTK-Renilla luciferase (Promega) was included
in all transfections. Cells were harvested after 36 h and luciferase activity
was assessed using the dual-luciferase assay kit (Promega). Final values
were corrected for transfection ef®ciency as determined by Renilla
activity.

Cell growth and soft agar assays
Cells were serum starved overnight and 1 3 104 cells were plated onto
gelatin-coated (0.1% in PBS) dishes in DMEM containing 0.5 or 10%
serum. Every 24 h, cells were collected after trypsin treatment and
counted. For measurement of anchorage-independent growth, 4 3 104

cells were suspended in 0.3% agar (Difco), seeded onto a solidi®ed base
of growth medium containing 0.6% agar and overlaid with 1 ml of growth
medium. Colonies were scored after 3 weeks, and all values were
determined in triplicate.

Tumor growth and experimental metastasis
Athymic WeHi nude mice (6±8 weeks old) were injected subcutaneously
with 5 3 105 cells in 200 ml of DMEM and, after 7 days, tumor growth
was monitored every other day by caliper measurement. After 19 days,
the tumors were removed, weighed, measured and snap frozen. For
experimental metastases assays, 6 3 105 cells in 200 ml of DMEM were
injected into the tail vein and, after 4 weeks, the lungs were removed,
analyzed for macroscopic tumor nodule formation and either snap frozen
or ®xed in Bouin's solution. For histochemical analyses, lungs were
paraf®n embedded, thin sectioned and mounted onto glass slides, and
microscopic metastases were visualized after hematoxylin and eosin
(H&E) staining. Detection of v-Src or FRNK protein expression in
subcutaneous tumors or in lung tissue was by western blotting after
protein extraction in modi®ed RIPA buffer containing 0.5% SDS.

Statistical analysis
Ordinary one-way analysis of variance (ANOVA) was used to determine
signi®cance within data groups.
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