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Background: FAK has both kinase and scaffolding functions.
Results: Disruption of the function of FAK scaffolding to mediate endophilin A2 phosphorylation inhibits mammary tumor
growth and metastasis in vivo by decreasing tumor cell markers for EMT and their MaCSCs activities.
Conclusion: The function of FAK scaffolding is important for promoting mammary tumor progression.
Significance: Targeting the scaffolding function of FAK may be important in breast cancer therapy.

Tyrosine kinases have been shown to play critical roles in can-
cer development and progression, and their inhibitors hold the
potential as effective targeted therapies for breast andother can-
cers. However, some of these kinases like focal adhesion kinase
(FAK) also possess scaffolding functions in intracellular signal-
ing, but such kinase-independent functions of FAK or other
kinases have not been examined in cancer directly in vivo. Here,
we report that disruption of the function of FAK scaffolding
through its Pro-878/881 motif suppressed mammary tumor
growth and metastasis in a well characterized murine model of
human breast cancer. P878A/P881A mutation in the endoge-
nous FAK gene decreased the expression of markers for epithe-
lial-mesenchymal transition (EMT) and mammary cancer stem
cell (MaCSC) activities in tumors derived from mutant mice.
This mutation disrupted the function of FAK scaffolding to
mediate endophilinA2 phosphorylation at Tyr-315 by Src, lead-
ing to the decreased surface expression of MT1-MMP, as
observed previously in transformed fibroblasts in vitro. Inhibi-
tion of the downstream components of this FAK scaffolding
function by Y315F endophilin A2mutant orMT1-MMP knock-
down reduced markers for EMT and MaCSC activities. Con-
versely, bypass of the scaffolding function using the phosphor-
ylation mimic mutant Y315E endophilin A2 or endophilin A2
knockdown rescued the decreased markers for EMT and
MaCSCs as well as surface expression of MT1-MMP in tumor
cells harboring the P878A/P881A mutation. Together, these
results identify a novel role of FAKscaffolding function in breast
cancer, which could serve as a new target in combination with
kinase inhibition for more effective treatment strategies.

Breast cancer exhibits enormous cellular, genomic, and bio-
logical complexity wherein multiple gene aberrations act to
drive tumorigenesis and cancer progression (1). Although not
defined as classical oncogenes or tumor suppressor genes, there
is mounting evidence suggesting that many other genes and
their associated signaling pathways can regulate tumor initia-
tion and progression (2, 3). It remains as a significant challenge
to elucidate the roles and mechanisms of these molecules
and their highly interactive signaling pathways in breast cancer
and other malignancies. FAK3 is a nonreceptor tyrosine kinase
that mediates signal transduction by integrins and other cell
surface receptors to regulate cell adhesion, migration, survival,
proliferation, and differentiation in a variety of cells (4–8). A
large number of previous studies have strongly implicated FAK
in the development and progression of breast and other cancers
(9, 10). Recently, several groups, including us, have shown that
conditional deletion of FAK suppresses tumor formation and
progression in mouse models of breast as well as skin cancers
(11–15).
Despite the success in establishing a role of FAK in breast

cancer, the cellular and molecular mechanisms by which FAK
promotes mammary tumorigenesis in vivo are still not well
understood. One important issue is the unique role of FAK as
both a kinase and a scaffold in mediating various intracellular
signaling events. FAKhas been shown to directly phosphorylate
Grb7 andN-WASP (16, 17). However, it also serves as a scaffold
in mediating Src phosphorylation of important targets like
p130Cas, paxillin, and endophilin A2 (18–22). The interaction
of FAKwith endophilinA2,whichwas recently identified in our
laboratory, facilitates the phosphorylation of endophilin A2 by
Src, which inhibits endocytosis of MT1-MMP and thereby
increases cell invasion in transformed fibroblasts (22). Never-
theless, the potential roles and mechanisms by which this spe-
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cific FAK scaffolding function contributes tomammary tumor-
igenesis and progression in vivo remain largely unknown.
In addition to thewell established role of FAK in cell survival,

proliferation, and migration, recent studies have also revealed
potentially novel functions of FAK in the regulation of epithe-
lial-mesenchymal transition (EMT), an important develop-
mental program exploited by cancer cells in their acquisition of
invasive and metastatic capacity (10, 23, 24). For example, the
expression of FAK mutants resistant to Src phosphorylation
significantly decreases Src-mediated disruption of E-cadherin-
based cell contacts in colon cancer cells (25). TGF-�-induced
EMT has been shown to be mediated by Src or integrin-depen-
dent FAK activation, which results in E-cadherin down-regula-
tion in mouse epithelial cells and hepatocytes (26–30).
Increased expression of FAK has also been documented to cor-
relate with the loss of E-cadherin in nodal metastases of laryn-
geal tumors (31). Interestingly, a number of recent studies have
linked many characteristics of MaCSCs to epithelial cells that
have undergone EMT (32–35). Our recent study also suggested
that FAK may promote mammary tumorigenesis and progres-
sion through its effects on MaCSCs (14). Therefore, it is possi-
ble that the role of FAK in promoting EMT may closely link to
its function in maintaining MaCSCs in breast cancer.
In this paper, we created and analyzed FAK knock-in mice

with a P878A/P881A mutation in the MMTV-PyMT mouse
model of human breast cancer to investigate the potential role
andmechanisms of FAK scaffolding function through Pro-878/
881 in breast cancer development and progression in vivo. Our
studies showed that disruption of the function of FAK scaffold-
ing to mediate endophilin A2 phosphorylation at Tyr-315 sig-
nificantly reduced mammary tumor growth and metastasis by
decreasing the markers for EMT and impairing tumor cell
MaCSC activities. These results provide significant insights
into the molecular and cellular mechanisms of FAK signaling
through its scaffolding functions in breast cancer development
and progression, which may contribute to the future develop-
ment of novel therapies for breast cancer, especially in combi-
nation with inhibitors for kinase activity of FAK to target both
kinase-dependent and -independent functions of FAK.

EXPERIMENTAL PROCEDURES

Mice and Genotyping—Based on available mouse genome
sequences in the Ensembl database, an isogenic 129SvJ mouse
BACgenomic clone containing FAK exon 28 (where the second
C-terminal proline-rich motif is encoded) and flanking
sequences were obtained from BACPAC Resources Center.
The presence of exon 28 in the BAC clone was verified by PCR
using two pairs of primers surrounding exon 28 as well as
Southern blotting. A targeting vector containing a mutated
exon 28 (P878A/P881A) and a neocassette was then con-
structed for homologous recombination (supplemental Fig.
S1A). Gene targeting in 129P2/OlaHsd-derived E14Tg2a
mouse embryonic stem cells (36) was performed as described
previously (37) with the use of ESGRO (Chemicon, Temecula,
CA). Chimericmice were identified by coat color and then bred
to C57BL/6Jmice. Transmission of the germ line was identified
by PCR and confirmed by Southern blotting (supplemental Fig.
S1B). Heterozygous targeted mice bearing PA[neo] allele

(�/PA[neo] mice) were obtained and then crossed with EIIa-
Cre mice (The Jackson Laboratory), which express Cre in the
very early stage of embryogenesis (38), to delete the neomycin
cassette to avoid its possible interference with FAK gene
expression. The progenies with neomycin cassette removed
(�/PA;EIIa-Cremice)were crossedwithC57BL/6Jmice to seg-
regate the FAK PA allele from the heterozygote EIIa-Cre trans-
gene. The resulting heterozygous and homozygous FAK
P878A/P881A mutation knock-in mice (�/PA and PA/PA
mice) were identified by PCR analysis and confirmed by
sequencing of tail DNA (supplemental Fig. S1, C and D).

MMTV-PyMT transgenic mice (39) were obtained from the
mouse repository ofMouseModels ofHumanCancersConsor-
tium at NCI (National Institutes of Health) and have been
described previously (14). Mice genotyping for PyMT and wild
type FAK alleles were performed as described previously (14,
39). Primers used to genotype FAK P878A/P881A mutation
knock-in alleles were P1, 5�-GTCAGAAAATTAGG-
TATGGT-3�, and P2, 5�-TTTTGTATATCTGCATGACT-3�,
and PCR was performed for 30 cycles of 94 °C for 3 min, 55 °C
for 2 min, and 72 °C for 4 min. For detection of mammary
tumors, mice were palpated every 7 days after weaning, and the
size of the tumors was measured with a caliper and recorded.
Mice were housed and handled according to local, state, and
federal regulations, and all experimental procedures were car-
ried out according to the guidelines of the Institutional Animal
Care and Use Committee at the University of Michigan.
Histology, Immunohistochemistry, and Immunofluorescent

Labeling—Mammary tumors or lungs were harvested from
mice and subjected to analysis by H&E staining or immunohis-
tochemistry using antibodies for E-cadherin (1:250, Cell Signal-
ing), and the micrometastatic nodules per section were quanti-
fied, as described previously (14, 40). Cultured primary tumor
cells (see below) were subjected to analysis by immunofluores-
cent labeling using antibodies for E-cadherin (1:250, Cell Sig-
naling) or vimentin (1:150, Santa Cruz Biotechnology), as
described previously (41). Texas Red or FITC-labeled secondary
antibodies (The Jackson Laboratory) were used at a dilution of
1:250 for immunofluorescence, and nuclei were counterstained
with 4�,6-diamidino-2-phenylindole/antifade (Invitrogen).
Preparation of Mammary Tumor Cells and Analysis of Con-

tent and Activity of MaCSCs—Mammary tumor cells from
�/PA-MT and PA/PA-MT mice were prepared as described
previously (14). To determine the content of MaCSCs, the cells
were subjected to flow cytometry analysis using Lin�ALDH�

or Lin�CD24�CD29hiCD61hi as markers, as described previ-
ously (14). They were also measured for their MaCSC activities
using tumor sphere formation assays in vitro and limiting dilu-
tion cell transplantation assays in vivo, as described previously
(14, 40). In some experiments, MMP inhibitor Marimastat
(Tocris Bioscience) was added to the medium at the beginning
of tumor sphere formation assays.
Analysis of Tumor Cell Proliferation and Migration in Vitro—

Primarymammary tumor cells were analyzed for their prolifer-
ation and migration using BrdU incorporation and modified
Boyden chamber (Neuro Probe) assays, respectively, as
described previously (14, 42).
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Experimental Metastasis Assay Using Tail Vein Injection—
Tail vein injection experiments to assess metastatic activity of
mammary tumor cells were performed as described previously
(40). In some experiments, MMP inhibitor Marimastat was
administered orally at a dose of 10 mg/kg daily to the recipient
mice starting at the day of injections.
Immunoprecipitation, Cell Surface Biotinylation, and West-

ern Blotting—Preparation of lysates from mammary tumor
cells and analysis of protein samples in cell lysates and tissue
extracts by SDS-PAGE andWestern blotting were as described
previously (14). Immunoprecipitation and Western blotting
were performed using the following antibodies: FAK (1:500;
Santa Cruz Biotechnology); endophilin A2 (1:500; Santa Cruz
Biotechnology); phosphotyrosine (1:1000; 4G10 from Milli-
pore); E-cadherin (1:1000; Cell Signaling); N-cadherin (1:1000;
BD Biosciences); fibronectin (1:500; Sigma); vimentin (1:500;
Santa Cruz Biotechnology); vinculin (1:1000; Sigma), and actin
(1:1000; Sigma). To determine the cell surface level of MT1-
MMP, biotin-labeled cells were lysed, precipitatedwith strepta-
vidin-conjugated agarose beads, and subjected toWestern blot-
ting with anti-MT1-MMP antibody (1:500; Epitomics), as
described previously (22).
Recombinant Viruses and Infection of Tumor Cells—The

psPAX2, pMD2G, and pGIPZ lentiviral vectors encoding shRNA
targeting MT1-MMP or endophilin A2 (MT1-MMP shRNA-1,
catalogue no. RMM4431-99010132; MT1-MMP shRNA-2, cata-
logue no. RMM4431-99951199; endophilin A2 shRNA-1, cata-
logue no. RMM4431-98857904, and endophilin A2 shRNA-2,
catalogue no. RMM4431-98723516) were purchased through
the University of Michigan shRNA core facility (Open Biosys-
tems, Huntsville, AL). HEK293 cells were transfected with
these three vectors, and the media were collected 12 h after
transfection. After centrifugation and filtration, the superna-
tant was used to infect mammary tumor cells or sorted MaC-
SCs. The recombinant adenoviruses encoding endophilin A2
mutants Y315F or Y315E or GFP control were generated using
the AdEasy-1 system (Stratagene) as described previously (22).
Mammary tumor cells or sorted MaCSCs were infected by
these adenoviruses at a multiplicity of infection of 100 at sus-
pension condition for 2 h.
Statistical Analysis—Statistical significance was evaluated by

a paired t test, using p � 0.05 as indicative of statistical signifi-
cance. Kaplan-Meier tumor-free survival data were compared
using the log rank test. Tumor growth curves were compared
using the two-way ANOVA. Frequency of tumorigenic cells
(95% confidence interval) was analyzed by Extreme Limiting
Dilution Analysis as described previously (43).

RESULTS

Generation of FAK Knock-in Mice with P878A/P881A
Mutation—Previous studies in our laboratory have identified a
scaffold function of FAK through its C-terminal Pro-rich motif
(Pro-878 and Pro-881) to mediate endophilin A2 phosphoryla-
tion by Src, which enhances the surface level ofMT1-MMPand
promotes invasion of Src-transformed fibroblasts in vitro (22).
To study the potential role of this FAK scaffolding function in
vivo, we generated a mutant FAK allele with residues Pro-878
and Pro-881 mutated to Ala (designated as the PA allele) in the

endogenous FAK gene utilizing a gene knock-in approach via
homologous recombination. A targeting vector containing the
P878A/P881Amutation in exon 28 of FAK genomicDNAand a
neocassette (PA[neo] allele) was prepared and used to generate
mutant mice containing the knock-in mutant allele (supple-
mental Fig. S1), as described under “Experimental Procedures.”
All FAK�/PAmice (designated as �/PAmice) are viable, fertile,
and indistinguishable from wild type mice, indicating that the
PA mutant allele did not exhibit any dominant negative effects
over the wild type FAK expressed from the wild type allele to
cause any apparent phenotypes. Moreover, mating between
heterozygous FAK�/PA mice yielded homozygous FAKPA/PA

mice (designated as PA/PA mice) at the expected Mendelian
ratio. Furthermore, these mice are fertile and indistinguishable
from PA/� or wild type mice, including their ability to nurse
pups. Histological examination of female PA/PA mice showed
apparently normal mammary gland development in all stages,
including branching morphogenesis, lobular-alveolar develop-
ment, and involution (data not shown). Together, these results
suggested that, despite previous findings in transformed cells in
vitro (22), FAKC-terminal Pro-richmotif (Pro-878/881) and its
scaffolding functions are not required for embryonic develop-
ment or in adult mice, including mammary gland development
and function.
FAK P878A/P881A Mutation Suppresses Mammary Tumor

Growth and Metastasis—To investigate whether FAK P878A/
P881A mutation could affect mammary tumorigenesis and
metastasis, we crossed PA/PA mice with the MMTV-PyMT
transgenic mouse model of human breast cancer (39) to gener-
ate FAKPA/PA;MMTV-PyMT (designated PA/PA-MT) and
FAK�/PA;MMTV-PyMT (designated �/PA-MT as a control)
mice. Mammary tumor development and metastasis were then
evaluated in female mice as described previously (14). Fig. 1A
shows that both PA/PA-MT and �/PA-MT mice developed
mammary tumors rapidly, with a mean tumor onset age (t50) of
11 weeks, which is comparable with MMTV-PyMTmice (with
wild type FAK background) as observed previously (14). Sur-
prisingly, however, measurements at regular intervals of the
average volumes of the mammary tumors showed that tumors
in PA/PA-MT mice grew at a significantly slower rate from
about 2 weeks after the initial appearance of palpable tumors
compared with those in �/PA-MT mice (Fig. 1B). Moreover,
histological analysis of lung sections at 8 weeks after tumor
appearance showed a significant decrease in the number of
metastatic nodules in PA/PA-MT mice compared with that in
�/PA-MT mice, indicating reduced metastasis in these mice
(Fig. 1, C and D). To exclude the possible influence of slower
primary tumor growth on the observed reduction inmetastasis,
we examined experimental metastasis of the same amount of
tumor cells isolated fromPA/PA-MTor�/PA-MTmice by tail
vein injection using recipient nude mice. As shown in Fig. 1E, a
significantly reduced number of metastatic nodules was found
in the lungs of recipients at both 4 and 6weeks after injection of
PA/PA-MT tumor cells compared with those injected with
�/PA-MT tumor cells. Taken together, these results suggested
that disruption of FAK scaffold function for endophilin A2 by
P878A/P881A mutation in mammary epithelial cells sup-
pressed breast cancer growth and metastasis in vivo.
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FAK P878A/P881A Mutation Leads to Defective EMT of
Mammary Tumor Cells from PA/PA-MT Mice—To evaluate
whether the reduced tumor growth and metastasis in
PA/PA-MT mice are due to intrinsic defects of tumor cells,
mammary tumor cells were isolated from PA/PA-MT and
�/PA-MT mice and subjected to a variety of analyses in vitro.
In contrast to the observation in vivo, tumor cells from
PA/PA-MT mice did not show any differences in proliferation
(supplemental Fig. S2) or apoptosis (data not shown) when
compared with those from �/PA-MT mice. We noted, how-
ever, that PA/PA-MT tumor cells tended to form aggregates
more readily than the control �/PA-MT tumor cells during
passage of these cells (data not shown). Western blotting anal-
yses of tumor cell lysates showed an increased level of epithelial

marker E-cadherin and lower levels of mesenchymal markers
N-cadherin, fibronectin, and vimentin in PA/PA-MT tumor
cells compared with �/PA-MT tumor cells (Fig. 2A). Consist-
ent with these results, immunofluorescent staining of the cul-
tured cells also indicated increased E-cadherin and reduced
vimentin in PA/PA-MT tumor cells (Fig. 2B). Elevated E-cad-
herin expression was also detected in the sections of primary
tumors in PA/PA-MT mice by immunohistochemical analysis
(supplemental Fig. S3). Moreover, analyses of mRNAs from the
tumor cells by quantitative RT-PCR showed decreased expres-
sion of Snail1 and Twist1, transcriptional factors critical for
EMT (33, 44, 45), in PA/PA-MT tumor cells (supplemental Fig.
S4). Finally, PA/PA-MT tumor cells also showed a significant
decrease in migration toward fibronectin compared with
�/PA-MT tumor cells (Fig. 2C). Taken together, these results
suggested that disruption of the function of the FAK scaffold for
endophilin A2 reduced markers for EMT in mammary tumor
cells, which may contribute to the decreased mammary tumor
growth and metastasis in PA/PA-MT mice.

FIGURE 1. PA/PA-MT mice had comparable tumor appearance time but
suppressed mammary tumor growth and lung metastasis. A, Kaplan-
Meier analysis of mammary tumor development in the �/PA-MT (n � 30) and
PA/PA-MT (n � 28) mice. B, mean cumulative mammary tumor volume per
mouse at different times after primary tumor appearance for �/PA-MT (n �
30) and PA/PA-MT (n � 28). PA/PA-MT versus �/PA-MT, p � 0.05 by the two-
way ANOVA. C and D, lung sections (four to six sections per mouse) were
prepared 8 weeks after the primary mammary tumor onset and stained with
H&E (C), and the micrometastatic nodules (arrows) were quantitated under a
microscope for percentages of mice of the indicated genotype with �1, 1–5,
or �5 metastases per lung section (D). *, p � 0.05, when the percentage of
each group in PA/PA-MT mice is compared with that in �/PA-MT mice. Scale
bars, 1 mm. E, 1 � 105 freshly isolated primary tumor cells from �/PA-MT or
PA/PA-MT mice were injected into the tail vein of 8-week-old nude mice (n �
3 for each group). The micrometastatic nodules in their lungs were quanti-
tated 4 or 6 weeks after injection. **, p � 0.01, when the number of nodules
after injection of tumor cells from PA/PA-MT mice is compared with that from
�/PA-MT mice.

FIGURE 2. Tumor cell growth, markers for EMT, and migration were sup-
pressed in PA/PA-MT mice. A, lysates of four tumors from two different
�/PA-MT or PA/PA-MT mice were prepared and analyzed by immunoblotting
using antibodies against various proteins, as indicated. B, cultured primary
tumor cells from �/PA-MT or PA/PA-MT mice were analyzed by immunofluo-
rescent labeling using antibody against E-cadherin (panels a–f) or vimentin
(panels g–l). Scale bars, 100 �m. C, cell mobility was measured by Boyden
chamber assay for the freshly isolated primary tumor cells from �/PA-MT or
PA/PA-MT mice attracted by fibronectin. Mean � S.E. of the number of
migrated cells per field from three independent experiments are shown. **,
p � 0.01, when the migrated cell number from PA/PA-MT mice are compared
with that from �/PA-MT mice.
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FAK P878A/P881A Mutation Decreases the Pool of MaCSCs
in PA/PA-MT Mice and Compromises Their Tumorigenicity—
Our previous studies suggested that FAK promoted mammary
tumorigenesis and metastasis through regulation of MaCSCs
(14). Furthermore, tumor cells exhibiting increasedmarkers for
EMT have been shown to share gene expression signatures and
other cellular characteristics with that ofMaCSCs (32–35).We
therefore examined the possibility that the FAK P878A/P881A
mutation may also affect MaCSCs in PA/PA-MT mice. The
content of MaCSCs in tumor cells from PA/PA-MT and
�/PA-MT mice were analyzed using Aldefluor assay as
described previously (14). We found that the Aldefluor-positive
(ALDH�) subpopulation in mammary tumors from PA/PA-MT
mice was significantly decreased compared with that from
�/PA-MTmice (Fig. 3,A andB).Wealso examined thecontentof
MaCSCs using the recently identified Lin�CD24�CD29hiCD61hi
signature for MaCSCs in the MMTV-PyMT mouse model (46,
47). Similar to data usingAldefluor assays, a significant decrease of
the Lin�CD24�CD29hiCD61hi subpopulation (gated on viable
Lin� CD24� tumor cell population) was observed in PA/PA-MT
mice compared with that from �/PA-MTmice (Fig. 3,C andD).
To further investigate if interruption of FAK scaffold func-

tion for endophilin A2 may affect MaCSC activity and their
tumorigenicity, we first examined the effect of FAK P878A/
P881A mutation on their self-renewal using tumor sphere for-
mation assay in vitro. As shown in Fig. 3E, the ALDH� tumor
cells isolated from PA/PA-MT mice exhibited a significantly
lower capacity to generate tumor spheres compared with those
isolated from �/PA-MT mice. Similar results were obtained
when the Lin�CD24�CD29hiCD61hi subpopulations from
these two mice were measured for tumor sphere formation.
Next, ALDH� tumor cells from PA/PA-MT and �/PA-MT
mice were transplanted into mammary fat pads of recipient
nude mice at limiting dilutions to assess for their self-renewal
and tumorigenicity in vivo. At 3 weeks after transplantation,
ALDH� tumor cells from �/PA-MTmice ranging from 500 to
50,000 cells per injection generated tumors in the majority of
recipient mice (Table 1). However, for ALDH� tumor cells
from PA/PA-MT mice, only 50,000 cells per injection, but not
5,000 or 500 cells per injection, generated tumors in the recip-
ient mice. Similarly, Lin�CD24�CD29hiCD61hi tumor cells
from PA/PA-MTmice showed significantly reduced tumorige-
nicity compared with those from �/PA-MTmice (Table 1 and
Fig. 3F). Together, these results indicate that FAK P878A/
P881A mutation results in impaired self-renewal and a
reduced amount of MaCSCs, which could be responsible for
the decreased mammary tumor growth and metastasis in
PA/PA-MT mice.
Reduced Surface Expression of MT1-MMP Is Responsible for

the Decreased Markers for EMT and MaCSCs Activity in
PA/PA-MT Mice—To investigate the mechanisms of reduced
markers for EMT and defective MaCSCs activities upon FAK
P878A/P881A mutation, we examined FAK interaction with
endophilin A2 in mammary tumor cells from PA/PA-MT and
�/PA-MTmice, as our previous studies identified the Pro-878/
881 motif as a binding site for endophilin A2, which is impor-
tant in the promotion of cancer cell invasion (22). As expected,
wild type FAK in�/PA-MT tumor cells, but not P878A/P881A

mutant in PA/PA-MT tumor cells, associated with endogenous
endophilin A2 as detected by co-IP using either anti-FAK or
anti-endophilinA2 antibodies (Fig. 4,A andB).Moreover, tyro-
sine phosphorylation of endophilin A2 was also reduced in
PA/PA-MT tumor cells (Fig. 4C), which is consistent with data
showing a role of this scaffolding interaction in mediating
endophilin A2 phosphorylation by Src observed in transformed

FIGURE 3. Decreased pool of MaCSCs and their tumorigenicity in
PA/PA-MT mice. A and B, Aldefluor assay of freshly isolated tumor cells from
�/PA-MT or PA/PA-MT mice. The percentage of ALDH� cells was determined
under the same gating criteria. Results are representative of two separate
experiments. *, p � 0.05, when the percentage of ALDH� cells from PA/PA-MT
mice are compared with that from �/PA-MT mice. C and D, freshly isolated
tumor cells from �/PA-MT or PA/PA-MT mice were depleted of CD45-positive
and CD31-positive cells and labeled with CD24, CD29, and CD61 antibodies.
The MaCSC population in each strain of mice was gated as
Lin�CD24�CD29hiCD61hi (indicated as R4 quad) under the same gating cri-
teria. Results are representative of two separate experiments. **, p � 0.01,
when the percentage of Lin�CD24�CD29hiCD61hi cells from PA/PA-MT mice
are compared with that from �/PA-MT mice. E, sorted ALDH� or
Lin�CD24�CD29hiCD61hi tumor cells from �/PA-MT or PA/PA-MT mice were
analyzed for primary formation of tumor spheres. Results are generated from
eight separated incubations for each sample and are representative of two
independent experiments. **, p � 0.01, when the number of spheres by the
ALDH� or Lin�CD24�CD29hiCD61hi cells from PA/PA-MT mice are compared
with that from �/PA-MT mice. F, mean cumulative mammary tumor volume
per mouse at different times after different numbers of
Lin�CD24�CD29hiCD61hi cells from �/PA-MT or PA/PA-MT mice injected
into mammary fat pad of 8-week-old nude mice (n � 3 for each group).
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fibroblasts (22). Interestingly, we also observed that the surface
expression of MT1-MMP was significantly decreased in
PA/PA-MT tumor cells compared with those in �/PA-MT
tumor cells (Fig. 4, D, lanes 1 and 4, and F), whereas the total
expression level of MT1-MMP was not altered (Fig. 4G). We
next treated PA/PA-MT tumor cells with endophilin A2
shRNA to test whether the reduced cell surface expression of
MT1-MMPwas dependent on endophilin A2 in these cells.We
found that knockdown of endogenous endophilin A2 restored
surface expression of MT1-MMP in PA/PA-MT tumor cells,
but it did not affect that in �/PA-MT tumor cells, which
already have a high level ofMT1-MMPon the surface (Fig. 4,D,
lanes 2, 3, 5, and 6, and E and F). Moreover, endophilin A2
knockdown also decreased E-cadherin expression in PA/

PA-MT tumor cells but not that in �/PA-MT tumor cells (Fig.
4, D and H). These results suggest that FAK P878A/P881A
mutation disrupted its interaction with endophilin A2, which
may be responsible for the reduced surface expression ofMT1-
MMP and consequent reduction of markers for EMT in mam-
mary tumor cells of PA/PA-MT mice.
MT1-MMP has been well characterized to promote tumor

cell invasion and metastasis in previous studies (22). To deter-
mine whether the decreased surface levels of MT1-MMP may
mediate the reduced markers for EMT and MaCSC activity in
the PA/PA-MTmouse model, we first employedMarimastat, a
broad spectrum inhibitor for several MMPs, including MT1-
MMP, to test for its effect on�/PA-MT and PA/PA-MT tumor
cells. As shown in Fig. 5A, Marimastat treatment increased

TABLE 1
Tumorigenicity of MaCSCs from PA/PA-MT mice
Mammary tumor cells from �/PA-MT and PA/PA-MT mice were sorted for ALDH� or CD24�CD29hiCD61hi fractions to enrich for MaCSCs. They were then injected
into the inguinal mammary fat pads of 8-week-old nude mice at serial dilutions. The number of sites with tumors grown after 4 weeks post-injection was counted for each
condition.

Cell numbers injected
Tumors/injections Frequency of tumorigenic cells

(95% confidence interval)500 5000 50,000

�/PA-MT ALDH� 5/6 6/6 6/6 1:279 (1:103–1:757)
PA/PA-MT ALDH� 0/6 0/6 2/6 1:140,015 (1:35,195–1:557,022)
�/PA-MT CD24�CD29hiCD61hi 4/6 6/6 6/6 1:455 (1:163–1:1272)
PA/PA-MT CD24�CD29hiCD61hi 0/6 1/6 3/6 1:61347 (1:22,094–1:170,343)

FIGURE 4. FAK interaction with endophilin A2 controls the surface expression of MT1-MMP in mammary tumor cells. A–C, primary tumor cell lysates from
�/PA-MT or PA/PA-MT mice were immunoprecipitated (IP) with anti-FAK (A) or anti-endophilin (Endo) A2 (B and C) followed by Western blotting with
antibodies as indicated. Aliquots of lysates were also analyzed by Western blotting directly as indicated. IB, immunoblot. D, freshly isolated primary tumor cells
from �/PA-MT or PA/PA-MT mice were infected with recombinant lentiviruses encoding endophilin A2 shRNA or a control shRNA. Three days after infection,
surface expression of MT1-MMP as labeled by biotinylation followed by streptavidin precipitation was determined. Aliquots of the lysates were also analyzed
directly by Western blotting with antibodies as indicated. E–H, intensity of the endophilin A2 (E), surface MT1-MMP (F), total MT1-MMP (G), and E-cadherin (H)
bands was quantified from two independent experiments by densitometry. The mean � S.D. of relative intensity (normalized to cells from �/PA-MT mice
treated with control (Con) shRNA) are shown. **, p � 0.01 compared with cells treated with control shRNA. **, p � 0.01 (linked by lines in F and H) when cells from
�/PA-MT and PA/PA-MT mice were compared (both treated with control shRNA).
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E-cadherin expression in �/PA-MT tumor cells in a dose-de-
pendentmanner, but it did not affect that in PA/PA-MT tumor
cells that already have a high E-cadherin expression due to pos-
sibly reduced EMT. To exclude the potential effect ofMarimas-
tat targeting other MMPs, we also examined the effect of spe-
cificMT1-MMPknockdown by shRNA.Two different shRNAs
targeting MT1-MMP, but not a control scrambled sequence,
reduced the total expression of MT1-MMP in �/PA-MT and
PA/PA-MT tumor cells as well as the surface expression of
�/PA-MT tumor cells (the surface level was already low in
PA/PA tumor cells) (Fig. 5, B–D). Consistent with data from
Marimastat treatment, specific knockdown of MT1-MMP also
increased E-cadherin expression in�/PA-MT tumor cells (Fig.
5, B and E). We then measured the effect of MT1-MMP inhibi-
tion or knockdown onMaCSC activity using tumor sphere for-
mation assays.We found that bothMarimastat andMT1-MMP
shRNA significantly decreased tumor sphere formation by
�/PA-MT, but not PA/PA-MT tumor cells (Fig. 5, F andG). To
complement the above in vitro assays, we performed transplan-
tation experiments to assess the role of reduced surface expres-
sion of MT1-MMP in the decreased self-renewal and tumori-
genicity of PA/PA-MT MaCSCs in vivo. We found that
knockdown of MT1-MMP by shRNA significantly reduced
tumorigenicity of MaCSCs from �/PA-MTmice in transplan-
tation assays (Table 2 and Fig. 6A). In contrast, the same treat-
ment with MT1-MMP shRNA did not affect tumorigenicity of
MaCSCs from PA/PA-MTmice, which already have low levels
of MT1-MMP on the surface. MaCSCs from �/PA-MT and
PA/PA-MT mice were also injected into the tail vein of recipi-
ent nudemice andmonitored formetastasis to the lungswith or
without treatments of the mice with Marimastat. As shown in
Fig. 6B, Marimastat significantly decreased the number of met-
astatic nodules generated by �/PA-MT MaCSCs to a lower
level as PA/PA-MTMaCSCs, which was not further affected by
the inhibitor. Similarly, MT1-MMP knockdown reduced met-
astatic activity of �/PA-MT MaCSCs but not PA/PA-MT
MaCSCs (Fig. 6C). Taken together, these results provide strong
support that the reduced surface expression of MT1-MMP is
responsible for the decreased markers for EMT and MaCSCs
activity in PA/PA-MT mice.
FAK-mediated Phosphorylation of Endophilin A2 Promotes

Markers for EMT and MaCSCs Activity of Mammary Tumor
Cells—Our previous studies showed that FAK regulates the
surface expression ofMT1-MMT throughmediating the phos-
phorylation of Tyr-315 of endophilin A2 by Src (22). Thus, the
above results suggest a role of FAK-dependent phosphorylation
of endophilin A2 at Tyr-315 by Src in promotion ofmarkers for
EMT andMaCSC activity. To assess such a possibility directly,
we examined the effect of ectopic expression of two endophilin
A2 mutants, Y315F (phosphorylation resistant) and Y315E
(phosphorylation mimics as a potential gain-of-function
mutant), in tumor cells from �/PA-MT and PA/PA-MTmice,
respectively. As shown in Fig. 7A, expression of Y315F mutant
reduced surface expression of MT1-MMP in �/PA-MT tumor
cells. Conversely, expression of Y315E mutant rescued the
decreased surface expression of MT1-MMP in PA/PA-MT
tumor cells. Furthermore, the Y315F mutant also increased
E-cadherin expression in �/PA-MT cells, whereas Y315E

FIGURE 5. Regulation of EMT and tumor sphere formation by MT1-MMP in
mammary tumor cells. A, freshly isolated primary tumor cells from �/PA-MT or
PA/PA-MT mice were treated with different concentrations of Marimastat as indi-
cated for 8 h. After treatment, total cell lysates were analyzed directly by Western
blotting with antibody anti-E-cadherin or anti-actin as a loading control. B, freshly
isolated primary tumor cells from�/PA-MT or PA/PA-MT mice were infected with
recombinant lentiviruses encoding MT1-MMP shRNA or a control shRNA. Three
days after infection, surface expression of MT1-MMP as labeled by biotinylation
followed by streptavidin precipitation was determined. Aliquots of the lysates
were also analyzed directly by Western blotting with antibodies as indicated. IB,
immunoblot. C–E, intensity of the surface MT1-MMP (C), total MT1-MMP (D), and
E-cadherin (E) bands was quantified from two independent experiments by den-
sitometry. The mean � S.D. of relative intensity (normalized to cells from
�/PA-MT mice treated with control (Con) shRNA) are shown. **, p � 0.01 com-
pared with cells treated with control shRNA. **, p �0.01 (linked by lines in C and E)
when cells from �/PA-MT and PA/PA-MT mice are compared (both treated with
control shRNA). F, sorted ALDH� tumor cells from �/PA-MT or PA/PA-MT mice
were analyzed for primary formation of tumor spheres in the medium contained
100 nM Marimastat. Results are generated from six separated incubations for
each sample and are representative of two independent experiments. **, p �
0.01, when the number of spheres by the ALDH� cells from �/PA-MT mice
treated with 100 nM Marimastat are compared with that without treatment. G,
sorted ALDH� tumor cells from �/PA-MT or PA/PA-MT mice were infected with
recombinant lentiviruses encoding MT1-MMP shRNA or a control shRNA and
then were analyzed for primary formation of tumor spheres. *, p �0.05, when the
number of spheres by the ALDH� cells from �/PA-MT mice infected with MT1-
MMP shRNA virus are compared with that infected with control shRNA virus.
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decreased it in PA/PA-MT cells (Fig. 7A and supplemental Fig.
S5). These results suggest that FAK P878A/P881A mutation
reduced surface expression of MT1-MMP and markers for
EMT by disrupting its interaction with endophilin A2 (which
facilities its phosphorylation at Tyr-315 by Src) (22) rather than
potential defective interactions with other proteins.
We next evaluated the effects of these mutants on MaCSCs

and metastatic activities of tumor cells. We found that expres-

sion of the Y315Fmutant decreased tumor sphere formation of
MaCSCs from �/PA-MTmice to a level comparable with that
of MaCSCs from PA/PA-MT mice (Fig. 7B). Conversely,
expression of the Y315E mutant rescued the defective self-re-
newal of MaCSCs from PA/PA-MT mice. Consistent with
these data using tumor sphere formation assay in vitro, limiting
dilution transplantation experiments showed that the Y315F

TABLE 2
Effect of MT1-MMP knockdown on the tumorigenicity of MaCSCs
ALDH� cells were sorted from mammary tumor cells of �/PA-MT and PA/PA-MT mice and then infected with lentiviruses encoding control shRNA or MT1-MMP
shRNA. The infected cells were then injected into the inguinal mammary fat pads of 8-week-old nude mice. The number of sites with tumors grown after 4 weeks
post-injection was counted for each condition.

Cell numbers injected
Tumors/injections Frequency of tumorigenic cells

(95% confidence interval)5000 50,000

�/PA-MT control shRNA 5/6 6/6 1:2791 (1:1028–1:7575)
�/PA-MTMT1-MMP shRNA-1 0/6 1/6 1:304,316 (1:43,069–1:2,150,205)
PA/PA-MT control shRNA 0/6 2/6 1:138,499 (1:34,774–1:551,621)
PA/PA-MTMT1-MMP shRNA-1 0/6 1/6 1:304,316 (1:43,069–1:2,150,205)

FIGURE 6. Regulation of MaCSC and metastatic activities by MT1-MMP.
A, mean cumulative mammary tumor volume per mouse at different times
after 5000 ALDH� cells from �/PA-MT or PA/PA-MT mice infected with
recombinant lentiviruses encoding MT1-MMP shRNA or a control shRNA
were injected into mammary fat pads of 8-week-old nude mice (n � 3 for each
group). B, 5000 ALDH� tumor cells from �/PA-MT or PA/PA-MT mice were
injected into the tail vein of 8-week-old nude mice (n � 3 for each group).
Marimastat were administered orally at a dose of 10 mg/kg daily to the recip-
ient mice right after injection. The micrometastatic nodules in their lungs
were quantitated 4 weeks after injection. **, p � 0.01, when the number of
nodules after injection of tumor cells from �/PA-MT mice into Marimastat-
treated recipient mice compared with that into control recipient mice. C, 5000
ALDH� tumor cells from �/PA-MT or PA/PA-MT mice were infected with
recombinant lentiviruses encoding MT1-MMP shRNA or a control shRNA.
Then these cells were injected into the tail vein of 8-week-old nude mice (n �
3 for each group). The micrometastatic nodules in their lungs were quanti-
tated 4 weeks after injection. *, p � 0.05, when the number of nodules after
injection of tumor cells from �/PA-MT mice infected with MT1-MMP shRNA
virus are compared with that infected with control shRNA virus.

FIGURE 7. Regulation of EMT and MaCSC activities by endophilin A2
phosphorylation at Tyr-315 in mammary tumor cells. A, freshly isolated
primary tumor cells from �/PA-MT or PA/PA-MT mice were infected with
recombinant adenoviruses encoding endophilin A2 mutant Y315F or Y315E
or GFP as a control. Three days after infection, surface expression of MT1-MMP
was determined. Aliquots of the lysates were also analyzed directly by West-
ern blotting with antibodies as indicated. B–D, freshly isolated primary tumor
cells from �/PA-MT or PA/PA-MT mice were sorted for ALDH� cells and then
infected with recombinant adenoviruses encoding endophilin A2 mutants
Y315F or Y315E or GFP as a control. B, infected ALDH� cells were subjected to
analysis for tumor sphere formation. **, p � 0.01, when compared with the
cells from �/PA-MT mice infected with GFP virus. C, mean cumulative mam-
mary tumor volume per mouse at different times after 5000 infected ALDH�

cells were injected into mammary fat pad of nude mice. �/PA-MT ALDH�

cells expressing Y315F versus �/PA-MT ALDH� cells expressing GFP, p � 0.01
was done by the two-way ANOVA; PA/PA-MT ALDH� cells expressing Y315E
versus PA/PA-MT ALDH� cells expressing GFP, p � 0.01 was done by the
two-way ANOVA. D, number of nodules per lung section 4 weeks after injec-
tion of 5000 ALDH� tumor cells from �/PA-MT or PA/PA-MT mice infected
with different adenoviruses as indicated into tail vein of 8-week-old nude
mice, **, p � 0.01, when compared with �/PA-MT ALDH� cells expressing
GFP.
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mutant significantly reduced tumorigenicity of �/PA-MT
MaCSCs, whereas the Y315E mutant rescued the defective
tumorigenicity of PA/PA-MTMaCSCs in vivo (Table 3 and Fig.
7C). Finally, analysis of these cells by tail vein injection experi-
ments showed a significant inhibition of metastatic activity of
�/PA-MT MaCSCs by the Y315F mutant and restoration of
the defective metastatic activity of PA/PA-MTMaCSCs by the
Y315E mutant (Fig. 7D). Taken together, these results demon-
strate that the function of FAK scaffolding to bind endophilin
A2 at Pro-878/881, which facilitates its phosphorylation at Tyr-
315 by Src, is essential for maintainingMaCSC and tumormet-
astatic activities by promotion of MT1-MMP surface expres-
sion and markers for EMT.

DISCUSSION

Since its initial discovery 2 decades ago, numerous studies
have implicated FAK in the development and progression of
breast and other cancers (9, 10, 48). Accordingly, several kinase
inhibitors for FAK are being developed for targeted cancer
therapies (49). Besides functioning as a tyrosine kinase, FAK
has been shown to interactwithmany other proteins, and it acts
as a scaffold to regulate diverse cellular activities, including cell
survival, proliferation, and migration (4–8). However, the
potential role and mechanisms of FAK scaffolding functions
have not been examined in any biological or disease process
directly in vivo. By generating and analyzing a FAK P878A/
P881A mutant knock-in mouse model, here we present data
suggesting that disruption of FAK interaction through its Pro-
878/881 motif with endophilin A2 attenuated tumor growth
and metastasis in a murine model of breast cancer in vivo. Our
results provide the first direct evidence for the important role of
a scaffolding activity of FAK in promoting breast cancer pro-
gression in vivo, which are consistentwith and further highlight
the importance of kinase-independent functions of FAK in var-
ious cells as suggested by several recent studies (50, 51).
Although FAK has been shown to regulate a variety of cellu-

lar functions in different cells that could contribute to the
observed phenotype in PA/PA-MTmice, our present data sug-
gested that disruption of FAK scaffolding function through the
P878A/P881A mutation suppressed mammary tumor growth
and metastasis by compromising tumor cell markers for EMT
and their MaCSC activities. These results are consistent with a
number of recent studies implicating a role for FAK in the reg-

ulation of EMT (23, 26–28) as well as MaCSCs (14). Moreover,
our data suggested that FAK scaffolding function could con-
tribute to the regulation ofmarkers for EMT andMaCSC activ-
ity in breast cancers. Using FAK-null MaCSCs, we recently
found that FAK autophosphorylation and subsequent activa-
tion of the PI3K/Akt pathway is important for self-renewal and
tumorigenicity of MaCSCs, although its potential role has not
been assessed directly in vivo (40). It is therefore likely that both
kinase-dependent and -independent functions of FAK are
required for full activity of MaCSCs, and their relative contri-
butions will be an interesting topic of future investigations. Our
findings of decreased markers for EMT and defective MaCSCs
self-renewal in PA/PA-MT tumor cells are also consistent with
the notion that EMT is a feature of MaCSCs as evidenced by
their many shared characteristics, including the expression of
signature genes (32–35). However, several recent studies
showed that EMT characteristics are not required for the
tumor-initiating activity of MaCSCs (52) and that EMT could
suppress some attributes ofMaCSCs (53). Although it is attrac-
tive to hypothesize that FAK signaling regulates MaCSCs
through its effects on markers for EMT or vice versa, it is also
possible that markers for EMT andMaCSCs are affected by the
P878A/P881A mutation through parallel but independent
mechanisms. Future studies using PA/PA-MT mice as well as
analysis of other FAKmutations will be necessary to determine
these possibilities.
Our previous studies in transformed fibroblasts indicate that

FAK scaffolding function through Pro-878/881mediates endo-
philin A2 phosphorylation by Src to promote surface expres-
sion ofMT1-MMPvia inhibition of its endocytosis (22). Several
lines of evidence in this study strongly support that such a
molecular mechanism is responsible for the FAK regulation of
markers for EMTandMaCSCs ofmammary tumor cells in vivo.
P878A/P881A mutation in FAK disrupted its interaction with
endophilin A2 and reduced endophilin A2 phosphorylation
and surface expression ofMT1-MMP inmammary tumor cells.
In �/PA-MT tumor cells, blocking endophilin A2 phosphor-
ylation by ectopic expression of Y315F mutant also reduced
MT1-MMP surface expression. Conversely, either knockdown
of endophilin A2 or expression of Y315E mutant mimicking its
phosphorylation rescued the reduced MT1-MMP surface
expression in PA/PA-MT tumor cells. In all of these cases,
increased tumor cell E-cadherin expression and reduced
MaCSC self-renewal were observed under the conditions of the
reducedMT1-MMP surface expression, and vice versa. Finally,
both a broad spectral MMP inhibitor and, more importantly, a
specific knockdown of MT1-MMP significantly reducedMaC-
SCs activity in �/PA-MT tumor cells but not in PA/PA-MT
tumor cells where surface MT1-MMP was already low. There-
fore, although we cannot completely exclude the potential role
of other cellular proteins such as Graf, ASAP1, and amphiphy-
sin that also interact FAK through Pro-878/881 (54–56) in con-
tributing to the defective phenotypes of PA/PA-MT mice, our
results presented here strongly suggest a critical role for this
FAK scaffolding function to promote mammary tumor cell
markers for EMT and MaCSCs activity via controlling MT1-
MMP endocytosis and surface expression. In this regard, it is
also interesting to note that the first Pro-rich motif in the FAK

TABLE 3
Role of endophilin A2 phosphorylation at Y315 in the tumorigenicity
of MaCSCs
ALDH� cells were sorted frommammary tumor cells of�/PA-MTandPA/PA-MT
mice and then infected with lentiviruses encoding endophilin A2mutants Y315F or
Y315E or GFP as a control. The infected cells were then injected into the inguinal
mammary fat pads of 8-week-old nude mice. The number of sites with tumors
grown after 4 weeks post-injection was counted for each condition.

Cell numbers
injected

Tumors/
injections Frequency of tumorigenic cells

(95% confidence interval)5000 50,000

�/PA-MT GFP 6/6 6/6 1 (1–1:5353)
�/PA-MT Y315F 0/6 2/6 1:138,499 (1:34,774–1:551,621)
PA/PA-MT GFP 0/6 1/6 1:304,316 (1:43,069–1:2,150,205)
PA/PA-MT Y315E 4/6 5/6 1:15,032 (1:5748–1:39,313)
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C-terminal domain (Pro-712/715) is not a consensus site to
mediate FAK binding to endophilin A2 (22). Although the
potential role of Pro-712/715 has not been assessed directly by
a knock-in approach in vivo, our previous studies using FAK-
null MaCSCs showed that it was not required for self-renewal
and tumorigenicity of MaCSCs (40).
Whereas our results strongly suggest an intrinsic role of FAK

scaffolding function through Pro-878/881 in the regulation of
tumor cell markers for EMT and MaCSCs, it should be noted
that PA/PA-MTmice contain the FAKP878A/P881Amutation
in all cells and tissues. Given the critical importance of a tumor
microenvironment for tumor growth and progression (57, 58),
it is possible that potential defects in tumor stromal cells (e.g.
endothelial cells and tumor-associated fibroblasts) may also
contribute to the phenotypes observed in PA/PA-MT mice.
Nevertheless, we observed similar phenotypes in mammary
epithelial cell-specific FAK P878A/P881A mutation condi-
tional knock-in mice (i.e. FAKf/PA;MMTV-Cre;MMTV-PyMT
mice with P878A/P881Amutation only in mammary epithelial
cells) as that in PA/PA-MT mice (data not shown). Moreover,
no differences in angiogenesis were found in PA/PAmice com-
pared with �/PA control mice using either wound- or tumor-
induced angiogenesis models (data not shown). Therefore,
P878A/P881A mutation likely acted to suppress markers for
EMT and MaCSC activities in a tumor cell-autonomous man-
ner, although future studies will be needed to clarify potential
contributions from other cells harboring the same FAK
mutation.
In contrast to mammary tumor cells, our data indicated that

disruption of the function of FAK scaffolding through the
P878A/P881A mutation did not cause any apparent develop-
mental or functional defects of any organ systems in PA/PA
mice, including mammary glands. Although very surprising,
this finding is reminiscent of our previous results where disrup-
tion of this scaffolding function only impacted the transformed
fibroblasts without any effect on their normal counterpart (22).
In fibroblasts, only transformed cells contain significant
amounts of surface MT1-MMP and exhibit invasive activities,
which is regulated by the FAK scaffolding function to mediate
endophilin A2 phosphorylation (22). Therefore, it is conceiva-
ble that the MT1-MMP regulation of markers for EMT and
MaCSCs activities is also specific for mammary tumor cells.
Interestingly, FAK has been shown to regulate EMT during
normal embryonic development (59). Our results would sug-
gest that this will be through FAK signaling that is distinct from
its scaffolding functions through Pro-878/881. Recent studies
in our laboratory suggested that FAK deletion in mammary
epithelial cells depletes the pool of normalmammary stem cells
(data not shown), contributing to the suppressed mammary
tumorigenesis and progression in MFCKO-MT (i.e. FAKf/f;
MMTV-Cre;MMTV-PyMT) mice observed previously (14).
Given the apparently normal development and function of
mammary glands in PA/PA mice, this study indicates that this
FAK scaffolding function is not important for mammary stem
cells, which could explain the apparently normal mammary
tumorigenesis in PA/PA-MT mice as the mammary stem cells
pools (putative targets for the generation of MaCSCs) were not
depleted as in MFCKO mice.

In summary, our studies identify a novel role for the FAK
scaffolding function through Pro-878/881 binding to endophi-
lin A2 in regulating tumor cell markers for EMT and MaCSCs
to promote mammary tumor growth and metastasis in vivo.
These studies not only provide further insights into the roles
and mechanisms of FAK signaling in breast cancer develop-
ment and progression but also suggest that disruption of such a
FAK scaffolding function could serve as a new strategy for
human anticancer therapy. The unique requirement of this
FAK signaling pathway for MaCSCs but not normal MaSCs
would be especially useful for the development of breast cancer
therapy targetingMaCSCs. Such a strategy to disrupt FAK scaf-
folding functions could lead to more successful cancer treat-
ments either alone orwhen combinedwith kinase inhibitors for
FAK.
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