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Mammary cancer stem cells (MaCSCs) have been identified as
a rare population of cells capable of self-renewal to drive mam-
mary tumorigenesis and metastasis. Nevertheless, relatively lit-
tle is known about the intracellular signaling pathways regulat-
ing self-renewal and metastatic activities of MaCSCs in vivo.
Using a recently developed breast cancer mouse model with
focal adhesion kinase (FAK) deletion in mammary tumor cells
(MFCKO-MT mice), here we present evidence suggesting a
compensatory function of Pyk2, a FAK-related kinase, in the
regulation of MaCSCs and metastasis in these mice. Increased
expression of Pyk2 was found selectively in pulmonary meta-
static nodules of MFCKO-MT mice, and its inhibition signifi-
cantly reduced mammary tumor development and metastasis in
these mice. Consistent with the idea of metastasis driven by
MaCSCs, we detected selective up-regulation of Pyk2 in
MaCSCs, but not bulk mammary tumor cells, of primary tumors
developed in MFCKO-MT mice. We further showed that inhi-
bition of Pyk2 in FAK-null MaCSCs significantly decreased
their tumorsphere formation and migration in vitro as well as
self-renewal, tumorigenicity, and metastatic activity in vivo.
Last, we identified PI3K/Akt signaling as a major mediator of
FAK regulation of MaCSCs as well as a target for the compensa-
tory function of Pyk2 in FAK-null MaCSCs. Together, these
results further advance our understanding of FAK and its
related tyrosine kinase Pyk2 in regulation of MaCSCs in breast
cancer and suggest that pharmaceutically targeting these
kinases may hold promise as a novel treatment for the disease by
targeting and eradicating MaCSCs.

Cancer stem cells (CSCs)? are proposed to play important
roles in the initiation and progression of breast and several
other cancers recently (1-4). According to the CSC concept,
although the conventional therapies could destroy the bulk of
the tumor mass, even a small amount of residual CSCs could
lead to recurrence of the cancer due to their stem cell-like abil-
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ity for self-renewal and differentiation (2). Several recent stud-
ies also suggested that CSCs, such as mammary cancer stem
cells (MaCSCs), are more resistant to conventional cancer ther-
apies compared with the bulk of cells in the tumor mass (5-9),
which could further decrease the effectiveness of conventional
cancer treatment strategies. Therefore, the characterization of
key signaling molecules and pathways that regulate MaCSCs
will be important for understanding mammary carcinogenesis
and development of more effective therapeutic strategies for
breast cancer through targeting MaCSCs.

Focal adhesion kinase (FAK) is a cytoplasmic tyrosine kinase
that plays a major role in mediating signal transduction by
integrins as well as growth factor receptors in the regulation of
cell adhesion, migration, survival, proliferation, and differenti-
ation in a variety of cells (10 —14). Upon its activation by integ-
rin-mediated cell adhesion or other stimuli, FAK undergoes
autophosphorylation at Tyr®*” to create a binding site for sev-
eral Src homology 2 domain-containing molecules, including
Src (15, 16) and the p85 subunit of PI3K (17, 18). FAK associa-
tion and activation of PI3K through autophosphorylated Tyr**”
leads to increased production of 3'-phosphorylated phospho-
lipid (17), which activates Akt to promote cell survival by regu-
lating several other proteins (19 —23). Consistent with its role in
regulation of multiple signaling pathways, FAK has been impli-
cated in the development of breast cancer and other malignan-
cies (24, 25). Recent studies by several groups, including us,
showed that ablation of FAK suppressed mammary tumorigen-
esis and progression in mouse models of breast cancer, demon-
strating directly a causal role of FAK in promoting breast cancer
in vivo (26 —29). Moreover, using a combination of well charac-
terized markers and tumorsphere formation assays (30-34)
as well as transplantation experiments, our previous study
revealed that inactivation of FAK reduced MaCSCs in primary
tumors developed in FAK conditional KO mice, decreased their
self-renewal and migration in vitro, and compromised their
tumorigenicity and maintenance in vivo (28). These results sug-
gest that deletion of FAK may suppress mammary tumorigen-
esis and progression by affecting MaCSCs. Nevertheless, it is
not clear which of the multiple FAK downstream signaling
pathways mediate its regulation of MaCSCs. The potential
mechanisms that allow mammary tumorigenesis and metasta-
sis in FAK conditional KO mice, albeit at a reduced level, are not
well understood.

Pyk2 is the other member of the FAK subfamily cytoplasmic
tyrosine kinases that shares significant sequence homology and
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a similar structural organization as FAK with a tyrosine kinase
domain flanked by non-catalytic domains at both N and C ter-
mini. It has been shown to interact with a number of other
proteins that also bind to FAK, such as Src (35, 36), paxillin (37,
38), and p130°** (39). Despite the similar structures of these two
kinases, there are a number of differences between Pyk2 and
FAK. In most adherent cells, FAK, but not Pyk2, is colocalized
with integrins in focal contacts (40, 41). Although FAK activa-
tion is mainly controlled by integrin-mediated cell adhesion in
most cells, tyrosine phosphorylation of Pyk2 is stimulated by
integrins in some cells (42, 43) but appears to be independent of
integrins in other cells (40, 44). These studies suggested that
Pyk2 and FAK may promote both overlapping and distinct sig-
naling pathways, depending on cellular context. Furthermore,
although FAK is widely expressed in various tissues, Pyk2 is
expressed mainly in the central nervous system and in cells
derived from hematopoietic lineages. Interestingly, several
reports showed that deletion of FAK can lead to increased
expression of endogenous Pyk2 to compensate for FAK func-
tions in embryonic fibroblasts and adult endothelial cells
(36, 45), although such compensatory increase of Pyk2
expression was not found upon FAK deletion in several other
cells (28, 46, 47).

In the present study, we investigated the potential compen-
satory function of Pyk2 in the regulation of MaCSCs and their
contributions to breast cancer in mouse models. These studies
revealed a selective up-regulation of Pyk2 in metastatic nodules
and MaCSCs in FAK conditional KO mice, which could com-
pensate for FAK functions in promoting MaCSC self-renewal
and mammary tumor metastasis in these mice. They also iden-
tified the PI3K/Akt signaling pathway as a major mediator of
FAK regulation of MaCSCs and also contribute to Pyk2 com-
pensatory functions in FAK-null MaCSCs. These results pro-
vide significant insights into the mechanisms by which FAK
and its related tyrosine kinase Pyk2 regulate MaCSCs, implicat-
ing that targeting these kinases may serve as an effective thera-
peutic strategy to eliminate MaCSCs in breast cancer.

EXPERIMENTAL PROCEDURES

Mice—Ctrl-MT and MFCKO-MT mice (i.e. Pos CNT and
Target mice, respectively) have been described previously (28).
Mice were palpated weekly after weaning, and the size of
tumors was measured with a caliper and recorded. In some
experiments, FAK inhibitor PF-573,228 and FAK/Pyk2 inhibi-
tor PF-562,271 (provided by Pfizer, Groton, CT) (48,49) were
administered orally at a dose of 5 mg/kg daily from the age of 3
weeks. Mice were housed and handled according to local, state,
and federal regulations, and all experimental procedures were
carried out according to the guidelines of the Institutional Ani-
mal Care and Use Committee at the University of Michigan.

Immunohistochemical Staining of Lung Sections and Deter-
mination of Lung Metastasis—In some experiments, lungs were
harvested from mice and subjected to immunohistochemical
staining as described previously (28). The following antibodies
were used: FAK (1:200, Santa Cruz Biotechnology, Inc. (Santa
Cruz, CA)) and Pyk2 (1:200; made by our laboratory as de-
scribed previously (40)). In other experiments, lung sections
were harvested and stained by H&E, and the micrometastatic
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nodules per section were quantified as described previously
(28).

Protein Extraction, SDS-PAGE, and Western Blotting—Lung
metastatic nodules were harvested during necropsy and snap
frozen in liquid nitrogen and ground with a mortar and pestle,
and proteins were extracted using a triple detergent buffer, as
described previously (28). Preparation of lysates from MaCSCs
or mammary tumor cells and analysis of protein samples in cell
lysates and tissue extracts by SDS-PAGE and Western blotting
were as described previously (28). The following antibodies
were used: FAK (1:500; Santa Cruz Biotechnology, Inc.), phos-
pho-FAK (Tyr**?) (1:500; Santa Cruz Biotechnology, Inc.),
PyMT (1:500, Santa Cruz Biotechnology, Inc.), Pyk2 (1:500;
made by our laboratory as described previously (40)), phospho-
Pyk2 (Tyr*°?) (1:500; Cell Signaling), p130°** (1:500; Santa Cruz
Biotechnology, Inc.), phospho-p130°* (Tyr'®) (1:500; Cell Sig-
naling), AKT (1:500; Cell Signaling), phospho-AKT (Ser*”?)
(1:500; Cell Signaling), and vinculin (1:1000, Sigma).

Preparation of Mammary Tumor Cells and Fractionation of
MaCSCs by FACS—Mammary tumor cells from Ctrl-MT and
MFCKO-MT mice were prepared as described previously (28).
They were then subjected to FACS to obtain Lin”ALDH™ or
Lin  CD24*"CD29"CD61" fractions, which are enriched in
MaCSCs, as described previously (28). In some experiments,
growth of tumor cells was analyzed directly in medium contain-
ing 10% or 0.5% FBS in the presence or absence of inhibitors.

Tumorsphere Formation, Tumor Cell Transplantation
Experiments, and Boyden Chamber Assay—Tumorsphere for-
mation, tumor cell transplantation, and a cell migration assay
using a modified Boyden chamber (Neuro Probe) were per-
formed as described previously (28). FAK inhibitor PF-573,228
(50 nm) or FAK/Pyk2 inhibitor PF-562,271 (100 nm) was added
into the medium at the beginning of tumorsphere culture
or Boyden chamber migration assays in some experiments.
In other experiments, Akt inhibitor triciribine (50 um) was
included in tumorsphere cultures. For transplant experiments,
the inhibitors were administered orally at a dose of 5 mg/kg
daily starting at the day of transplantation in some experiments.

Experimental Metastasis Assay Using Tail Vein Injection—
Tail vein injection experiments to assess metastatic activity of
mammary tumor cells were performed as described previously
(50, 51). Briefly, 5 X 10* ALDH" mammary tumor cells in 100
wl of PBS were injected into the tail vein of 8-week-old female
nude mice. Six weeks after injection, the mice were euthanized,
and lungs were removed for determination of the number of
micrometastatic nodules as described above. In some experi-
ments, FAK inhibitor PF-573,228 or FAK/Pyk2 inhibitor
PF-562,271 was administered orally at a dose of 5 mg/kg daily
starting at the day of transplantation.

Recombinant Viruses and Infection of Tumor Cells—The
psPAX2, pMD2G, and pGIPZ lentiviral vectors encoding
shRNA targeting Pyk2 or Aktl (Pyk2 shRNA-1, catalogue
no. RMM4431-98724086; Pyk2 shRNA-2, catalogue no.
RMM4431-99204280; Akt shRNA-1, catalogue no. RMM44:31-
98741567; Akt shRNA-2, catalogue no. RMM4431-101257652;
Akt shRNA-3, catalogue no. RMM4431-101257988) were pur-
chased through the University of Michigan shRNA core facility
(Open Biosystems, Huntsville, AL). HEK293 cells were trans-

VOLUME 286+NUMBER 21+-MAY 27,2011



fected with these three vectors, and the media were collected
12 h after transfection. After centrifugation and filtration, the
supernatant was used to infect MaCSCs from mammary tumor
cells. The recombinant adenoviruses encoding FAK, Y397F,
D395A, and P712A/P715A mutants or GFP control were gen-
erated using the Adeasy-1 system (Stratagene) as described pre-
viously (52). MaCSCs from mammary tumor cells were infected
by these adenoviruses at a multiplicity of infection of 100 at
suspension condition for 2 h.

Statistical Analysis—Statistical significance was evaluated by
a paired ¢ test, using p < 0.05 as indicative of statistical signifi-
cance. Kaplan-Meier tumor-free survival data were compared
using the log rank test.

RESULTS

Increased Expression of Pyk2 in Lung Metastatic Nodules and
Its Promotion of Breast Cancer Metastasis in MFCKO-MT Mice—
Our previous studies indicated that, similar to a number of
other cells, including embryonic endothelial cells (47), deletion
of FAK in mammary tumor cells did not change Pyk2 expres-
sion in the primary tumors (28). We wondered, however,
whether Pyk2 could be up-regulated in metastatic nodules in
FAK-null MFCKO-MT mice, where it could compensate for
FAK functions to promote the residual breast tumor metastasis
in the absence of FAK. To test such a possibility, lung sections
from Ctrl-MT and MFCKO-MT mice were examined using
immunohistochemistry (Fig. 14). As expected, FAK expression
was detected in metastatic nodules of Ctrl-MT mice but not
in those of MFCKO-MT mice (top). Interestingly, an elevated
Pyk2 expression was found in metastatic nodules of
MECKO-MT mice compared with those in Ctrl-MT mice (bot-
tom). Consistent with these results, analysis of lysates prepared
from the pools of metastatic nodules by Western blotting also
revealed increased expression of Pyk2 in FAK-null metasta-
sized tumor cells of MFCKO-MT mice compared with those
from Ctrl-MT mice (Fig. 1B). These results suggested that,
although it is not up-regulated in the primary tumors as
observed previously (28), endogenous Pyk2 expression in-
creases after the deletion of FAK in the lung metastatic nodules
in vivo.

Although a role for FAK in metastasis is supported by a
wealth of data (10-14), it is not clear whether the compensa-
tory expression of Pyk2 upon FAK deletion might also play a
role in promoting metastasis in MFCKO-MT mice. To explore
a possible function of the increased Pyk2 in metastasis, we first
looked for possible correlations between the level of increased
Pyk2 expression and the extent of lung metastasis in individual
mice. Lysates were collected from metastatic nodules of indi-
vidual MFCKO-MT mice and analyzed for increased Pyk2
expression in comparison with nodules from Ctrl-MT mice
(Fig. 1, C and D). We then determined the number of lung
metastatic nodules for each group of mice. We found that
MFCKO-MT mice with more increased Pyk2 expression
(greater than 2 times control) had more metastatic nodules
compared with those with a moderate increase in Pyk2 expres-
sion (1.5-2 times control), although both groups showed a
reduced number of nodules compared with Ctrl-MT mice (Fig.
1E). These data suggested that the increased Pyk2 expression
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FIGURE 1. Analysis of increased expression of Pyk2 in metastatic nodules
of MFCKO-MT mice. A, lung sections containing metastatic nodules in
Ctrl-MT (a and ¢) and MFCKO-MT (b and d) mice were analyzed by immuno-
histochemistry using antibodies against FAK (a and b) and Pyk2 (c and d).
Scale bars, 200 um. B, lysates prepared from metastatic nodules of four
Ctrl-MT or MFCKO-MT mice were pooled and analyzed by immunoblotting
using antibodies against various proteins as indicated. C, lysates from meta-
static nodules of individual Ctrl-MT (C7 and C2) and MFCKO-MT (M1-M10)
mice were analyzed by immunoblotting using antibodies against various pro-
teins as indicated (top). D, the intensity of the Pyk2 bands in C was quantified
by densitometry, and the relative intensities (normalized to C1 and C2) are
shown. E, lung sections from Ctrl-MT and MFCKO-MT mice were prepared at 7
weeks after the appearance of primary tumors. They were stained with H&E,
and the metastatic nodules were quantified under a microscope. The mean
number of lung nodules per section for Ctrl-MT mice and the pool of M1-M5
and M6-M10 mice (with 1.5-2-fold and >2-fold Pyk2 expression as com-
pared with Ctrl-MT mice, respectively; see D) is shown. **, p < 0.01 compared
with the value from Ctrl-MT mice. *, p < 0.05 compared with the value from
the pool of M1-M5 mice. Error bars, S.E.

after FAK deletion might play a role in the promotion of breast
cancer metastasis.

To determine directly the role of Pyk2 in promoting metas-
tasis, Ctrl-MT and MFCKO-MT mice were treated with FAK
inhibitor PF-573,228 (IC,, for FAK = 4 nm; IC,, for Pyk2 > 1
uM) or FAK/Pyk2 inhibitor PF-562,271 (IC,, for FAK = 1.5 nm;
ICy, for Pyk2 = 13 nm) (48, 49) and monitored for mammary
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FIGURE 2. Suppression of mammary tumorigenesis and metastasis by Pyk2 inhibition in MFCKO-MT mice. A and B, Kaplan-Meier analysis of mammary
tumor development in Ctrl-MT (A) and MFCKO-MT (B) mice that had been treated with various inhibitors as indicated (n = 5/group). For Ctrl-MT mice, FAK
inhibitor or FAK/Pyk2 inhibitor versus mock, p < 0.01 by the log rank test. For MFCKO-MT mice, FAK/Pyk2 inhibitor versus FAK inhibitor or mock, p < 0.01 by the
log rank test. G, lung sections from Ctrl-MT and MFCKO-MT mice that had been treated with various inhibitors as indicated (n = 5/group) were prepared at 7
weeks after the appearance of primary tumors. They were stained with H&E, and the metastatic nodules were quantified under a microscope. The mean
number of lung nodules per section for each group is shown. In the Ctrl-MT group, **, p < 0.01 compared with mock-treated mice. In the MFCKO-MT group, **,
p < 0.01 compared with mock- or FAK inhibitor-treated mice. D, mean cumulative mammary tumor volume = S.E. (error bars) per mouse at different times after
primary tumor appearance for Ctrl-MT (upper) and MFCKO-MT (lower) mice that had been treated with various inhibitors as indicated (n = 5/group). E and F,
mammary tumor cells were isolated from Ctrl-MT (left) or MFCKO-MT (right) mice and cultured in normal (E) or low (F) serum conditions with or without the

inhibitors, as indicated. For Ctrl-MT mice in D-F, FAK inhibitor or FAK/Pyk2 inhibitor versus mock, p < 0.05 by the two-way analysis of variance.

tumor formation, growth, and metastasis, as described under
“Experimental Procedures.” Inhibition of FAK by PF-573,228
(50 nm) or both FAK and Pyk2 by PF-562,271 (100 nm) led to a
significant suppression of mammary tumorigenesis (Fig. 24) as
well as lung metastasis (Fig. 2C) of Ctrl-MT mice, which is
consistent with a number of previous studies showing a role for
FAK in breast cancer. In contrast, treatment of MECKO-MT
mice with PF-573,228 did not affect the initiation of mammary
tumors in these mice (Fig. 2B), as would be expected due to the
absence of FAK in mammary epithelial cells of these mice (28).
Interestingly, treatment of the mice with PF-562,271 reduced
mammary tumorigenesis in MFCKO-MT mice. Moreover,
PF-562,271, but not PF-573,228, treatments abolished lung
metastasis in MFCKO-MT mice (Fig. 2C). Together, these data
provide strong support for a role of the increased expression of
Pyk2 inlung metastasis as well as initiation of mammary tumors
after deletion of FAK.
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Previous studies showed that deletion of FAK reduced tumor
growth, which may contribute to the decreased lung metastasis
in MEFCKO-MT mice (28). To evaluate whether the compensa-
tory expression of Pyk2 may also promote metastasis by
increased tumor growth, we next measured the mammary
tumor growth at weekly intervals after the initial detection of
primary tumors with or without inhibitor treatments. Consis-
tent with the previous observation of a role for FAK in tumor
growth, treatments of Ctrl-MT mice with PF-573,228 or
PF-562,271 significantly reduced mammary tumor growth in
these mice (Fig. 2D, upper) compared with the mock treatment.
Surprisingly, no difference was found for mammary tumor
growth in MECKO-MT mice with or without the treatments of
both inhibitors (Fig. 2D, lower), suggesting that Pyk2 is not
required for tumor growth. We then further analyzed the
potential role of Pyk2 in the growth of isolated tumor cells from
Ctrl-MT and MFCKO-MT mice in vitro. As shown in Fig. 2E,
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treatment of tumor cells from Ctrl-MT mice by either
PF-573,228 or PF-562,271 significantly reduced the growth of
these cells under normal culture conditions (left), which is con-
sistent with a role of FAK in mammary tumor growth observed
in vivo (28) (see Fig. 2D). In contrast, inhibition of compensa-
tory Pyk2 in tumor cells from MFCKO-MT mice did not affect
the growth of these cells (right). Similar results were obtained
when the tumor cells were analyzed under low serum condi-
tions (Fig. 2F). Together, these results suggest that the promo-
tion of lung metastasis by compensatory expression of Pyk2 in
MECKO-MT mice was not due to any effect on the growth of
primary tumors.

FAK Inactivation Leads to Selective Increased Expression of
Pyk2 in MaCSCs—Because our previous data showed no signif-
icant change of Pyk2 expression in primary tumors in
MECKO-MT mice, the above observation of increased Pyk2 in
lung metastatic nodules and its promotion of metastasis sug-
gested the following two possibilities of compensatory expres-
sion of Pyk2 after FAK deletion. It is possible that the Pyk2
up-regulation occurs in a stochastic manner among FAK-null
tumor cells but that only those with the increased expression
will possess metastatic capability and therefore be detected in
the nodules after spreading into lungs. Alternatively, the up-
regulation of Pyk2 is not random, and only a select subset of
primary tumor cells acquires increased Pyk2 expression and
therefore is capable of metastasizing to the lungs. For the latter
scenario, it is particularly interesting to consider the possibility
of the selective Pyk2 up-regulation in MaCSCs in mammary
tumors because they have been suggested to be responsible for
metastasis in breast and other cancers (1-4). To explore these
possibilities, we first examined the expression of Pyk2 in
MaCSCs isolated using ALDH™ as a marker. Mammary tumor
cells were labeled by the ALDEFLUOR kit, sorted for
ALDH™ cells as described previously (28), and subjected to
Western blotting analysis. Although its expression levels were
similar in the bulk of primary tumor cells from Ctrl-MT and
MFCKO-MT mice, as observed previously (28), Pyk2 showed a
significantly increased expression in ALDH™ cells from
MECKO-MT mice compared with those from Ctrl-MT mice
(Fig. 3, A and B). Real-time RT-PCR analysis of ALDH™ cells
from MFCKO-MT and Ctrl-MT mice showed no significant
difference in Pyk2 mRNA levels between these cells, suggesting
that the increased Pyk2 expression is likely at the post-tran-
scriptional level (supplemental Fig. S1). Similar results were
obtained when MaCSCs were isolated using CD247"
CD297CD617 as markers (Fig. 3, A and C). Moreover, the
activated Pyk2, as detected by anti-PY402, is also increased in
FAK-null ALDH" and CD24"CD29*CD61" subpopulations
of tumor cells compared with control cells with FAK in the
same subpopulations (Fig. 34). These results suggest that Pyk2
is selectively up-regulated in MaCSCs upon deletion of FAK.

Dependence of FAK-null MaCSC Activities on the Compen-
satory Pyk2 Expression—To determine whether the increased
Pyk2 expression and phosphorylation can compensate for FAK
function in promotion of MaCSCs activities, we treated
MaCSCs from Ctrl-MT and MFCKO-MT mice with FAK
inhibitor PF-573,228 and FAK/Pyk2 inhibitor PF-562,271 and
first examined the effects on their self-renewal using a tumor-
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FIGURE 3. Increased Pyk2 expression and phosphorylation in MaCSCs
from MFCKO-MT mice. A, lysates from unsorted (Bulk), ALDH", or
CD24*CD29"CD61™" (CD") subpopulations of tumor cells from Ctrl-MT or
MFCKO-MT mice were subjected to immunoblotting using various antibod-
ies as indicated. B and C, the intensity of the Pyk2 (B) and phospho-Pyk2
(p-Pyk2) (C) bands was quantified from three independent experiments by
densitometry. The mean = S.E. (error bars) of relative intensity (normalized to
cells from Ctrl-MT mice) is shown. *, p < 0.05; **, p < 0.01 compared with cells
from Ctrl-MT mice.

sphere formation assay in vitro. Fig. 4A shows that PF-573,228
inhibited FAK activation but had no effect on Pyk2, and
PF-562,271 abolished both FAK and Pyk2 phosphorylation in
both MaCSCs from Ctrl-MT and MFCKO-MT mice, as
observed previously in other cells (45, 48, 49). Treatments of
MaCSCs from Ctrl-MT mice with PF-573,228 and PF-562,271
both inhibited their tumorsphere formation (Fig. 4B), which is
consistent with the previous observation of a role for FAK in
self-renewal of MaCSCs (28). As expected, inhibition of FAK by
PF-573,228 did not affect tumorsphere formation of MaCSCs
from MFCKO-MT mice due to the absence of FAK in these
cells. In contrast, treatment of these cells by FAK/Pyk2 inhibi-
tor PF-562,271 significantly reduced their tumorsphere forma-
tion, suggesting that the increased Pyk2 expression plays a role
in the self-renewal activity of FAK-null MaCSCs in vitro. Con-
sistent with these results using chemical inhibitors, knockdown
of Pyk2 expression by two different shRNAs also reduced
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FIGURE 4. Inhibition of Pyk2 leads to decreased self-renewal and migra-
tion of MaCSCs from MFCKO-MT mice in vitro. A, B, and E, freshly isolated
tumor cells of Ctrl-MT or MFCKO-MT mice were sorted for ALDH™ cells and
analyzed for tyrosine phosphorylation of FAK and Pyk2 (A), tumorsphere for-
mation under suspension culture conditions (B), or by Boyden chamber
assays for their migratory capacity (E) in the presence of FAK inhibitor, FAK/
Pyk2 inhibitor, or mock treatment. Results are generated from three inde-
pendent experiments. Values in E are normalized to that of MFCKO-MT cells
with mock treatment. In Ctrl-MT group, **, p < 0.01 compared with mock-
treated cells. In the MFCKO-MT group, *, p < 0.05; **, p < 0.01 compared with
mock- or FAK inhibitor-treated cells. C, D, and F, ALDH™ cells from Ctrl-MT or
MFCKO-MT mice were infected with recombinant lentiviruses expressing
Pyk2 shRNA-1 (black bars), Pyk2 shRNA-2 (gray bars), or a control shRNA (open
bars), as indicated. Aliquots of lysates were analyzed by immunoblotting (C),
and cells were subjected to analysis for tumorsphere formation (D) or migra-
tion (F). Results are from three independent experiments. Values in F are nor-
malized to that of MFCKO-MT cells with control shRNA treatment. **,p < 0.01;
*, p < 0.05 compared with cells infected with lentiviruses expressing control
shRNA. Error bars, S.E.

tumorsphere formation of MaCSCs from MFCKO-MT mice
but not those from Ctrl-MT mice (Fig. 4, C and D).

Previous studies also suggested FAK-dependent higher
migratory activity of MaCSCs compared with bulk tumor cells
(28). Therefore, we measured the effect of inhibition of Pyk2 on
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TABLE 1

Effects of kinase inhibitors or Pyk2 knockdown on the tumorigenicity
of MaCSCs

ALDH™ cells were sorted from mammary tumor cells of Ctrl-MT or MFCKO-MT
mice and then injected into the inguinal mammary fat pads of 8-week-old nude mice
(5,000 ALDH™ cells from Ctrl-MT or 50,000 ALDH ™ cells from MFCKO-MT per
site). The recipient mice were treated with vehicle alone (mock), FAK inhibitor
PF-573,228, or FAK/Pyk2 inhibitor PF-562,271. In other experiments, ALDH™ cells
from Ctrl-MT or MFCKO-MT mice were infected with lentiviruses encoding con-
trol shRNA or Pyk2 shRNA-1. The infected cells were then injected into the inguinal
mammary fat pads of 8-week-old nude mice. The sites with tumors grown 4 weeks
postinjection were counted for each condition.

Tumors/Injections
FAK FAK/Pyk2 Control Pyk2
Treatment Mock inhibitor  inhibitor shRNA  shRNA-1
Ctrl-MT 6/6 3/6 3/6 5/6 5/6
MFCKO-MT 4/6 4/6 1/6 3/6 1/6

the migration of MaCSCs from Ctrl-MT and MFCKO-MT
mice by using PF-573,228 and PF-562,271 inhibitors as well as
Pyk2 shRNA. As shown in Fig. 4, treatment with FAK inhibi-
tor PF-573,228 reduced migration of Ctrl-MT MaCSCs but not
MFCKO-MT MaCSCs, as expected. On the other hand, FAK/
Pyk2 inhibitor PF-562,271 reduced migration of both cells, sug-
gesting a role for the selectively increased Pyk2 in MECKO-MT
MaCSCs. This is further confirmed by the decreased migration
of MFCKO-MT MaCSCs, but not Ctrl-MT MaCSCs, after
knockdown of Pyk2 expression by shRNA (Fig. 4F).

To complement the above in vitro assays, we performed
transplantation experiments to assess the role of increased
Pyk2 in FAK-null MaCSCs in self-renewal and tumorigenicity
in vivo. Consistent with a role of FAK in self-renewal and
tumorigenicity of MaCSCs, treatments of the mice with
PF-573,228 and PF-562,271 both reduced tumorigenicity of
MaCSCs from Ctrl-MT mice in transplantation assays (Table 1
and Fig. 5A4). In contrast, treatment of the recipient mice with
FAK/Pyk2 inhibitor PF-562,271, but not FAK inhibitor
PF-573,228, decreased tumorigenicity of FAK-null MaCSCs
isolated from MFCKO-MT mice. Moreover, knockdown of
Pyk2 by shRNA also reduced tumorigenicity of MaCSCs from
MECKO-MT mice without effect on those from Ctrl-MT mice
(Table 1 and Fig. 5A). These results suggested a functional role
of up-regulated Pyk2 in promoting self-renewal of MaCSCs
after FAK deletion.

The above data suggesting a role for Pyk2 in compensating
FAK functions in self-renewal as well as migration upon FAK
deletion provide strong support for the hypothesis that selec-
tive up-regulation of Pyk2 in MaCSCs is responsible for the
metastasis of mammary tumors in the absence of FAK. To
evaluate this possibility directly, we injected Ctrl-MT or
MFCKO-MT MaCSCs into the tail vein of recipient nude mice
and monitored for metastasis to the lungs with or without treat-
ments of the mice with PF-573,228 or PF-562,271. As shown in
Fig. 5B, both inhibitors reduced the number of metastatic nod-
ules generated by Ctrl-MT MaCSCs to a comparable level, con-
sistent with the idea that metastatic activity of these cells is
primarily dependent on FAK. On the other hand, only FAK/
Pyk2 inhibitor PF-562,271 and not FAK inhibitor PF-573,228
decreased the metastatic activity of MFCKO-MT MaCSCs.
Similarly, Pyk2 knockdown reduced metastatic activity of
MECKO-MT MaCSCs but not Ctrl-MT MaCSCs. These
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FIGURE 5. Decreased tumorigenicity and metastatic activity of FAK-null
MaCSCs upon Pyk2 inhibition in vivo. A, ALDH" tumor cells from Crtl-MT
(left) or MFCKO-MT (right) mice were transplanted into the inguinal mammary
fat pads of nude mice (n = 6 sites of three mice for each group). The mice were
treated with FAK inhibitor, FAK/Pyk2 inhibitor, or mock, and tumor growth
was monitored at weekly intervals after transplantation. In some experi-
ments, the cells were infected with recombinant lentiviruses expressing Pyk2
shRNA-1 ora control shRNA, as indicated. Left, **, p < 0.01, recipient mice with
FAK inhibitor or FAK/Pyk2 inhibitor treatment versus recipient mice with
mock treatment. Right, **, p < 0.01, recipient mice with FAK/Pyk2 inhibitor
treatment or with transplant of cells infected by recombinant lentiviruses
expressing Pyk2 shRNA-1 versus recipient mice with mock treatment.
B, ALDH™ tumor cells from Crtl-MT or MFCKO-MT mice were injected into
the tail vein of nude mice as described under “Experimental Procedures.”
The recipient mice were treated with FAK inhibitor, FAK/Pyk2 inhibitor, or
mock. In some experiments, the cells were infected with recombinant
lentiviruses expressing Pyk2 shRNA-1 or a control shRNA, as indicated.
Lung sections were prepared from recipient mice at 6 weeks after injec-
tion and stained with H&E, and the micrometastatic nodules were quan-
tified under a microscope. The mean number of lung nodules per section
of the recipient mice is shown. In the Ctrl-MT MaCSC group, **, p < 0.01
compared with nodule number in mock-treated mice. In the MFCKO-MT
MaCSC group, *, p < 0.05, compared with nodule number in mock- or FAK
inhibitor-treated mice. Error bars, S.E.

results provide further support for a compensatory role of Pyk2
in these FAK-null MaCSCs in vivo.

Role of PI3K/Akt Pathway in the Self-renewal and Tumori-
genesis of MaCSCs—To explore potential downstream targets
that mediate regulation of MaCSCs by FAK and the compen-
satory expression of Pyk2, we analyzed several FAK mutants
in FAK-null MaCSCs using a tumorsphere formation assay
in vitro. The FAK-null MaCSCs isolated from MFCKO-MT
mice were infected by the adenoviruses encoding wild type
FAK or various mutants. Western blotting analysis showed
comparable expression levels of FAK and its mutants in the
infected cells (Fig. 6A). Moreover, the Y397F mutant was not
autophosphorylated at Tyr**’, whereas FAK and the other
mutants were phosphorylated to similar levels at this site, as
expected. As shown in Fig. 6B, re-expression of FAK, but not
Y397F mutant, rescued the deficiency of FAK-null MaCSCs
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lysates were analyzed by immunoblotting using various antibodies as indi-
cated. F, ALDH™ cells from Ctrl-MT or MFCKO-MT mice were infected with
recombinant lentiviruses expressing Pyk2 shRNA-1 or a control shRNA, as
indicated. They were then analyzed for tumorsphere formation in the pres-
ence of Akt inhibitor triciribine (50 um) or mock treatment. G, ALDH™ cells
from Ctrl-MT or MFCKO-MT mice were infected with recombinant lentiviruses
expressing various shRNAs as indicated. The cells were subjected to analysis
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*, p < 0.05; **, p < 0.01 compared with mock-treated cells infected with
lentiviruses expressing control shRNA. Error bars, S.E.

in tumorsphere formation assays. Interestingly, the D395A
mutant, which selectively disrupts FAK interaction with PI3K
but not Src, as shown previously (53), also failed to restore
tumorsphere formation of these cells. In contrast, the P712A/
P715A mutant (lacking binding to p130°) (54) fully rescued
tumorsphere formation of these cells to a level comparable with
re-expression of FAK. These results suggested that FAK inter-
action with p85 of PI3K, but not p130°*, is necessary for FAK
promotion of MaCSC self-renewal in vitro.
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TABLE 2

Tumorigenicity of FAK-null MaCSCs after re-expression of FAK or
mutants

ALDH™ cells were sorted from mammary tumor cells of Ctrl-MT or MFCKO-MT
mice and then infected with recombinant adenoviruses encoding FAK, its mutants,
or GFP alone as a control, as indicated. The infected cells were injected into the
inguinal mammary fat pads of 8-week-old nude mice at 5,000 cells/site. Sites with
tumors grown 3 weeks postinjection were counted for each condition. ND, not
detected.

. Tumors/Injections
Adenoviruses
encoding GFP FAK D395A P712/715A
Ctrl-MT 5/6 ND ND ND
MEFCKO-MT 0/6 4/6 1/6 4/6

To complement the above in vitro analysis and further inves-
tigate the role of FAK signaling through PI3K in regulating
MaCSC self-renewal and tumorigenicity in vivo, FAK-null
MaCSCs from MFCKO-MT mice with re-expression of FAK,
D395A, or P712A/P715A mutant were transplanted into mam-
mary fat pads of recipient nude mice and were monitored for
tumorigenesis in comparison with MaCSCs from Ctrl-MT or
MFCKO-MT mice infected with adenovirus encoding GFP as
controls. At 3 weeks after transplantation, MaCSCs from
Ctrl-MT mice generated mammary tumors in the majority of
recipient mice, whereas FAK-null MaCSCs from MFCKO-MT
mice did not display tumorigenicity in any recipients (Table 2),
which is consistent with our previous observations (28). As
expected, re-expression of FAK in MaCSCs from MFCKO-MT
mice significantly rescued their tumorigenicity. Furthermore,
re-expression of P712A/P715A mutant, but not D395A mutant,
also rescued their tumorigenicity to a level comparable with
re-expression of FAK. Tumor growth in the recipient mice was
then followed over the next 3 weeks, providing further support
for the lack of ability of D395A mutant to rescue defective FAK-
null MaCSCs in contrast to FAK or P712A/P715A mutant (Fig.
6C). Together, these results suggested that FAK interaction
with and activation of the PI3K signaling pathway play a major
role in mediating its regulation of MaCSC self-renewal and
tumorigenicity.

Previous studies have shown that Akt, a major downstream
kinase of PI3K signaling, plays a role in the regulation of
MaCSCs by a number of cell surface receptors (55, 56). We
therefore examined Akt activation status in mammary tumor
cells and MaCSCs from Ctrl-MT and MFCKO-MT mice (Fig.
6D). Although Akt phosphorylation was low and at comparable
levels in bulk tumor cells from both Ctrl-MT and MFCKO-MT
mice, the activated Akt was found to be significantly increased
in MaCSCs compared with the bulk of tumor cells from
Ctrl-MT mice. Moreover, this MaCSC-associated Akt activa-
tion was decreased upon FAK deletion in MFCKO-MT mice
compared with that in Ctrl-MT mice. These results suggested a
role for Akt in mediating FAK regulation of MaCSCs.

We noted an increased Akt phosphorylation level in MaCSCs
compared with the bulk of tumor cells from MFCKO-MT mice
also (Fig. 6D), although FAK is absent in these cells. This raised
the possibility that increased Akt phosphorylation may also
mediate regulation of MaCSCs by the compensatory expression
of Pyk2 in these cells. To further test such a possibility, we
examined the effect of Pyk2 knockdown on Akt phosphoryla-
tion in these cells. Although it did not affect the activation sta-
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tus of Akt in MaCSCs from Ctrl-MT mice, down-regulation of
Pyk2 by shRNA reduced Akt phosphorylation in MaCSCs from
MECKO-MT mice (Fig. 6E). Last, inhibition of Akt activity by
its specific inhibitor triciribine decreased tumorsphere forma-
tion of MaCSCs from MFCKO-MT mice, which was not fur-
ther reduced by Pyk2 knockdown in these cells (Fig. 6F and
supplementary Fig. S2). In agreement with data using tricirib-
ine, infection of the cells with recombinant lentiviruses encod-
ing two different Akt shRNAs, which effectively reduced its
expression (supplemental Fig. S3), also reduced tumorsphere
formation of MaCSCs from MFCKO-MT mice (Fig. 6G).
Together, these results suggest that Akt may also mediate reg-
ulation of MaCSCs by compensatory Pyk2 expression after
FAK deletion and further highlight the role of PI3K/Akt signal-
ing pathway in MaCSCs and breast cancer.

DISCUSSION

Pyk2 and FAK are structurally related cytoplasmic tyrosine
kinases, but there have been conflicting data on whether they
can promote overlapping cellular functions or oppose each oth-
er’s activities due to their distinct subcellular localizations in
some cells (36,41, 45). Interestingly, a number of previous stud-
ies suggested that Pyk2 could be up-regulated upon FAK dele-
tion and compensate for FAK functions in these cells, providing
strong support for their overlapping functions (36, 45),
although other studies did not detect such compensatory
expression of Pyk2 in different cells (28, 46, 47). Our results
here revealed a selective up-regulation of Pyk2 in MaCSCs and
metastatic nodules after FAK deletion in MFCKO-MT mice.
Although the mechanisms of the increased Pyk2 expression
upon FAK deletion is still unknown, our analysis of MaCSCs
from MFCKO-MT and Ctr]-MT mice suggested that it is likely
to be at the post-transcriptional level because no difference in
Pyk2 mRNA level was detected. More importantly, the func-
tional significance of the compensatory increase in Pyk2
expression in MaCSCs and metastatic nodules is supported by
multiple lines of evidence using a combination of various
approaches. FAK and FAK/Pyk2 dual inhibitors reduced
tumorsphere formation and migration in vitro of MaCSCs from
Ctrl-MT mice as well as their self-renewal and tumorigenicity
in vivo to a similar extent, suggesting an important role for FAK
but a negligible contribution from Pyk2 under these conditions.
In contrast, FAK/Pyk2 dual inhibitor as well as Pyk2 shRNA
significantly decreased all of these MaCSC functions both in
vitro and in vivo for FAK-null MaCSCs from MFCKO-MT
mice, whereas FAK inhibitor did not have any effect as expected,
demonstrating a role of Pyk2 after FAK deletion. More impor-
tantly, inhibition of Pyk2 by the FAK/Pyk2 dual inhibitor, but not
FAK inhibitor, also decreased the endogenous mammary tumor
formation and metastasis in MFCKO-MT mice, whereas both
inhibitors showed comparable activity in Ctrl-MT mice. These
results lend further support for the idea of a compensatory func-
tion of Pyk2 for FAK in particular physiological and disease pro-
cesses in vivo (45). They also suggest a more exquisite cell context
dependence of this compensatory mechanism (i.e. occurring in a
subpopulation, but not the bulk, of mammary tumor cells).

Although increasing evidence suggests the crucial role of
MaCSCs in the initiation and progression of breast cancer, rel-
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atively little is known about intracellular signaling mechanisms
that regulate self-renewal of MaCSCs and their contribution to
tumorigenesis and metastasis in vivo. Our studies identified
FAK interaction with and activation of PI3K as an important
regulatory pathway in MaCSCs. Specific mutation of residue
Asp>°® to Ala, which disrupts FAK interaction with PI3K selec-
tively (53), abolished the ability of FAK to rescue the defective
FAK-null MaCSC self-renewal and tumorigenicity as measured
by tumorsphere formation in vitro and transplantation assays
invivo. We further showed that the major PI3K signaling down-
stream kinase Akt exhibited increased activation in MaCSCs
compared with the bulk of tumor cells in Ctrl-MT mice, and
this MaCSC-associated Akt activation was significantly
decreased upon FAK deletion in MFCKO-MT mice. Consistent
with the former observation, a recent study also showed pref-
erential activation of Akt in MaCSCs (i.e. tumor-initiating cells)
from a p53-null mammary tumor model (34). Moreover, Akt
has been found to play a role in the regulation of MaCSCs by
chemokine receptor CXCR1 in a FAK-dependent manner (55)
as well as by HER2 (56) in previous studies. These results sup-
porting a role of the FAK/PI3K/Akt signaling pathway in the
regulation of MaCSCs are significant because the aberrant acti-
vation of the PI3K signaling pathway is one of the most com-
mon mutational events in human breast and other cancers (57).

Previous studies also suggested a potential role of p130°* in
mediating FAK functions in breast cancer because its tyrosine
phosphorylation was found to be significantly reduced in mam-
mary tumor cells after deletion of FAK (27-29). Furthermore,
Pylayeva et al. (27) showed that FAK mutant P712A/P715A
lacking binding to p130°** was unable to rescue the reduced
proliferation and invasion of FAK-null mammary tumor cells in
vitro. Surprisingly, however, we found in the present study that
P712A/P715A mutant restored defective tumorsphere forma-
tion in vitro and, more importantly, self-renewal and tumorige-
nicity of FAK-null MaCSCs in vivo. This apparent discrepancy
highlights the possibly differential requirements of key signal-
ing pathways for MaCSCs and bulk tumor cells. It should be
noted that FAK-null tumor cells with re-expression of P712A/
P715A mutant were not examined in their tumorigenicity in
vivo directly by transplant experiments in the studies by
Pylayeva et al. (27). Thus, it is possible that these cells will main-
tain MaCSC activity to induce tumorigenesis in recipient mice
in vivo, despite their reduction in proliferation and invasive
activity of total tumor cells in vitro. Because MaCSCs represent
a small fraction of total tumor cells, it is conceivable that a
significant reduction in proliferation and/or invasion of total
tumor cells could be observed even if the MaCSCs (with re-ex-
pression of the P712/715A mutant) within the total tumor cells
possess proliferative and/or invasive activity similar to the
activities of those expressing wild type FAK.

It is also interesting that the P712A/P715A mutant was able
to fully rescue the increased anoikis of FAK-null tumor cells
(27), suggesting that FAK signaling pathways crucial for cell
survival (possibly through FAK/PI3K/Akt, as discussed above,
but not p130°*, as shown in this study) are more important for
MaCSC self-renewal and tumorigenicity iz vivo. In this regard,
it is interesting to note that increased Pyk2 expression did not
affect the growth of mammary tumors in vivo or isolated tumor
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cells in vitro in FAK-null cells, although it compensated for
FAK promotion of MaCSC self-renewal, tumorigenicity, and
metastasis. We also observed that p130°** phosphorylation was
similarly reduced in both MaCSCs and bulk tumor cells after
FAK deletion and that compensatory Pyk2 expression did not
affect its phosphorylation (data not shown). Together, these
considerations raise the interesting possibility that different
FAK downstream pathways may regulate distinct aspects of
breast cancer development and progression (e.g although it
could affect tumor growth through effects on bulk tumor cells,
FAK signaling through p130°* is not required for MaCSC and
mammary tumorigenesis, which is dependent on FAK/PI3K/
Akt signaling).

Pyk2 has been shown to stimulate overlapping and distinct
downstream pathways as FAK. It is not clear, however, whether
the up-regulated Pyk2 compensates for FAK functions in
MaCSCs through the same pathways as FAK or utilizes alter-
native mechanisms. Our findings on the selective increase in
Akt phosphorylation in FAK-null MaCSCs and its correspond-
ing decrease after Pyk2 knockdown suggest that PI3K/Akt
pathway may contribute at least in part to the Pyk2 compensa-
tion for FAK function in MaCSCs. A recent study showed that
elevated expression of Pyk2 upon FAK deletion is linked to
increased p190RhoGEF expression and aberrant activation of
RhoA pathway and corresponding changes in cell adhesion,
migration, and proliferation (58). It remains to be determined
whether this or other downstream pathways may also be
responsible for Pyk2 regulation of FAK-null MaCSCs.

One of the important and clinically relevant aspects of the
CSC concept is the suggestion that metastatic tumor cells are
derived from MaCSCs (1-4). This is supported by previous
observations of more migratory and invasive activity of
MaCSCs compared with bulk and “non-stem” tumor cells (28,
32). Our findings of Pyk2 compensatory up-regulation both in
MaCSCs from primary tumors and in tumor cells from lung
metastatic nodules, as well as its functions in MaCSCs and
mammary tumor metastasis, provide a further link between
MaCSCs and metastasis. Because metastasis is responsible for
the majority of cancer mortality, these results further highlight
the importance of targeting MaCSCs for effective therapy of
breast cancer. Moreover, our understanding of the selective
compensatory function of Pyk2 in MaCSCs should also aid in
the future development of more effective inhibitors targeting
FAK for breast cancer treatments.
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