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Lysyl Oxidase Regulates Actin Filament Formation
Through the p130Cas/Crk/DOCK180 Signaling Complex
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Abstract We have previously demonstrated that lysyl oxidase (LOX) is expressed in invasive breast cancer cells
compared to poorly invasive cells. Additionally, we have recently shown that LOX regulates cell migration, a key step in
the invasion process, through a hydrogen peroxide-dependent mechanism involving the focal adhesion kinase (FAK)/Src
signaling complex. Here we further elucidate the role of LOX in cell motility/migration by examining the role of LOX in
actin filament polymerization. We demonstrate that inhibition of LOX leads to an increase in phalloidin staining, directly
associated with an increase in actin stress fiber formation. This increase in staining was confirmed by activity assays
showing an increase in Rho activity with decreased LOX activity. Additionally, Rac and Cdc42 activity decreased with the
reduction in LOX activity. Taken together, these data demonstrate a loss of a motogenic phenotype with decreased LOX
activity. Finally, in order to elucidate the mechanism by which LOX regulates actin polymerization, we have
demonstrated that LOX facilitates p130Cas phosphorylation, which allows for the binding to CAS related kinase (Crk) and
formation of the p130Cas/Crk/DOCK180 signaling complex. Formation of this complex leads to an increase in Rac-GTP,
which decreases actin stress fiber formation and increases formation of lamellipodium. These data demonstrate that LOX
regulates cell motility/migration through changes in actin filament polymerization, which involve the regulation of
the p130Cas/Crk/DOCK180 signaling pathway. Elucidating the role of LOX in the regulation of cell motility will allow
the development of more effective therapeutic strategies to treat invasive/metastatic breast cancer. J. Cell. Biochem. 98:
827–837, 2006. � 2006 Wiley-Liss, Inc.
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Lysyl oxidase (LOX) was originally described
as a copper-dependent amine oxidase respon-
sible for catalyzing the cross-linking of col-

lagens and elastins within the extracellular
matrix [Smith-Mungo and Kagan, 1998; Csis-
zar, 2001;Kagan andLi, 2003].However, recent
studies have shown that LOXmay have several
additional roles both intra- and extracellularly.
Our laboratory and others have demonstrated
that catalytically active LOX is localized within
the nucleus and cytoplasm of cells [Li et al.,
1997; Payne et al., 2005]. Specifically, LOX has
been shown to have a role in the regulation of
motility/migration, gene transcription, and dif-
ferentiation [Nelson et al., 1988; Lazarus et al.,
1995; Smith-Mungo and Kagan, 1998; Li et al.,
2000; Csiszar, 2001; Giampuzzi et al., 2003a].

For years, LOX has been considered a tumor
suppressor gene due to the work that was
initially performed in ras-transformed fibro-
blasts. In these studies, LOXwas identified as a
ras-recision gene capable of suppressing the
oncogenic activities of ras [Kenyon et al., 1991].
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Conversely, a loss of LOX transcription and
activity has been demonstrated in ras-trans-
formedcells [Kenyonetal., 1991;Contenteetal.,
1999]. Additionally, expression of LOX in ras-
transformed cells has also been correlated with
a loss of NF-kB activation and decreases in cell
adhesion [Giampuzzi et al., 2003b; Jeay et al.,
2003]. Giampuzzi et al. [2001] also demon-
strated an increase in tumorigenicity and
metastasis in nude mice injected with normal
rat kidney fibroblasts transfected with anti-
sense LOX. LOX mRNA expression has also
been shown to be downregulated in a variety of
spontaneous human cancers including color-
ectal cancer [Csiszar, 2001], bronchogenic car-
cinoma [Woznick et al., 2005], gastric cancers
[Kaneda et al., 2004], head and neck squamous
cell carcinomas [Rost et al., 2003], and primary
and metastatic prostate tissues [Ren et al.,
1998]. These studies demonstrate that there is a
precedent to consider LOX a tumor suppressor
gene. However, there are an equal number of
reports demonstrating that LOXmRNAexpres-
sion or activity is upregulated in human cancers
such as ovarian cancer [Rae et al., 2004], renal
cell carcinomas [Stassar et al., 2001], osteosar-
coma [Fuchs et al., 2000; Uzel et al., 2000], and
invasive breast, prostate, and melanoma cell
lines [Kirschmann et al., 1999, 2002; Nagaraja
et al., 2005; Payne et al., 2005]. In particular,
Stassar et al. [2001] demonstrated that LOX
gene expression correlates with histological
grade in renal cell carcinomas. Therefore, there
is also a precedent to consider LOX ametastasis
promoter/enhancer. These studies demonstrate
the pleomorphic nature of LOX in cancer cells.

The Rho family of GTPases is associated with
changes in actin filament formation and corre-
sponding changes in cell motility [Ridley et al.,
1992; Nobes and Hall, 1995; Klemke et al.,
1998]. These processes are primarily regulated
through Rho, Rac, and Cdc42, which allow
for the formation of actin stress fibers, lamelli-
podia, and filopodia, respectively, in their GTP-
bound state. The Rho family GTPases is
regulated by GTPase-activating proteins
(GAPs) and guanosine nucleotide exchange
factors (GEFs). GEFs function by facilitating
the exchange of hydrolyzed GDP for GTP,
leading to an active Rho family protein, while
GAPs lead to the exchange of GTP for GDP,
causing inactivation.

The p130Cas/Crk/DOCK180 complex is a
downstream target of the focal adhesion kinase

(FAK)/Src signaling pathway. The formation
and activation of the FAK/Src signaling
complex allows for the phosphorylation and
activation of p130Cas [Hamasaki et al., 1996;
Sakai et al., 1997; Klinghoffer et al., 1999; Shin
et al., 2004]. Upon phosphorylation, p130Cas is
able to interact with CAS related kinase (Crk)
and form a complex that will recruit DOCK180,
a Rac-GEF responsible for Rac-GTP formation
[Sakai et al., 1994; Kiyokawa et al., 1998a,b;
Klemke et al., 1998]. The activation of Rac
through this complex leads to the formation of
lamellipodia and a motile phenotype.

Our laboratory previously demonstrated that
LOX mRNA is highly upregulated in invasive
breast cancer cells compared to poorly invasive
cells [Kirschmann et al., 1999]. Additionally,
we have shown that LOX activity facilitates
breast cancer cell invasion [Kirschmann et al.,
2002]. Recently, we reported that LOX regu-
lates breast cancer cell motility/migration
through changes in cell-matrix adhesion forma-
tion [Payne et al., 2005]. Furthermore, these
changes are the result of a hydrogen peroxide-
mediated mechanism involving the FAK/Src
signaling pathway. In order to further elucidate
the mechanism by which LOX regulates cell
motility and adhesion formation, we examined
the role of LOX in actin filament formation.
Here we demonstrate that inhibition of LOX
activity in invasive breast cancer cells leads to a
corresponding increase in actin stress fiber
formation as visualized using aphalloidin stain.
Furthermore, LOX activity led to an increase in
Rac and Cdc42 activity and a decrease in Rho
activity. These changes correspond to a motile
phenotype in the presence of LOX activity.
Finally, we elucidate the pathway by which
Rac is activated through the p130Cas/Crk/
DOCK180 signaling complex. These data
demonstrate that LOX activity facilitates a
motile phenotype in invasive breast cancer cells
through changes in actin filament formation. A
better understanding of the mechanism by
which LOX facilitates cell motility/migration
will allow for the design of targeted inhibitors of
metastatic breast cancer.

MATERIALS AND METHODS

Cells and Culture Conditions

Breast cancer cell lines were obtained
and maintained as previously described
[Kirschmann et al., 2002]. MCF-7 cells were
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stably transfected with LOX32-His DNA or
LOX50-His DNA (a generous gift from Dr. Ben
Fogelgren and Dr. Katalin Csiszar, University
of Hawaii, Honolulu, HI) as previously descri-
bed [Payne et al., 2005]. Cell cultures were
determined to be free of Mycoplasma contam-
ination using the Mycoplasma PCR ELISA kit
(Roche Diagnostics, Indianapolis, IN). All cells
were harvested when cultures were approxi-
mately 80% confluent.

Filamentous F-Actin-Binding

Cells were plated on fibronectin-coated cover-
slips (5� 104 cells/coverslip) and allowed to
attach and grow overnight at 378C. Where
indicated, cells were treated with bAPN (b-
aminopropionitrile, Sigma, St. Louis, MO) or
catalase (Sigma) during this time. Subse-
quently, media was removed and cells were
washedwithPBSandfixed inmethanol/acetone
(1:1) for 5 min on ice. Coverslips were washed
in PBS twice, blocked in DAKO Protein Block
Serum-Free Ready to Use (DAKO, Carpinteria,
CA) for 20 min, and incubated with conjugated
Texas Red-phalloidin at a 1:40 dilution for 1 h.
Coverslips werewashedwith PBS andmounted
onto glass microscope slides using gelvatol.
Cells were imaged using an Axioscope 2 micro-
scope (Carl Zeiss, Inc., Thornwood, NY) and
Spot 2 camera (Diagnostic Instrument, Inc.,
SterlingHeights,MI) using the ZeissAxiovision
2.0.5 software (Carl Zeiss, Inc.). Experiments
were repeated three times.

Electrophoresis and Immunoblotting

Cells were plated on fibronectin-coated flasks
and allowed to grow for 24 h. Where indicated,
Hs578T,MDA-MB-231, andMCF-7/LOX32-His
cells were treated with bAPN during this time.
Whole cell lysate collection and immunoblot
analysis were performed as previously descri-
bed [Odero-Marah et al., 2003]. Blots were in-
cubated with anti-Rho (1:500, BD Pharmingen,
San Diego, CA), anti-Rac (1:500, BD Pharmin-
gen), anti-Cdc42 (1:500, BD Pharmingen), anti-
P-CAS (pTyr249, 1:1,000, Cell Signaling, Bev-
erly, MA), anti-CAS (1:1,000, BD Pharmingen),
anti-Crk (1:5,000, BD Pharmingen), or anti-
DOCK180 (1:250, Santa Cruz Biotechnology,
Santa Cruz, CA). Equal loading was verified by
staining membranes subsequent to transfer
with 0.2% amido black. Experiments were
repeated three times. Densitometry was per-
formed to determine relative expression levels

using Scion Image (Scion Corp., Frederick,
MD). Each Western blot was repeated three
times and densities of individual bands were
analyzed, normalized to the corresponding
loading control, and finally normalized to con-
trol cells (set at 1.0). Representative blots are
shown with corresponding densitometric mea-
surements.

Rho, Rac, and Cdc42 Activity Assays

All activity assays were performed using an
immunoprecipitation technique per manufac-
turer protocols (Upstate, Lake Placid, NY).
Prior to the addition of beads, an equal amount
(10 mg) of lysate was removed from each tube
and runona separateSDS–PAGEto serve asan
equal loading control. Briefly, Rho activity was
measured using Rhotekin-RBD beads (30 mg
beads/500 mg whole cell lysate) while Rac and
Cdc42 activities were measured using PAK-1
agarose beads (10 mg beads/300 mg whole cell
lysate). Rhotekin beads specifically bind to
GTP-bound Rho while PAK-1 specifically binds
GTP-bound Rac or Cdc42. Lysates were incu-
bated with beads for 1 h at 48C, centrifuged to
collect beads,washedwithmodifiedRIPAbuffer
(50 mM Tris, 150 mM NaCl, 1% NP-40, 0.5%
sodium deoxycholate), and beads were collected
again. Laemmli buffer (15 ml) was added to
beads and boiled at 958C for 5 min. Samples
were then analyzed by SDS–PAGE and immu-
noblot. Experiments were repeated three times.

Immunoprecipitation

Whole cell lysate (500 mg) was pre-cleared
with protein A sepharose beads (Sigma) for
15 min at 48C. Lysates were subsequently
centrifuged to remove the beads and 5 mg
primary antibody was added to the pre-cleared
lysate. Prior to the addition of antibody, 10 mg
cell lysate was removed from each pre-cleared
lysate and run on a separate SDS–PAGE to
serve as a loading control. Subsequent to anti-
bodyaddition, cellswereallowed to rotate at 48C
for 1 h. Protein A sepharose beads (30 ml) were
added to lysates and rotated for 1 h at 48C.
Samples were centrifuged to collect beads and
supernatant was removed. Beads were washed
three times with 500 ml modified RIPA buffer.
Laemmli sample buffer (15 ml) was added to
beadsand sampleswereboiled at 958C for 5min.
Samples were then analyzed by SDS–PAGE
and immunoblot. Experiments were repeated
three times.
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RESULTS

LOX Activity Inversely Regulates
Actin Stress Fiber Formation

We have previously demonstrated that
LOX regulates breast cancer cell motility
through changes in cell-matrix adhesion forma-
tion utilizing a hydrogen peroxide-mediated
mechanism [Payne et al., 2005]. In order to

further examine the role of LOX in the regula-
tion of cell motility, we studied the ability of
LOX to regulate actin stress fiber formation.
The invasive breast cancer cell lines, Hs578T
and MDA-MB-231, were treated with bAPN
(an irreversible inhibitor of LOX catalytic
activity) and filamentous F-actin stress fibers
were visualized using Texas Red-phalloidin.
Figure 1 demonstrates that as LOX activity

Fig. 1. Inhibition of LOX activity facilitates actin stress fiber
formation and an increase in Rho activity in invasive breast
cancer cells. Filamentous F-actin binding using Texas Red-
phalloidin in (A–E) Hs578T and (G–K) MDA-MB-231 invasive
breast cancer cells. Cells were treated with (B and H) 100 mM
bAPN, (C and I) 200 mM bAPN, (D and J) 300 mM bAPN, or (E and

K) 100 mM catalase. Rho activity assays of (F) Hs578T and (L)
MDA-MB-231 invasive breast cancer cell lines are shown with
total cellular Rho protein equal loading controls. Densitometric
evaluation of each band normalized to its corresponding loading
control and subsequently normalized to control cells (1.0) is
shown.
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was inhibited with increasing concentrations
of bAPN, stress fiber formation increased
(Hs578T, A-D; MDA-MB-231, G-J). Addition-
ally, when cells were treated with catalase
(which converts hydrogenperoxide tomolecular
oxygen and water), a similar increase in actin
stress fibers was observed (Hs578T, 1E; MDA-
MB-231, 1K). Rho activity assays were per-
formed in order to measure the amount of
GTP-bound Rho present in cell lysates that
were treated with bAPN. Rho activity is mea-
sured using an immunoprecipitation with Rho-
tekin beads that will only bind to GTP-bound
Rho. Subsequent immunoblot analysis using
an anti-Rho antibody allows for visualization of
Rho-GTP present in lysates. We observed an
inverse relationship in which inhibition of LOX
activity led to an increase in Rho activity
(Fig. 1F,L).
To extend our observations regarding the role

of LOX in actin stress fiber formation, we stably
transfected poorly invasiveMCF-7 cells with an
active 32 kDa LOX enzyme (MCF-7/LOX32-
His) or a catalytically inactive 50 kDa LOX
proenzyme (MCF-7/LOX50-His). We have pre-
viously demonstrated that transfection of the
32 kDa LOX enzyme leads to an increase in
intracellular LOX activity [Payne et al., 2005].
Conversely, transfection of the 50 kDa LOX
proenzyme did not lead to a significant change
in intracellular LOX activity. Additionally,
extracellular LOX activity was significantly
increased (P< 0.01) upon transfection of the
32 kDa enzyme compared to un-transfected
cells (data not shown). Transfection of the
50 kDaLOX enzyme did not lead to any changes
in extracellular LOX activity (data not shown).
Filamentous F-actin stress fibers were sub-

sequently visualized in the MCF-7/LOX cells
using Texas Red-phalloidin. We observed that
MCF-7 cells and MCF-7/LOX 50-His cells had
relatively high levels of stress fiber formation
(Fig. 2A,B). However, when the 32 kDa LOX
enzyme was transfected into these poorly
invasive cells, very little F-actin was observed
(Fig. 2C). Upon treatment with bAPN, stress
fiber formation in these cells increased to
normal control levels (Fig. 2D–F). Additionally,
treatment of the MCF-7/LOX32-His cells with
catalase led to a similar increase in actin stress
fiber formation (Fig. 2G). These data were
further confirmed through Rho activity assays
showing a loss of Rho-GTP in MCF-7/LOX32-
His cells and a corresponding increase in

activity upon bAPN treatment (Fig. 2H).
Together, these data demonstrate that LOX
activity inversely regulates actin stress fiber
formation in breast cancer cell lines, leading to
an induction of a motile phenotype.

LOX Activity Regulates Rac and Cdc42
Activity Levels

To address the mechanism by which LOX
regulates actin filament polymerization and cell
motility, we examined the levels of GTP-bound,
active, Rac and Cdc42 in cell lysates of invasive
breast cancer cell lines. An increase in Rac
andCdc42 activity has previously been demons-
trated to correspond with a motile phenotype
due to the formation of lamellipodia and filo-
podia, respectively [Ridley et al., 1992; Kozma
et al., 1995; Nobes and Hall, 1995]. Thus, we
hypothesized that the presence of LOX activity
would correspond to an increase in Rac and
Cdc42 activity. To this end, Rac and Cdc42
activity was measured in an assay similar to
Rho activity assays. Immunoprecipitation with
PAK-1 was performed, which specifically binds
to the GTP-bound forms of Rac and/or Cdc42.
Immunoblot analysis of Rac or Cdc42 is subse-
quently performed in order to visualize the
amount of GTP-bound protein in cell lysates.
Figure 3A demonstrates that when invasive
breast cancer cell lines are treated with bAPN,
inhibiting LOX enzymatic activity, a corre-
sponding loss in Rac activity is observed.
Conversely, MCF-7 and MCF-7/LOX50-His
cells did not contain high levels of Rac-GTP.
However, upon stable transfection of the active
32 kDa LOX enzyme, an increase in Rac-GTP
was observedwhichwas subsequently inhibited
with bAPN treatment (Fig. 3B). Cdc42 activity
levels were also measured in these lysates and
Figure 3C shows a loss ofCdc42-GTPwhenLOX
activity is inhibited by bAPN in the invasive
breast cancer cell lines, Hs578T and MDA-MB-
231. These data were recapitulated in MCF-7/
LOX32-His cells treated with bAPN (Fig. 3D).
Together, these data demonstrate that LOX
activity facilitates the regulation of Rac and
Cdc42 activity leading to a motile phenotype.

LOX Regulates Rac Activity Through the
p130Cas/Crk/DOCK180 Pathway

In order to further elucidate the specific
mechanism by which LOX regulates Rac activ-
ity and thus changes in actin filament poly-
merization, we examined the p130Cas/Crk/
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DOCK180 pathway. Our previous work demon-
strated that LOX regulated adhesion formation
through the FAK/Src signaling complex and
that LOX activity facilitated FAK and Src
activity. Therefore, we examined a signaling
pathway downstream of FAK/Src that leads to
Rac activation: the p130Cas/Crk/DOCK180 com-
plex. Figure 4A demonstrates that when inva-
sive breast cancer cells are treatedwith bAPN, a
corresponding decrease in phosphorylated
p130Cas is observed. This decrease is not due to
a loss of CAS protein within the cells (Fig. 4A).
Conversely, Figure 4B demonstrates an
increase in phosphorylated p130Cas in MCF-7/
LOX32-His cells compared to MCF-7 and MCF-
7/LOX50-His cells. This increase was reversible
upon bAPN treatment and was not due to
changes in overall p130Cas expression. Equal
loading was verified using a 0.2% amido black

stain on membranes subsequent to transfer. In
order to determine what effect the loss of CAS
phosphorylationwould have on the ability of the
p130Cas/Crk/DOCK180 complex to form, we
immunoprecipitated Crk from these invasive
cell lines treated with bAPN and measured
levels of CAS and DOCK180 that were able to
bind to Crk. Figure 4C demonstrates that
when LOX activity was inhibited with bAPN, a
corresponding decrease in CAS and DOCK180
binding to Crk was observed. These data
were recapitulated in MCF-7/LOX32-His cells
(Fig. 4D). Since the inability of DOCK180 to
bind to Crk leads to an inhibition of Rac-GTP
formation, these data demonstrate that LOX
activity leads to an increase in CAS phosphor-
ylation, which allows for the formation of
the p130Cas/Crk/DOCK180 complex to form.
This complex will then lead to the conversion

Fig. 2. LOX activity inhibits actin stress fiber formation and Rho
activity in MCF-7/LOX32-His cells. Filamentous F-actin binding
using Texas Red-phalloidin in (A) poorly invasive MCF-7 cells,
(B) MCF-7/LOX50-His cells, and (C–G) MCF-7/LOX32-His cells.
MCF-7/LOX32-His cells were treated with (D) 100 mM bAPN, (E)

200 mM bAPN, (F) 300 mM bAPN, or (G) 100 mM catalase.H: Rho
activity assay of cells with total cellular Rho protein equal loading
controls. Densitometric evaluation of each band normalized to
its corresponding loading control and subsequently normalized
to control cells (1.0) is shown.
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of Rac-GDP to Rac-GTP and the formation of
lamellipodia. Consequently, cell motility is
increased due to changes in actin filament
formation.

DISCUSSION

Breast cancer is the second leading cause of
cancer death in women in the United States
[American Cancer Society, Inc., 2005]. While
treatment options for women with local disease
are extremely good, survival rates for women
with distant metastases are significantly
decreased. Therefore, it is important that we
understand the molecular mechanisms of
metastasis in order to better treat breast cancer
patients. To this end,wehave examined the role
of LOX in breast cancer cell migration/invasion.
Multiple reports have demonstrated a multi-
functional role for LOX within the cell in
addition to its classical function in the extra-
cellular matrix [Nelson et al., 1988; Lazarus
et al., 1995; Li et al., 1997, 2000, 2003;
Giampuzzi et al., 2003a,b; Payne et al., 2005].
Specifically, our laboratory has recently demon-

strated that LOX regulates breast cancer cell
motility/migration and adhesion through an
intracellular hydrogen peroxide-mediatedmecha-
nism [Payne et al., 2005]. These data have
allowed us to hypothesize that LOX plays a role
in tumor progression by facilitating cell moti-
lity/migration to distant sites.

The work presented here further elucidates
the mechanism by which LOX regulates cell
motility/migration by examining the role of
LOX activity in actin filament polymerization.
We demonstrate that inhibition of LOX activity
corresponds with an increase in stress fiber
formation, specifically through the loss of
hydrogen peroxide. Additionally, LOX activity
facilitates Rac and Cdc42 activity while inhibit-
ing Rho activity. Finally, we demonstrate that
LOX regulates Rac activity through the
p130Cas/Crk/DOCK180 signaling complex.
Figure 5 demonstrates our hypothetical model
of LOX regulation of cell migration through the
Src signaling pathway. Previously, we demon-
strated that LOX regulates changes in cell
adhesion by phosphorylation and activation of
the FAK/Src signaling pathway, which leads to

Fig. 3. LOX activity facilitates Rac and Cdc42 activity in
invasive breast cancer cells. Rac activity assays with equal
loading controls of (A) Hs578T and MDA-MB-231 invasive breast
cancer cells treated with bAPN and (B) MCF-7, MCF-7/LOX50-
His, and MCF-7/LOX32-His treated with bAPN. Cdc42 activity

assays of (C) Hs578T and MDA-MB-231 invasive breast cancer
cells treated with bAPN and (D) MCF-7, MCF-7/LOX50-His, and
MCF-7/LOX32-His treated with bAPN. Densitometric evaluation
of each band normalized to its corresponding loading control and
subsequently normalized to control cells (1.0) is shown.
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increased cell migration [Payne et al., 2005].
Here, we demonstrate a novel intracellular
signaling pathway in which LOX functions
to regulate actin filament polymerization and
subsequent cell migration through the p130Cas/
Crk/DOCK180 signaling pathway, a down-
stream target of Src.

The Rho family of GTPases (Rho, Rac, and
Cdc42) has been shown to regulate actin
filament polymerization and, ultimately, cell
motility [Nobes and Hall, 1995]. Specifically,
Rho activity leads to the formation of actin
stress fibers, typically associated with a non-
motile phenotype, while Rac and Cdc42 activity
are associated with the formation of lamellipo-
dia and filopodia, respectively, which corre-
spond with a motile phenotype. Many reports
have demonstrated that as cancer cells become
more invasive and motile, increases in Rac and
Cdc42 activity and/or decreases in Rho activity
are observed. [Odero-Marah et al., 2003; Sahai

andMarshall, 2003; Kurisu et al., 2005]. To this
end, the data presented here demonstrate a loss
ofRho activity andan increase inRac andCdc42
activity in the presence of LOX activity.
Furthermore, visualization of filamentous F-
actin in these cancer cell lines demonstrates a
loss of stress fiber formation in the presence of
LOX activity. Collectively, these data corrobo-
rate the hypothesis that LOX activity facilitates
a motile phenotype in invasive breast cancer
cells by regulation of actin filament formation.

We further examined the mechanism by
which LOX regulates Rac activity (and its
corresponding changes in actin filament forma-
tion) by examining the p130Cas/Crk/DOCK180
signaling complex. We had previously demon-
strated that LOX regulates the FAK/Src signal-
ing pathway through a hydrogen peroxide-
mediated mechanism [Payne et al., 2005]. The
p130Cas/Crk/DOCK180 complex is downstream
of the FAK/Src signaling complex and we

Fig. 4. LOX activity facilitates p130Cas phosphorylation and the
p130Cas/Crk/DOCK180 signaling complex. Immunoblot analy-
sis of p130Cas phosphorylation in (A) Hs578T and MDA-MB-231
invasive breast cancer cells treated with bAPN and (B) MCF-7,
MCF-7/LOX50-His, and MCF-7/LOX32-His treated with bAPN.
Equal loading was verified by staining membranes subsequent to
transfer with 0.2% amido black and de-staining with water. Co-

immunoprecipitation of Crk with CAS and DOCK180 in (C)
Hs578T and MDA-MB-231 invasive breast cancer cells treated
with bAPN and (D) MCF-7, MCF-7/LOX50-His, and MCF-7/
LOX32-His treated withbAPN. Densitometric evaluation of each
band normalized to its corresponding loading control and
subsequently normalized to control cells (1.0) is shown.
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hypothesized that a loss in Src signaling due to
inhibition of LOX activity would correspond
with changes in the p130Cas/Crk/DOCK180
complex leading to an inhibition of Rac activa-
tion. Thep130Cas/Crk/DOCK180 is formedupon
phosphorylation of p130Cas by Src [Hamasaki
et al., 1996; Sakai et al., 1997; Klinghoffer et al.,
1999; Shin et al., 2004]. Phosphorylated p130Cas

can subsequently bind to Crk. Binding of
p130Cas and Crk leads to the recruitment of
DOCK180, a Rac-GEF [Sakai et al., 1994;
Kiyokawa et al., 1998a,b; Klemke et al., 1998].
Upon formation of this complex, Rac is then
activated by conversion to Rac-GTP and forma-
tion of lamellipodia is stimulated. Our data
demonstrate thatwhenLOXcatalytic activity is
inhibited, there is a corresponding loss in
p130Cas phosphorylation and formation of the
p130Cas/Crk/DOCK180 complex. Together,
these findings demonstrate that LOX activity
regulates Rac activity and actin filament for-

mation through the p130Cas/Crk/DOCK180
complex.

While this paper has specifically focused on
the p130Cas/Crk/DOCK180 signaling pathway,
we recognize that there are multiple pathways,
which can regulate Rho, Rac, and Cdc42
activities such as ROCK, WASP, and others
[reviewed in Yamazaki et al., 2005]. It is
possible, and highly probable, that LOX may
regulate the Rho family of GTPases and cell
motility in general through various signaling
mechanisms.Our laboratory continues to exam-
ine the various pathways in which LOX may
function intracellularly to regulate breast can-
cer migration.

Our previous report demonstrated increases
in cell-matrix adhesion which conincided with
LOX activity [Payne et al., 2005]. It has also
been well documented that increases in Rho
activity and/or decreases in Rac and Cdc42
activity correspond to increases in cell-matrix
adhesion [Yang et al., 2001; Wang et al., 2005].
These data and our previous findings seemingly
contradict each other. However, it is important
to note that changes in cell-matrix adhesion
that are regulated through FAK are actually
changes in adhesion turnover [reviewed in
Schaller, 2001]. Therefore, the increases we
previously observed in cell adhesion reflect
increases in adhesion turnover. A greater
number of cells are able to continually attach
and detach from the extracellularmatrix.When
cells are treated with bAPN, fewer cells attach
to the matrix. However, upon attachment they
form extremely stable adhesions that do not
turn over/detach—phenotypes caused by an
increase in Rho activity and decreases in Rac
and Cdc42 activity. Therefore, the data pre-
sented here correlate with our previous report
and further elucidate the mechanism(s) by
which LOX regulates cell motility.

This study presents a novel intracellular
signaling pathway in which LOX functions
to regulate cell motility/migration through
changes in actin filament formation. We show
that LOX activity regulates Rho, Rac, and
Cdc42 activity, as well as actin stress fiber
formation. Additionally, LOX regulates chan-
ges in Rac activity through the p130Cas/Crk/
DOCK180 signaling complex. Understanding
the molecular mechanisms by which LOX fun-
ctions to regulate breast cancer cell motility/
migration will contribute to novel anti-cancer
treatment modalities.

Fig. 5. Hypothetical model of LOX regulation of cell migration.
LOX stimulates Src phosphorylation through a hydrogen
peroxide-mediated mechanism. Subsequently, Src can phos-
phorylate and activate a variety of signaling proteins including
FAK [Payne et al., 2005] and p130Cas. Activation of FAK
stimulates cell migration through increases in adhesion turnover
while phosphorylation of p130Cas allows for binding to Crk.
Binding of CAS and Crk allows for the recruitment of DOCK180,
a Rac-GEF and leads to the exchange of Rac-GDP to Rac-GTP.
Lamellipodia formation is stimulated upon activation of Rac,
leading to an increase in cell motility/migration.
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