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he activation of receptor tyrosine

kinases, particularly ErbB2, has
been linked to the genesis and progression
of breast cancer. Two of the central sig-
naling pathways activated by ErbB2 are
the Ras/Raf-1/Mek/Erk pathway, which
plays an important role in tumor cell
growth and migration, and the PI3K/Akt
pathway, which plays an important role
in cell survival. Recently, we and others
have shown that signaling through the
Ras-Erk pathway can be influenced by
p2l-activated kinase 1 (Pakl), an effec-
tor of the Rho family GTPases Rac and
Cdc42. Expression of activated forms of
Rac promotes activation of Erk through
mechanisms involving Pakl phosphory-
lation of Raf-1 and Mekl. In addition,
Pakl has also been implicated in the
activation of Akt. However, our under-
standing regarding the degree to which
Rho GTPases, and their effectors such as
Pakl, contribute to ErbB2-mediated sig-
naling is very limited.

Recent results from our laboratory
indicate that ErbB2 expression correlates
with Pak activation in estrogen receptor
negative human breast tumor samples.
Using a three-dimensional (3D) culture
of human MCF-10A mammary epithelial
cells, we found that activation of Rac-
Pak pathway by ErbB2 induces growth
factor independent proliferation and
promotes disruption of acini-like struc-
tures through the activation of the Erk
and Akt pathways. We also observed that
blocking Pak1 activity by small molecule
inhibitors impeded the ability of acti-
vated ErbB2 to transform these cells and
to activate its associated downstream
signaling targets. In addition, we found
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that suppressing Pak activity in ErbB2-
amplified breast cancer cells delayed
tumor formation and downregulated
Erk and Akt signaling in vivo. These
results support a model in which Pak, by
activating Erk and Akt, cooperates with
ErbB2 in transforming mammary epi-

thelial cells.
Introduction

The ErbB family of receptor tyrosine
kinases (RTKs), including EGFR (ErbB1/
HER1), ErbB2 (HER2/neu), ErbB3
(HER3) and ErbB4 (HER4), couples
binding of extracellular growth factor
ligands to intracellular signaling path-
ways regulating diverse biologic responses,
including proliferation, differentiation,
cell motility and survival. ErbB RTKs
are widely expressed in epithelial, mesen-
chymal and neuronal cells and signaling
through these receptors plays a critical role
in determining cell fate in many organ
systems, as exemplified by the perina-
tal (ErbB1) or early embryonic lethality
(ErbB2, ErbB3 and ErbB4) of knockout
mice because of severe defects in a broad
range of organs, including skin, lung, the
gastrointestinal tract, brain, heart and
peripheral nervous system."? Furthermore,
ErbB RTKs are involved in mammary
gland development during puberty and
pregnancy, as well as in the maintenance
of tissue homeostasis. Conversely, dys-
regulation of the ErbB signaling network
is implicated in cancer initiation, tumor
growth/progression, metastasis and poor
patient outcome. Since they have impor-
tant functions in regulating tumor pro-
liferation, survival and metastasis, the
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Figure 1. Dimerization of ErbB2 receptors leads to phosphorylation and activation of several intracellular catalytic substrates, including the Ras/Raf/
MEK/Erk, PI3K/Akt and other important signaling pathways that regulate apoptosis, protein synthesis and cellular proliferation. Our experimental
results summarized in this Extra View, demonstrate that ErbB2 signaling activates a Rac-Pak signaling pathway that contributes to ErbB2 mediated
transformation through the Erk and Akt pathways.

ErbB family has provided an attractive
therapeutic target in breast cancer.’” Of
the four ErbB proteins, ErbB2 has been
of special interest, as it is overexpressied in
approximately 25-30% of primary breast
cancers and is a significant prognostic fac-
tor in terms of nodal status, tumor grade,
overall survival and probability of relapse
in breast cancer patients.®

Although ErbB2 activation and con-
stitutive signaling is achieved through
overexpression and homodimerization, it
functions as the preferred heterodimeric
partner of the other three ErbB mem-
bers.” ErbB2 binds to a larger subset of
phosphotyrosine-binding  proteins than
the other ligand-binding receptors of the
family.® Furthermore, ErbB2-containing
heterodimers are characterized by a
higher affinity and broader specificity for
various ligands than the other heterodi-
meric receptor complexes, owing to slow
rates of growth-factor dissociation. Also,
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ErbB2-containing heterodimers undergo
slow rates of endocytosis and more fre-
quently recycle back to the cell surface.!
These features translate to potent mito-
genic signals' owing to the simultaneous
and prolonged recruitment of multiple
signaling pathways including the PI3K/
Akt and Ras/Raf-1/Mek/Erk pathways
(Fig. 1).

While ErbB signaling is quite complex,
the Ras/Raf-1/Mek/Erk pathway is one
the best characterized downstream signal-
ing routes of these RTKs."? In addition,
blockade of Erk activity by pharmacologi-
cal inhibitors against MEK" or by expres-
sion of a kinase dead form of Erk' has
been shown to suppress proliferation and
tumorigenecity of many human breast
cancer cell lines in vitro and in vivo. Since
we and others had established that Paks
are required for activation of Erk down-
stream of several RPTKs,” " in the scien-
tific paper highlighted here,” we studied
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the role of Pak signaling in ErbB2 medi-
ated transformation and its effect in the
activation of the Erk pathway as well as on

Akt signaling.
Pak and Breast Cancer

Previous reports have shown that Pak
family members are overexpressed and/
or hyperactivated in various human can-
cers (reviewed in ref. 20 and 21), includ-
ing brain, liver, kidney, bladder, pancreas,
colon, ovarian and breast tumors among
others.?*?! The role of Pakl
pathogenesis has been characterized in
greatest detail in breast cancer. In mam-
mary tumors, deregulation of Pakl is
well documented and correlates with
increased invasiveness and cell survival.
More than 50% of human breast cancers
display overexpression and/or hyperac-
tivation of Pakl, usually in association
with amplification of 11q13.5-q14.7%%

in tumor
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Recent reports have shown that expression
of a constitutively active (CA) mutant of
Pakl increases cell motility, anchorage-
independent growth and invasiveness in
MCE-7 breast cancer cells and that trans-
genic expression of this allele in mouse
mammary glands leads to development
of mammary tumors and other types of
breast lesions.?** In addition, Pakl has
been shown to protect mammary epithe-
lial cells from anoikis by inhibiting PARP

3% as well as acting downstream

cleavage,
of a6B4 integrin to confer resistance
to apoptosis in 3D cultures of MCF10A
cells by activating NFkB.* In accord with
these effects, overexpression of wild type
Pakl correlates with inhibition of hol-
low lumen formation and distorts normal
acinar morphology in 3D conditions.*
Conversely, expression of dominant-neg-
ative (DN) Pakl suppresses motility and
invasiveness in different breast cancer cell
lines and partially restores normal acinar
morphology in the in vitro 3D culture
mentioned above.?*36-38

This accumulating evidence indicates
that Pak contributes to the transforma-
tion of breast epithelial cells. However, the
relationship of Pak to ErbB2 signaling is
unclear, and since Pak signaling is critical
for activation of the Ras/Raf-1/Mek/Erk
pathway, we examined the potential role
of this kinase in ErbB2 mediated transfor-
mation of human breast epithelial cells.

The data published in the article object
of this Extra View showed that there is a
strong correlation between ErbB2 overex-
pression and Pak activity in ER-negative
human breast cancer specimens, suggest-
ing that ErbB2 may modulate Pak signal-
ing in ER-negative mammary tumors.
To clarify the molecular mechanisms by
which Pak contributes to ErbB2 signaling
in breast carcinogenesis, we grew MCEF-
10A cells (ER-negative) that stably express
an AP1510-activatable, chimeric form of
ErbB2 in 3D conditions.” Using this sys-
tem, we first demonstrated that activation
of ErbB2 promotes a robust activation of
endogenous Rac and Pak1. These observa-
tions are consistent with the documented
activation of these signaling proteins by
other RTKs. 154041

Normally, MCF-10A cells form orga-
nized acini that recapitulate the architec-
tural elements of breast acinar development

126

when grown in a 3D setting. As had been
reported previously by the Muthuswamy
lab, we found that activation of ErbB2 sig-
naling with AP1510 caused characteristic
changes in acinar morphogenesis, luminal
apoptosis and proliferation, resembling
those observed in human breast ductal
carcinoma in situ.”” We found that overex-
pression of dominant negative (DN)-Rac
or DN-Pak impeded the ability of ErbB2
to disrupt the architecture of the 3D aci-
nar-like stuctures and blocked the activa-
tion of PI3K/Akt and Ras/Raf-1/Mek/Erk
signaling. Moreover, we confirmed that
these morphological and signaling effects
were actually due to the loss of Pak activ-
ity by using specific small molecule inhibi-
tors of Rac®? and Pak.* Conversely, cells
expressing constitutive active forms of Rac
or Pak showed aberrant morphology, high
rates of cell proliferation and suppression
of apoptosis and constitutive activation of
Akt and Erk signaling even in the absence
of activated ErbB2, suggesting that, in
this system, Rac-Pak signaling is neces-
sary and sufficient for ErbB2 to induce
cell survival, proliferation and a multi-
acinar phenotype (Fig. 2). We obtained
similar results in a more realistic model
of ErbB2 function in which transforma-
tion of MCF10A cells is driven by ErbB1/
ErbB2 heterodimers.

Our results in the 3D breast epithelial
cell culture system showed that Pak plays a
positive role in ErbB2 signaling. Using this
model, we were able to dissect the signal-
ing events that underlie these important
effects, but how does Pak contribute to
oncogenesis in mammary cells in vivo? To
define the role of Pak in the proliferation
of ErbB2-expressing human breast cancer
cells we used a xenograft model. ErbB2-
positive  MDA-MB-631/DYT2  breast
cancer cells expressing a Pak-inhibitory
domain (PID) were injected into the
flanks of SCID mice and we monitored
the development of tumors over the course
of several weeks. Control cells expressing
either GFP or an inactive PID quickly
developed into large tumors 3 weeks post-
injection. In contrast, PID-expressing
cells resulted in much smaller tumors at a
considerably delayed rate. Consistent with
the results obtained in our 3D cell culture
system, loss of Pak activity downregulated
Akt and Erk activities in vivo, indicating
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that suppression of Pak can at least par-
tially block the ability of ErbB2 to induce
tumor formation. These results show that
Rac-Pak signaling is a key element in
ErbB2 function in breast epithelial cells,
and that inhibiting Pak activity impedes
breast tumor growth in animals.

Next Steps

While a role for Pakl in ErbB2-mediated
transformation in mammary epithelial
cells is, we feel, now well-established, the
mechanism by which Pakl contributes
to this process, and whether it extends
to more realistic breast cancer models, is
not. That is, although we found a strong
correlation between blocking Pak activity,
blocking Erk and Akt activity and block-
ing transformation by ErbB2, we do not
know if these molecular links are germane
to the restoration of normal morphology
in the MCF-10A system, or to the reduced
tumor volume in xenografts. It is entirely
possible that other Pak targets are as
important or more important to these phe-
nomena. Among the leading candidates
are the NFkB and ER signaling pathways
(Fig. 1). Pak is known to activate NFkB,
thought the precise molecular links have
not been established.* Certainly, Pak-
mediated activation of this pathway might
be important to its cellular effects. Also,
phosphorylation of BAD by Pakl could
contribute to the pro-survival effects of
this kinase. Finally, it should be noted
that nuclear localization of Pakl plays a
critical role in zebrafish development,®
and that, given the functional similarities
of fish and mammalian Pakl, we ought
therefore pay special attention to potential
nuclear substrates of Pakl in mammalian
cells. The estrogen-receptor (ER) might
represent one such nuclear substrate.
Recently, Tharakan et al. showed that
Pakl can phosphorylate ER-a at serine
residue 305 promoting its activation in a
ligand-independent manner, linking this
event to tamoxifen resistance in ER posi-
tive breast tumors insensitive to hormone
based therapies.*

In addition to determining the rel-
evant pathways affected by Pak, we need
to establish if loss of Pak affects tumori-
genesis in a genetically engineered model
of breast cancer. For ErbB2, several such
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Figure 2. Schematic representation of normal acinar morphology and the effect of ErbB2 signaling on the acinar architecture. Single mammary
ephitelial cells seeded on a basement membrane gel recapitulate numerous features of breast epithelium in vivo, including the formation of acinus-
like spheroids with a hollow lumen, apicobasal polarization of cells making up these acini and the basal deposition of basement membrane compo-
nents. Activation of ErbB2 signaling, promotes the activation of several signaling pathways, including the Ras/Raf-1/MEK/Erk and PI3K/Akt pathways
disrupting the normal architecture of the acini. Blockade of Rac and Pak activity by using dominant negative mutants as well as small molecule inhibi-

mouse models exist, such as the MMTV-
Neu mouse. Breeding these mice with
Pak-deficient mice could provide compel-
ling in vivo data regarding the role of Pak1
in ErbB2-driven breast cancer.

A final point: given the high frequency
of 11q13 amplification in human breast
cancer, it is reasonable to ask if cells from
such tumors, irrespective of ErbB2 or ER
status, are “addicted” to Pakl. In this case,
cell lines established from such tumors
(e.g., BT-474 or UACC 893,) might
undergo growth arrest and/or apoptosis
in the absence of high-level Pakl expres-
sion or in the presence of a Pakl inhibi-
tor. If so, this might point to particular
tumors amenable to Pak-inhibitor based
therapies.
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