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Her-2/neu overexpression induces NF-xB via a PI3-kinase/Akt pathway
involving calpain-mediated degradation of IxB-« that can be inhibited by

the tumor suppressor PTEN
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The Nuclear Factor (NF)-xB family of transcription
factors controls expression of genes which promote cell
growth, survival, and neoplastic transformation. Recently
we demonstrated aberrant constitutive activation of NF-
kB in primary human and rat breast cancer specimens
and in cell lines. Overexpression of the epidermal growth
factor receptor (EGFR) family member Her-2/neu, seen
in approximately 30% of breast cancers, is associated
with poor prognosis. Previously, Her-2/neu has been
shown to signal via a phosphatidylinositol 3 (P13)-kinase
to Akt/protein kinase B (PKB) pathway. Since this
signaling pathway was recently shown to activate NF-
kB, here we have tested the hypothesis that Her-2/neu
can activate NF-xB in breast cancer. Overexpression of
Her-2/neu and EGFR-4 in Ba/F3 cells led to constitutive
PI3- and Akt kinase activities, and induction of classical
NF-«B (p50/p65). Similarly, a tumor cell line and
tumors derived from MMTV-Her-2/neu transgenic mice
displayed elevated levels of classical NF-xB. Engagement
of Her-2/neu receptor downregulated the level of NF-«B.
NF-«kB binding and activity in the cultured cells was
reduced upon inhibition of the PI3- to Akt Kkinase
signaling pathway via ectopic expression of Kkinase
inactive mutants, incubation with wortmannin, or
expression of the tumor suppressor phosphatase PTEN.
Inhibitors of calpain, but not the proteasome, blocked
IxB-o degradation. Inhibition of Akt did not affect IKK
activity. These results indicate that Her-2/neu activates
NF-«B via a PI3- to Akt kinase signaling pathway that
can be inhibited via the tumor suppressor PTEN, and is
mediated by calpain rather than the IxB kinase complex.
Oncogene (2001) 20, 1287 —-1299.
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Introduction

NF-kB/Rel is a family of dimeric transcription
factors characterized by the presence of a Rel
homology region (RHR) of about 300 amino acids
in length, which controls multiple functions including
dimerization and nuclear localization. Classical NF-
kB is a heterodimer composed of p65 (or RelA) and
p50 (or NFkB1) subunits (Grimm and Baeuerle,
1993). The RelA subunit has potent transactivation
ability, while the p50 subunit has only modest
transactivation potential in wvivo, but binds very
avidly to an NF-xB element (Ballard et al., 1992;
Grimm and Baeuerle, 1993; La Rosa er al., 1994).
Many genes are regulated by NF-xB (Grimm and
Bacuerle, 1993). For example, we demonstrated that
the c-myc oncogene is potently transactivated by
NF-xB/Rel factors (Duyao et al., 1992; Kessler et
al., 1992; La Rosa et al., 1994). In most cells, other
than B lymphocytes, NF-xkB/Rel proteins are seques-
tered in the cytoplasm bound to one of the specific
inhibitory proteins termed IxBs of which IxB-o is
the paradigm. During activation of NF-«kB by such
extracellular stimuli as TNF and IL-1, phosphoryla-
tion of IxB-o by the IxB kinase complex targets the
inhibitor protein for degradation via the proteasome
pathway. The IxB kinase complex contains two IxkB
kinases, IKKoa (or IKK-1) and IKKpf (or IKK-2).
Activation of the IxB kinase complex is mediated
via phosphorylation of either IKKa or IKKf
(DiDonato et al., 1997, Mercurio et al., 1997,
Regnier et al., 1997; Woronicz et al., 1997). IxB-a
is then recruited in the IxB kinase complex, where it
is phosphorylated by the functional IKKo/IKKf
heterodimer at serine residues at positions 32 and
36 (reviewed in Mercurio and Manning, 1999). This
phosphorylation is followed by ubiquitination and
rapid degradation through the proteasome pathway
(Brown et al., 1995; Chen et al., 1996; DiDonato et
al., 1996). This pathway is not universal, however,
and proteasome-mediated degradation of IxBo has
been ruled out recently in the case of NF-xkB
induction by oxidative stress and in its constitutive
expression in early mature B cells (Fields et al.,
2000; Miyamoto et al., 1998; Schoonbroodt et al.,
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2000). In these cases, degradation of IxkB-a by
calpain has been implicated.

Several years ago, we (Sovak et al., 1997) and
others (Nakshatri et al., 1997) demonstrated that
breast cancer cell lines and primary breast cancer
specimens are typified by aberrant constitutive
activation of NF-kB. Specifically, human breast
tumor cell lines, and the majority of primary human
breast tumor tissue samples and mammary tumors
induced wupon carcinogen treatment of female
Sprague-Dawley rats were found to constitutively
express high levels of nuclear NF-xB/Rel. In
contrast, untransformed breast epithelial cells and
normal rat mammary glands contained the expected
low basal levels. The Her-2/neu (or c-erbB-2)
oncogene, the second member of the epidermal
growth factor (EGF) receptor family (EGFR-2),
encodes a transmembrane tyrosine kinase receptor.
Overexpression of Her-2/neu, which has been seen in
approximately 30% of breast cancers, is associated
with poor overall survival (Hortobagyi et al., 1999).
In particular, it has been found associated with
increased metastatic potential and resistance to
chemotherapeutic agents. Transgenic mice overexpres-
sing Her-2/neu develop focal mammary tumors after
a long latency, whereas, multi-focal tumors appeared
after a significantly reduced time frame upon
overexpression of both Her-2/neu and TGF-o, a
ligand for this EGFR member (Guy et al., 1992;
Muller et al., 1996). Recent work has implicated the
phosphatidylinositol 3 (PI 3)-kinase and serine/
threonine kinase Akt/protein kinase B (PKB) in
Her-2/neu signaling (Adam et al., 1998; Ignatoski et
al., 2000). PI3-kinase has been shown to play an
important role in proliferation and cell survival
induced by many cytokines (Miyajima et al., 1999).
The tumor suppressor PTEN is a multifunctional
phosphatase, which is capable of dephosphorylating
products of PI3-kinase (Di Cristofano and Pandoli,
2000). PI3-kinase signaling is mediated via activation
of the serine/threonine kinase Akt/protein kinase B
(PKB) (Kennedy et al., 1997). PI3-kinase signaling
has also been linked to the induction of NF-xB
(Arsura et al., 2000; Beraud er al, 1999). For
example, we showed that PI3-kinase signaled NF-xB
activation via IKKo in Ras-transformed rat liver
epithelial cells (Arsura et al., 2000). Furthermore,
Akt was recently shown to activate NF-xB via the
IKK complex in response to TNF or PDGF
stimulation (Ozes et al., 1999; Romashkova and
Makarov, 1999). Thus, here we have examined the
role of Her-2/neu in mediating induction of NF-xB
in breast cancer. We demonstrate NF-«xB induction
in breast cancer cell lines and primary mouse
tumors. Furthermore, activation occurs via a PI3-
kinase to Akt pathway that can be repressed by
the tumor suppressor PTEN. Surprisingly, this
activation does not appear to be mediated via the
IKK complex proteasome pathway but rather our
results implicate calpain in the basal degradation of
IxB-a.
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Results
Overexpression of Her-2/neu+ EGFR-4 induces NF-kB

To determine whether overexpression of Her-2/neu
can lead to induction of NF-xB, we characterized Ba/
F3 clones stably expressing either EGFR-1 (Ba/F3-1),
EGFR-2 (Her-2/neu) (Ba/F3-2), or combinations of
EGFR-1+Her-2/neu  (Ba/F3-1+2), and Her-2/
neu+ EGFR-4 (Ba/F3-2+4). Ba/F3 cells transfected
with the empty vector LXSN DNA were employed as
control (termed parental Ba/F3 here). We first
confirmed the previously observed basal tyrosine
phosphorylation activity of the Her-2/neu+ EGFR-4
receptor signaling using immunoblotting (Riese et al.,
1996). Whole cell extracts (WCEs) were prepared
from the four clones, as well as from parental Ba/F3
cells. Samples were subjected to an immunoblot assay
with an antibody specific for phosphotyrosine Her-2/
neu (Figure la). As expected, tyrosine phosphoryla-
tion of the Her-2/neu protein was observed in Ba/F3-
2+4 cells overexpressing Her-2/neu+ EGFR-4 pro-
teins. In addition, low levels of activity were seen in
Ba/F3-1 cells, expressing EGFR-1. Equal loading was
confirmed by immunoblot analysis of the same filter
for Akt protein levels. Thus, as seen previously (Riese
et al, 1996), overexpression of the Her-2/
neu+ EGFR-4 receptors in Ba/F3 leads to elevated
kinase activity and resultant basal phosphorylation of
Her-2/neu.

To assess NF-kB/Rel binding levels, nuclear
extracts were prepared from the Ba/F3 lines and
used in EMSA. An oligonucleotide containing the
NF-xkB element upstream of the c-myc promoter,
which binds all Rel family members (La Rosa et al.,
1994) was used as probe. Nuclear extracts from the
parental Ba/F3 cells and from the Ba/F3-2 cells
displayed low levels of two NF-xB binding complexes
(Figure 1b). Higher levels of band 1 were seen in the
Ba/F3-1, Ba/F3-1+2 and Ba/F3-2+4 lanes. Interest-
ingly, an increased level of band 2 was observed
predominantly in the Ba/F3-2+4 cell extract, and to
a lesser extent in the Ba/F3-1 lane (better seen with a
longer exposure). Equal loading was confirmed by
analysis for the ubiquitously expressed Spl protein
(Figure 1b, bottom panel). Similar profiles were seen
previously in wild-type Ba/F3 cells and bands 1 and
2 were identified as p50 homodimers, and classical
NF-«kB (p50/p65), respectively (Besancon et al., 1998;
Jeay et al., 2000). To confirm the identity of the
subunits within the Ba/F3-2+4 cells, supershift
EMSA was performed (Figure 1c). Addition of an
antibody that preferentially recognizes p50 in a
homodimer complex, eliminated band 1 and reduced
band 2. Addition of an antibody against p65
selectively reduced band 2. Taken together, these
results indicate that band 1 contains p50 homodimers
and band 2 is a heterodimer of p50/p65 or classical
NF-kB. Thus, overexpression of the Her-2/
neu+ EGFR-4 receptors in Ba/F3 cells leads to
elevated basal phosphorylation of Her-2/neu and to
activation of classical NF-«xB.
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Figure 1 NF-«B activation in Ba/F3 cells expressing various EGF receptors. (a) Tyrosine phosphorylation of Her-2/neu is highest
in Her-2/neu+erbB-4 double recombinant Ba/F3 clones. Total proteins were isolated with RIPA buffer from Ba/F3 clones, and
samples (60 ug) were analysed by immunoblotting with an anti-phosphotyrosine Her-2/neu antibody (top panel), and an AKT
antibody, as control for equal loading (bottom panel). Ba/F3 cell lines derived by transfection with vector LXSN DNA only, Ba/F3;
vectors expressing EGFR, Ba/F3-1; Her-2/neu, Ba/F3-2; EGFR +Her-2/neu, Ba/F3-1+2; Her-2/neu+erbB-4, Ba/F3-2+4. (b)
HER-2/neu+erbB-4 double recombinant Ba/F3 cells display elevated levels of NF-kB/Rel binding levels. Nuclear extracts were
prepared from the Ba/F3 clones and used in EMSA with an oligonucleotide containing the URE NF-xB element upstream of the c-
myc promoter, as probe (top panel) or with an Spl oligonucleotide, as a loading control (bottom panel). (¢) Her-2/neu+ erbB-4
double recombinant Ba/F3 cells express classical NF-«xB. Supershift EMSA was performed with nuclear extracts from the Her-2/
neu +erbB-4 transfected Ba/F3-2+4 cells in the absence (none) or presence of antibodies specific for NF-«B subunit: p50, sc-114
(ap50), or p65, sc-372 (ap65). The two major complexes, labeled bands 1 and 2, were identified as pS0 homodimers and p50/p65,

respectively

Activation of NF-kB occurs via a PI3-kinase signaling
pathway

Her-2/neu has been shown to signal via PI3-kinase,
which has been implicated in NF-xB induction (Arsura
et al., 2000). To test for involvement of this pathway,
we employed wortmannin, a potent PI3-kinase in-

hibitor (Arcaro and Wymann, 1993). Ba/F3-2+4 cells
were incubated for 24 h in the presence of 100 nM
wortmannin, that had been dissolved in DMSO, or the
equivalent amount of carrier solution. Wortmannin
treatment resulted in a significant decrease in NF-xB
binding compared to treatment with DMSO alone
(Figure 2a). Equal loading of Spl confirmed the

1289

Oncogene



Induction of NF-xB by Her-2/neu via calpain
S Pianetti et al

1290

selectivity of the observation. Since one of the
important downstream targets of PI3-kinase is Akt,
we next tested for phosphorylation of this kinase
(Figure 2b). A significant decrease in Akt phosphor-
ylation was noted upon 24 h treatment with 100 nM
wortmannin. Densitometry indicated wortmannin-
treated cells displayed 60% of the Akt phosphorylation
seen in control cells. Thus, NF-xB activation in the Ba/
F3-2+4 cells appears to be mediated via a PI3-kinase
to Akt signaling pathway.

MMTV-Her-2/neu tumor cell line expresses elevated
levels of classical NF-kB

The NF639 cell line was established from a mammary
tumor that arose in the MMTV-Her-2/neu transgenic
mouse (Elson and Leder, 1995). To test for NF-«xB
activation, EMSA was performed using nuclear
extracts from these cells compared to non-tumorigenic
MCF-10F HMECs, which express only low basal levels
of classical NF-xB (Sovak et al., 1997) (Figure 3). The
level of binding was significantly higher in the NF639
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Figure 2 Wortmannin reduces NF-xkB binding and phosphor-
ylation of Akt. Her-2/neu+erbB-4 transfected Ba/F3-2+4 cells
were incubated for 24 h in the presence of PI3-kinase inhibitor
wortmannin (100 nm) dissolved in DMSO or the equivalent
volume of DMSO alone. (a) Nuclear extracts were isolated and
samples (5 ug) subjected to EMSA for NF-«kB (left panel) and
Spl (right panel), as loading control. (b) Total proteins were
isolated with lysis buffer. Samples (60 pg) were immunoprecipi-
tated overnight with a phospho-Akt antibody immobilized on
agarose beads, and bound proteins used in a kinase assay with
1 pg GSK3a-GST protein as substrate. Phosphorylated GSK3u
was identified by immunoblotting. Alternatively, samples (60 ug)
were subjected to immunoblotting for f-actin, as a control for
equal protein loading
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line compared to MCF-10F cells. The specificity of the
complexes was confirmed using competition assays and
IxB-a-GST protein, a specific inhibitor of NF-xB DNA
binding. Successful competition was observed with the
NF639 cell extracts upon addition of excess oligonu-
cleotide containing wild-type but not mutant URE NF-
kB elements (Figure 3). Furthermore, addition of IxB-u«
GST fusion protein, greatly reduced formation of
bands 1 and 2. Bands 1 and 2 in the human MCF-
10F line have been identified as p50 homodimer and
p50/p65 classical NF-xB, respectively (Kim et al.,
2000). Addition of an antibody against the p50 subunit
greatly reduced bands 1 and 2, while addition of an
antibody against p65 selectively reduced band 2. In
contrast, addition of an antibody against c-Rel subunit
had no detectable effect on these specific complexes,
while a p52 specific antibody caused a slight reduction
in band 1. Thus, antibody supershift analysis identified
band 2 in the NF639 nuclear extract as consisting of
heterodimers of p50 and p65, while band 1 contains
p50 and possibly some p52 protein, as well.

Using transient transfection analysis of wild-type vs
mutant NF-xB element driven CAT reporter constructs
(E8 vs mutES8), we previously demonstrated that MCF-
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Figure 3 MMTV- Her-2/neu mammary tumor derived cell line
NF639 expresses classical NF-xB. Samples of NF639 cell nuclear
extracts (5 pug) were incubated overnight at 4°C in the absence
(none), or the presence of 1 ug IkB-2-GST protein, or 1 ul
antibody against the p65, p50, p52, or c-Rel NF-xB subunits, as
indicated. Alternatively, a nuclear extract from MCF-10F (10F)
cells was used. EMSA for NF-«xB was performed, as described in
Materials and methods. To test for specificity of binding, the
binding reaction with the NF639 cell nuclear extract was
incubated with 10x or 20x excess unlabeled wild-type (URE)
or mutant URE oligonucleotide (mURE), as indicated. The
positions of two specific complex, labeled bands 1 and 2, as well
as, a non-specific complex (ns), are as indicated. (All lanes are
from the same gel)



10F cells display very little NF-xB transactivation
capability, consistent with the low levels of binding
seen (Kim et al., 2000). In particular, MCF-10F cells
showed a minimal induction of E8 activity over the
mutES of approximately 1.7-fold+0.6. Transient
transfection analysis of the NF639 cells was performed
similarly using the E8 and mutE8 TK promoter-CAT
reporter vectors. A ninefold+0.4 higher Ilevel of
activity was obtained with E8 compared with mutES
vector. Thus, the NF639 cells display elevated levels of
NF-xB binding and transactivation potential.

MMTYV-Her-2/neu mouse mammary tumors express
elevated levels of NF-kB

We next asked whether mouse mammary tumors
driven by MMTV-Her-2/neu express constitutive
nuclear NF-«kB. Nuclear extracts were prepared from
several tumors and from histologically normal mam-
mary glands from the same animals. As seen previously
in the rat (Sovak et al., 1997, Kim et al., 2000), a
normal mammary gland expresses only low levels of
NF-«kB (Figure 4a and data not shown). Tumors
displayed elevated levels of NF-«kB (Figure 4a),
consistent with the EMSA of the NF639 line seen
above (Figure 3). Two specific complexes were
apparent, as judged by competition analysis with
excess unlabeled oligonucleotide, which were labeled
bands 1 and 2 (Figure 4b). Antibody supershift
analysis identified bands 1 and 2 as p50 homodimers
and p50/p65 heterodimers, respectively, consistent with
the studies on the NF639 line (Figure 4b). EMSA with
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oligonucleotides containing binding sites for PU.1, and
TCF-1 indicate the NF-xkB binding in the tumor
sample nuclear extracts was not likely due to
contamination of B lymphocytes, neutrophils, mast or
myeloid cells, or of T lymphocytes, respectively. Thus,
mammary tumors from MMTV-Her-2/neu mice, as
well as the cell lines derived from these tumors, express
constitutive nuclear NF-«xB.

Inhibition of the PI3-kinase to Akt signaling pathway
reduces NF-kB levels

We next sought to determine the involvement of the
PI3-kinase/Akt signaling pathway in the activation of
NF-«kB in the NF639 line. We first tested whether
specific inhibition of the pathway affects NF-xB
binding. NF639 cells were transiently transfected with
vectors expressing either a kinase inactive version of
PI3-kinase (PI3KA85) or of Akt (AktAK), which
function as dominant negatives. Alternatively vectors
expressing either wild-type (Akt) or a membrane form
of Akt, which is constitutively active (AktM) were
similarly transfected to determine whether increasing
the level of this kinase will enhance activation of NF-
kB in the NF639 line. The transfection efficiency of the
NF639 cells was approximately 60% as judged by
green fluorescent protein (data not shown). Expression
of either the dominant negative PI3-kinase or Akt
caused a significant reduction in NF-xB binding
(Figure 5a), implicating this pathway in activation of
this transcription factor in the NF639 MMTV-Her-2/
neu cells. Expression of Akt had only marginal effects

S
5 b A5,
$ FELELE

LA <5
21

‘b'"
&6%’5&5(@%‘;\1‘;\58“‘*

T572

e

Figure 4 MMTV-Her-2/neu tumors display elevated NF-xB binding. Nuclear extracts were prepared from the indicated
histologically normal mammary glands (N) and breast tumors (T) from MMTV-Her-2/neu mice. (a) NF-xB EMSA. Samples of
nuclear extracts (5 ug) were subjected to EMSA for NF-kB and Spl, as loading control. (b) Antibody supershift. Samples of nuclear
extracts (5 pug) from the T572 tumor were incubated overnight at 4°C in the absence (none) or the presence of 1 ul antibody against
the p65 or pS0 NF-xB subunits, or 1 ug IkB-a-GST protein, as indicated. EMSA for NF-xB was performed, as described in
Materials and methods. To test for specificity of binding, samples were incubated with 10 x or 100 x excess unlabeled wild-type
(URE). The positions of two specific complexes are as indicated. (¢) PU.1 and TCF-1 EMSA. Samples of nuclear extracts (5 ug)
were subjected to EMSA for PU.1 and TCF-1. Where indicated, samples (5 ng) of nuclear extract of WEHI 231 B cells (WEHI) and

Jurkat T cells (Jurkat) were added as controls for positive binding
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Inhibition of PI 3-kinase and Akt reduce NF-xB activity. (a) Cultures (P100) of NF639 cells were transfected with 9 ug

of SRa, parental vector or of vectors: PI3KA8S (dead kinase), AktM (membrane kinase), AktAK (dead kinase), Akt (wt Akt). After
48 h, nuclear extracts were prepared and samples (5 ug) used in EMSA with oligonucleotides containing elements for NF-xB or
Oct-1, as control for equal loading. Positions of the two major NF-xB bands and the one Oct-1 complex, are as indicated. (b)
Cultures (P35) of NF639 cells were transfected, in triplicate, with 1 ug NF-xB-element driven luciferase construct in the presence of
2 pg either pCMV empty vector (parental), or of vectors: AktAK (AktDN), Akt, or AktM, and | ug SV40pgal. After 36 h, extracts
were prepared and samples, normalized for f-galactosidase activity, were assayed for luciferase activity. The average values are
presented +/— the standard deviation. (¢) Cultures of NF639 cells were transfected, as in part (a), with either pCMV empty vector,
or the indicated expression constructs. After 24 h, nuclear extracts were prepared and samples (5 ug) used in EMSA with
oligonucleotides containing elements for NF-xB or Spl, as control for equal loading

on NF-kB binding, while expression of the myristy-
lated AktM form led to increased NF-xB binding
(Figure 5a). Equal loading was confirmed via EMSA
for the Oct-1 protein (Figure 5a). We next assessed the
effects of these vectors on NF-xB activity, using co-
transfection analysis of an NF-xB element driven
luciferase construct (Figure 5b). Expression of the
dominant negative Akt caused an over 80% reduction
in NF-xB activity while expression of the constitutively
active myristylated AktM form resulted in elevated

Oncogene

NF-kB activity, and the wild-type Akt had little effect
on activity or binding (Figure 5b). Thus, the changes in
NF-kB binding were paralleled by changes in activity.
Taken together, these findings indicate a PI3-kinase/
Akt pathway plays a role in the constitutive activation
of NF-kB in the MMTV-c-neu NF639 cells.

The PTEN lipid phosphatase, which is the most
highly mutated tumor-suppressor gene in breast cancer,
has been shown to functionally down-modulate PI3-
kinase activity (reviewed in Di Cristofano and



Pandolfi, 2000). Thus we next asked whether PTEN
expression affects NF-xB binding. NF639 cells were
transfected with a PTEN expression vector or with the
dominant negative PI3-kinase and Akt expression
vectors for comparison and EMSA performed. As
seen in Figure 5c, expression of PTEN reduced the
level of NF-xkB binding, although, to a lesser extent
than seen with the kinase inactive PI3-kinase and Akt
proteins. Equal loading was confirmed by analysis for
Spl binding. Thus, PTEN reduces the activation of
NF-kB seen in the Her-2/neu transformed NF639 line.

Engagement of the Her-2/neu receptor reduces NF-kB
levels

Anti-neu antibody treatment of breast cancer cells in
vitro has been found to cause a reversion of
transformed phenotype (Drebin et al., 1985; Pegram
et al., 1998). Since NF-xB has been implicated in
regulation of genes that control transformed phenotype
of breast cancer cells, including c-myc (Duyao et al.,
1992; Kessler et al., 1992; La Rosa et al., 1994), we
next evaluated the effects of this treatment on NF-«xB.
NF639 cells were incubated with an antibody that
recognizes rat Her-2/neu (aneu) for 24 h, and nuclear
extracts subjected to EMSA for NF-xkB and Spl, as a
control for equal loading. As seen in Figure 6a, the
anti-Her-2/neu antibody caused a significant reduction
in NF-xB binding. To verify the efficacy of the
antibody treatment on the Akt signaling pathway,
extracts were subjected to an Akt kinase assay. Whole
cell extracts were immunoprecipitated with a mono-
clonal anti-Akt, which preferentially recognizes phos-
phorylated protein. GSK3a-GST was then used as
substrate with the resulting immunoprecipitated Akt,
and phosphorylated material identified by immunoblot
analysis for phosphorylated GSK3o-GST protein
(Figure 6b). Treatment with the Her-2/neu antibody
resulted in a decrease in phosphorylated GSK3a-GST,
demonstrating receptor engagement causes decreased
Akt kinase activity. Immunoblotting of the WCE for
p-actin demonstrated the specificity of the decrease in
Akt kinase activity (Figure 6b). Overall, these results
confirm the ability of anti-Her-2/neu treatment to
reduce NF-xB levels in breast cancer cells, and suggest
involvement of Akt.

IKK pathway is not involved in the NF-xB induction by
Her-2/neu

To explore the role of the IxkB kinase/proteasome
pathway, NF639 cells were incubated in the presence of
either 40 ug/ml of MG132, a specific inhibitor of the
proteasome pathway or carrier DMSO, as control.
After 30 min, cycloheximide was added and WCEs
prepared at the times indicated and subjected to
immunoblotting for IxkBoa expression (Figure 7a).
Addition of MG132 had only a very modest affect on
decay of IxB-a. To verify the effectiveness of the
MG132, the blot was probed for expression of the
cyclin-dependent kinase inhibitor p27%"! protein, which
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Figure 6 Engagement of the Her-2/neu receptor reduces NF-xB
binding. Cultures (P100) of NF639 cells were incubated in the
absence or presence of 1 ug anti-HER-2/neu (aneu) antibody for
24 h and nuclear and whole cell extracts prepared. (a) EMSA.
Samples of nuclear extracts (5 ug) were subjected to EMSA for
NF-kB and Spl, as loading control. (b) Akt kinase assay. Samples
of whole cell extracts (80 ug) were incubated with an Akt
antibody, and the resulting immunoprecipitated Akt protein
subjected to kinase assay using GSK3w-GST, as substrate (as
described in the legend to Figure 2). Phosphorylated GSK3o was
identified by immunoblotting. Samples (80 ug) of the whole cell
extracts were analysed for f-actin, as control

is degraded via the proteasome (Tam et al., 1997)
(Figure 7b). Turnover of p27 protein was completely
ablated by the addition of MG132. Similarly, addition
of MG132 blocked turnover of the c-Myc protein (data
not shown), which is also mediated by the proteasome
(Gregory and Hann, 2000). Thus, basal turnover of
IkB-o largely does not appear to be mediated by the
proteasome in NF639 cells.

To further assess the potential role of the protea-
some, NF639 were transfected with a Ser32/36 to Ala
double mutant version of human IxB-o (A32/36). This
protein cannot be phosphorylated and subsequently
degraded by the proteasome pathway. Decay of the
A32/36 double mutant protein was followed using a
human-specific IxB-« antibody (Figure 7c). The rate of
decay was quite similar to that of the endogenous IxB-
o seen above, suggesting again that decay is mediated
via a non-proteasome pathway.

We next assessed the role of the IKK kinase complex
in basal NF-xB expression. NF639 were transiently
transfected with the vector expressing AktAK to inhibit
Akt or with the parental vector, and analysed for
effects on IKKoa and IKKf activity. Alternatively cells
were transfected with vectors expressing AktM or wild-
type Akt. Extracts were prepared, and samples (200 ug)
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Figure 7 Inhibition of calpain blocks IxBa degradation in
NF639 cells. NF639 cells were incubated either with DMSO
alone, or with 40 ug/ml MG132, E64-D, or calpeptin for 30 min.
Following addition of 50 ug/ml cycloheximide (CHX), WCEs
were prepared at the times indicated, and samples (40 ug)
subjected to immunoblot analysis for either IxBa (C-21) (a) or
p275Pt (M197) (b). (¢) NF639 cells were transfected with 2 ug
PRCpyciin double mutant human IxBa (A32/36) vector. After
36 h, cultures were incubated with 40 ug/ml MG132 for 30 min.
Following addition of 50 ug/ml cycloheximide extracts were
prepared at the times indicated and subjected to immunoblot
analysis using an antibody specific for human IxB-a (C-15). The
position of the human IxB-a is as indicated (hlxB-a). A minor
slower migrating non-specific band is also seen

immunoprecipitated with antibodies against either IKKa
or IKKp. The resulting immunoprecipitated proteins
were used in a kinase assay with IxB-a-GST as
substrate. Expression of AktAK, which dramatically
decreased NF-xB levels above, caused no significant
reduction in activity of either IKKa or IKKf (Figure
8a). In fact, a minor increase of 1.2 +0.1-fold was seen
in this and a duplicate experiment. Thus, inhibition of
Akt does not alter IKK kinase activity in the NF639
cells. Expression of the AktM, which caused a slight
increase in NF-xB levels above (Figure 5), resulted in a
slight increase in IKK activity (Figure 8a). No
difference in IKK activity was noted in the NF639
cells transfected with parental Akt expression vector.
Essentially equal amounts of IKK proteins were
present in the extracts as verified by immunoblotting
(Figure 8b). Thus, activation of the IKKa and IKKp
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Figure 8 IKK kinase complex is inactive in MMTV-Her-2/neu

NF639 cells. (a) Total proteins were isolated from NF639 cells,
and samples (200 ug) immunoprecipitated with antibodies against
either IKKa or IKKp, as indicated. Two-thirds of the
preparations were subjected to a kinase assay using 1 ug IxB-o-
GST protein, as substrate. (b) The remainders of the preparations
were immunoblotted for either IKKoa or IKKf to verify
immunoprecipitation

components of the IKK kinase complex does not
appear able to account for the constitutive basal NF-
kB binding seen in the MMTV-Her-2/neu NF639 cell
line, consistent with the failure of the proteasome
inhibitor to substantially affect IxB-a turnover.

Recent work has demonstrated a role for calpain in
IxB-o turnover in B cells, which constitutively express
NF-«kB (Fields et al., 2000; Miyamoto et al., 1998).
Thus, we next investigated the involvement of calpain
in IxB-o degradation in the NF639 line using the
inhibitors calpeptin and E-64D. While both inhibitors
are specific for calpain, the E-64D does not enter cells
as well and has been found to be less effective than
calpeptin (Fields et al., 2000; Miyamoto et al., 1998).
NF639 cells were incubated in the presence of 40 ug/ml
calpeptin or E-64D, or carrier DMSO as control.
Calpeptin essentially completely prevented the decay of
IxB-a (Figure 7a). Treatment with E-64D also ablated
the rate of IxB-a decay, but was somewhat less
effective, consistent with the findings of others. Thus,
inhibition of calpain ablates IkB-o turnover, indicating
the activation of NF-xB that occurs as a result of
overexpression of Her-2/neu is mediated, at least in
part, by calpain.

Discussion

In this study we show that overexpression of Her-2/neu
leads to constitutive induction of NF-xB mediated
through a PI3-kinase/Akt kinase pathway that signaled
degradation of IxB-o via calpain. The activation of
NF-xB could be inhibited by the phosphatase PTEN.
Constitutive nuclear NF-xB was observed in Ba/F3
cells overexpressing Her-2/neu+ EGFR4, as well as in



cell lines derived from MMTV-Her-2/neu mouse
mammary gland tumors and in primary tumor speci-
mens. Inhibition of PI3-kinase by either wortmannin
treatment or by ectopic expression of a kinase inactive
variant reduced NF-xB levels. Consistent with these
findings, negative or positive modulation of Akt kinase
activity either repressed or induced NF-xB activity,
respectively. Previously, our laboratory demonstrated
aberrant NF-xB/Rel activation typifies primary human
breast cancers (Sovak er al., 1997). Here we begin to
provide a mechanism for the aberrant expression of
these factors in cancers with overexpression of Her-2/
neu. Furthermore, our findings implicate the calcium
sensitive cysteine protease calpain family in breast
cancer progression through the constitutive activation
of NF-xB.

Overexpression of Her-2/neu in breast cancer
correlates with a poor prognosis due to enhanced
metastatic potential and resistance to chemotherapy
(Hortobagyi et al., 1999; Slamon et al., 1987; Yu et al.,
1998). The transmembrane receptor encoded by the
Her-2/neu oncogene has intrinsic kinase activity even
in the absence of ligand that activates receptor-
mediated signal transduction. Consistent with these
observations, here we detected intrinsic tyrosine
activation of Her-2/neu in Ba/F3 overexpressing Her-
2/neu+ EGFR4, as well as in NF639 cells (data not
shown). Recently overexpression of Her-2/neu in
immortalized HMECs has been found to result in
growth factor independence, acquisition of anchorage-
independent growth capacity and ability to induce
invasion in a manner similar to breast cancer cells
(Ignatoski et al., 2000). NF-xB has been implicated in
the regulation of a wide spectrum of genes, including
those that mediate transformation (e.g., c-myc) (La
Rosa et al., 1994; Kessler et al., 1992; Duyao et al.,
1992; Kim et al., 2000) and metastasis (e.g., metallo-
proteinases) (reviewed in Grimm and Bacuerle, 1993).
Thus, it is likely that aberrant NF-xB activity plays an
important role in the transformed phenotype displayed
in cells with overexpression of Her-2/neu.

Overall our work has implicated NF-xB in the
neoplastic development of mammary and liver epithe-
lial tumors (Sovak et al., 1997; Arsura et al., 2000). We
first reported aberrant elevated levels of NF-«kB
binding in over 85% of mammary tumors in the
Sprague-Dawley rat after exposure to 7,12-dimethyl-
benz(a)anthracene (DMBA) (Sovak et al., 1997). More
recently NF-kB activation was observed within 3 weeks
of DMBA treatment when tumors had not yet
developed, suggesting that it is an early event in tumor
formation (Kim et al., 2000). Furthermore, we showed
that in Ras- and Raf-transformed rat liver cells, NF-xB
levels are enhanced, promoting cell survival, trans-
formed phenotype, and resistance to TGF-f1 treatment
(Arsura et al., 2000). The induction of NF-xB by Ras
was mediated by two pathways involving both Raf and
PI3-kinase leading to the activation of the IKK
complex (Arsura et al., 2000). Importantly, many other
tumors have recently been shown to display constitu-
tive activation of NF-kB (reviewed in Rayet and
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Gelinas, 1999), including the human cutaneous T-cell
lymphoma HuT-78 (Giri and Aggarwal, 1998), Hodg-
kin’s lymphomas (Bargou et al., 1997), melanoma
(Shattuck et al., 1994) pancreatic adenocarcinoma
(Wang et al., 1999), primary adult T-cell leukemia
(Mori et al., 1999), and head and neck squamous cell
carcinoma (Duffey et al., 1999). Furthermore, the Tax
transforming protein produced by the human T-cell
leukemia virus type 1 induces NF-xB activity (Mercur-
i0 et al., 1997; Sun et al., 1994) through activation of
both IKKI1 and IKK2 (Geleziunas et al., 1998;
Sumitomo et al., 1999b). Moreover, NF-«kB induction
has been found to inhibit TNF-a-induced cell death of
breast, prostate, and bladder cancer cells (Geleziunas et
al., 1998; Sumitomo et al., 1999a) (reviewed in Rayet
and Gelinas, 1999). Interestingly, TNF-a activation of
NF-kB in primary patient samples overexpressing Her-
2/neu was reported to occur via a PI3-kinase/Akt/IKK
pathway recently by Zhou et al. (2000). Here, we have
shown that enhanced basal levels of NF-xkB are
displayed by specimens of Her-2/neu induced primary
mouse breast tumors compared to normal mammary
gland, as well as in a cell line derived from one of these
tumors. No effect of inhibition of Akt on IKK kinase
activity nor substantial involvement of the proteasome
in turnover of IxB-a could be detected in the NF639
cell line. Thus, the constitutive activation of NF-xB
upon overexpression of Her-2/neu in this mouse
mammary tumor cell line appears to be mediated via
a non-IKK /proteasome pathway that involves calpain,
similar to findings with mature early B cells (Fields et
al., 2000). The IKK activity seen in the tumor cells by
Zhou et al. (2000) may have resulted from the in vitro
exposure to TNF-a. Alternatively, the differences may
relate to involvement of different cell types in the two
studies. Work is in progress to evaluate the sites of
phosphorylation and the role of the PEST domain of
IxB-a in its turnover in these cells.

The PTEN lipid phosphatase, which has been shown
to modulate PI3-kinase activity and PIP-3 levels, is lost
in a variety of tumors (Li et al., 1997; Di Cristofano et
al., 1998; Whang et al., 1998). In quiescent untrans-
formed cells, PIP-3 levels are very low, and rapidly
increase upon stimulation by growth factors, through
activation of PI3-kinase. Accumulation of PIP-3 allows
the recruitment and activation of Akt via phosphoryla-
tion. Overexpression of PTEN in glioma and breast
cancer has been reported to result in the inactivation of
Akt and the induction of anoikis, a specific apoptotic
pathway initiated by cell detachment from the
extracellular matrix (Lu et al., 1999). Furthermore,
PI3-kinase and Akt regulation of NF-xkB has been
implicated in survival of cells transformed by Ras
(Madrid et al., 2000). In our study, ectopic expression
of PTEN in the NF639 cells reduced the activity of Akt
and the levels of NF-xB binding. Based on our
previous work (Sovak et al., 1997; Wu et al., 1996),
this drop in NF-xB likely plays a critical role in
induction of apoptosis.

Anti-Her-2/neu antibodies have been shown to be
potent growth inhibitors. The human monoclonal
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antibody (Herceptin) is currently in use in adjuvant
therapy for women with overexpression of Her-2/neu.
The systemic administration of the antibodies in
combination of cytotoxic chemotherapy in these
patients has been shown to increase the length of time
of recurrence and the sensitivity to chemotherapy
(Ross and Fletcher, 1998). We have then shown that
treatment of NF639 cells with anti-neu antibodies
decreased NF-kB binding levels, through the inhibition
of Akt activation. Thus, it is tempting to speculate that
repression of NF-xB is one of the significant targets of
these antibodies, and thus agents that inhibit NF-xB
may provide additional adjuvant therapy reagents in
the treatment of breast disease.

Materials and methods

Cell growth and treatment conditions

MCF-10F human mammary epithelial cells (HMECs) were
established from a patient with fibrocystic disease and do not
display characteristics of a malignant phenotype. They
represent a non-tumorigenic, immortally transformed cell
line (Calaf and Russo, 1993), and were cultured as we have
published previously (Sovak et al., 1999). The MMTV-c-neu
transgene cell line NF639, derived from mammary gland
tumors (kindly provided by P Leder, Harvard Medical
School, Boston, MA, USA), was cultured as described
previously (Elson and Leder, 1995). Ba/F3 cells transfected
to express EGFR-1 (Ba/F3-1), Her-2/neu or EGFR-2 (Ba/F3-
2), EGFR-1 and Her-2/neu (Ba/F3-1+2), and Her-2/neu and
EGFR-4 (Ba/F3-2+4) were kindly provided by David Stern
(Yale University, New Haven, CN, USA) (Riese et al., 1996).
The parental cells and isolated clones were grown in RPMI
supplemented with 10% fetal bovine serum, conditioned
medium from WEHI 3 cells, and antibiotics, as described
previously (Riese et al., 1996). Where indicated cells were
treated with the PI3-kinase inhibitor 100 nM wortmannin
(Sigma Chemical Co., St Louis, MO, USA) in DMSO or
DMSO alone as control, or with 1 ug anti-neu antibody (Ab-
4, Calbiochem, San Diego, CA, USA). Alternatively, the
proteasome inhibitor MG132, or calpain inhibitor calpeptin
(Calbiochem), or E-64D (Peptide International) dissolved in
DMSO, or a similar dilution of DMSO as control, was
added. For half-life studies, 50 ug/ml cycloheximide was
added, and whole cellular extracts prepared and subjected to
immunoblot analysis, as described below.

Electrophoretic mobility shift analysis

Nuclear extracts were prepared from breast cancer cells by a
modification of the method of Dignam et al. (1983). Briefly,
cells were washed twice with ice cold PBS (Ca®" and Mg>*
free) containing protease inhibitors (0.5 mM dithiothreitol
(DTT), 0.5 mM phenylmethylsulfonyl fluoride (PMSF) and
10 ug/ml leupeptin (LP)). They were then resuspended in
1 ml of cold hypotonic RSB buffer (10 mm NaCl, 3 mMm
MgCl,, 10 mMm Tris pH 7.4) containing 0.5% NP-40
detergent plus protease inhibitors as above. Following a
10 min incubation on ice, the cells were Dounce homogenized
until cell lysis occurred. Nuclei were resuspended in two
packed nuclear volumes of extraction buffer C (420 mm KCl,
20 mM HEPES pH 7.9, 1.5 mMm MgCl,, 0.2 mMm EDTA, 20%
glycerol) plus protease inhibitors as above, and incubated on
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ice for 30 min. Protein concentration was determined using
the Bio-Rad protein assay, following the manufacturer’s
directions (Bio-Rad Laboratories, Hercules, CA, USA). The
sequence of the URE NF-xB-containing oligonucleotide from
the c-myc gene (Duyao et al, 1990) is as follows: 5'-
GATCCAAGTCCGGGTTTTCCCCAACC-3, where the
underlined region indicates the core binding element. The
mutant URE has a two G to C base pair conversion,
indicated in bold, which blocks NF-xB/Rel binding: 5'-
GATCCAAGTCCGCCTTTTCCCCAACC-3'. The Octomer-
1 (Oct-1) oligonucleotide has the following sequence: 5'-
TGTCGAATGCAAATCACTAGAA-3'. The sequence of the
Spl oligonucleotide is 5-ATTCGATCGGGGCGGGGC-
GACC-3'. The sequences of the PU.1- and TCF-1-containing
oligonucleotides are as follows, PU.1:5-GATC-
TACTTCTGCTTTTG-3"; TCF-1:5-GGGAGACTGAGAA-
CAAAGCGCTCTCACAC-3' (van de Wetering et al., 1991).
Oligonucleotides were end labeled with large Klenow
fragment of DNA polymerase and [**P][dNTPs. The electro-
phoretic mobility shift assay (EMSA) was performed using
approximately 4 ng of labeled oligonucleotide
(40 000 d.p.m.), 5 ug of nuclear extract, 5 ul of sample buffer
(10 mm HEPES pH 7.5, 4 mMm DTT, 0.5% Triton X-100, and
2.5% glycerol), 2.5 ug poly dI-dC as nonspecific competitor
and adjusted to 100 mM with KCl in a final volume of 25 pul.
This mixture was incubated at room temperature for 30 min.
Complexes were resolved in a 4.5% polyacrylamide gel using
1 x TBE running buffer (90 mMm Tris, 90 mM boric acid, 2 mM
EDTA pH 8.0). For antibody supershift analysis, the binding
reaction was performed in the absence of the probe, the
appropriate antibody was added and the mixture incubated
for 16 h at 4°C. The probe was then added and the reaction
incubated an additional 30 min at 25°C and the complexes
resolved by gel electrophoresis, as above. Antibodies used
include: anti-RelA subunit: sc-372X, anti-p50 subunit: sc-114,
anti-p52 subunit: sc-7386, and anti-c-Rel subunit: sc-71 (all
from Santa Cruz Biotechnology Inc, Santa Cruz, CA, USA).
For the IkB-a blocking assays, 1 ug of IxB-a-glutathione-S-
transferase (GST) fusion protein was added to the binding
reaction, as described for the antibody supershift analysis.

Transfection analysis

Twenty-four hours after plating at 30% confluence in P100
dishes, NF639 cells were incubated with 8 ug DNA in 10 ul
FuGENE Reagent, according to manufacturer’s instructions
(Roche Molecular Biochemicals, Indianapolis, IN, USA).
After 24 or 48 h, cells were harvested, nuclear fraction
isolated and subject to EMSA analysis as described above.
The SR-aAp85 (dead kinase) PI3-kinase construct has been
described elsewhere (Kotani er al., 1994). AKT, AKTAK
(dead kinase), and AktM (myristylated membrane kinase)
were cloned in a cytomegalovirus (CMV) promoter-driven
expression vector and were kindly provided by Z Luo
(Boston Medical School, Boston, MA, USA). The PTEN
plasmid was cloned in pCMVS5, and was kindly provided by
JE Dixon (University of Michigan, Ann Arbor, MI, USA).
Wild-type (E8) and mutant (mutE8) NF-«B element-
thymidine kinase (TK) promoter-chloramphenicol acetyl-
transferase (CAT) reporter vectors were constructed as
reported previously (Duyao et al., 1990). Briefly, these
consisted of two copies of either the wild-type or mutant
NF-kB element from upstream of the c-myc promoter,
sequences given above. Twenty-four hours after plating at
30% confluence in P35 dishes, NF639 cells were transfected,
in triplicate, with 4 ug DNA in 4 ul FuGENE Reagent. After
24 h, cells were harvested and equal amounts of protein



subjected to CAT assays, as we have described previously
(Sovak et al., 1997). Alternatively, cells were co-transfected
with an NF-kB-element driven luciferase construct (Rawadi
et al., 1999), kindly provided by Georges Rawadi (Hoescht-
Marion-Roussel, Romainville, France) in the presence of
parental or Akt expression vectors and luciferase activity
measured as described previously (Dolwick et al., 1993).
Standard deviation was obtained using the Student’s -test.
The pRCp,ciin containing double mutant human IxB-a (A32/
36) was kindly provided by Michael Karin (University of
California, San Diego, CA, USA).

Immunoblot analysis

Ba/F3 cells were rinsed with cold PBS, and harvested in lysis
buffer (50 mm Tris-HCl pH 8.0, 5SmMm EDTA pH 8.0,
150 mM NaCl, 0.5 mm DTT, 2 pg/ml aprotinin, 2 pg/ml
LP, 0.5 mMm PMSF, 0.5% NP40). Whole cell extracts (WCEs)
were obtained by sonication, followed by centrifugation at
14 000 r.p.m. for 30 min. WCEs, in the amount indicated in
each experiment, were subjected to electrophoresis in a 10%
polyacrylamide-SDS gel, transferred to PVDF membrane
(Millipore, Bedford, MA, USA) and immunoblotting, as
previously described (Arsura et al., 1997). Antibodies used
were: C-21, mouse IxB-a; C-15, human-specific IxB-a; M197,
p27Kipl (all from Santa Cruz Biotechnology).

Akt kinase assay

The Akt kinase assay, was performed following the directions
of Akt Kinase Assay Kit (#9840, New England Biolabs,
Beverly, MA, USA). Briefly samples (80 ug) of WCEs were
immunoprecipitated with an agarose conjugated anti-Akt
antibody (#9279, New England Biolabs) at 4°C overnight.
The immunoprecipitate was resuspended in kinase buffer and
the assay performed at 30°C for 45 min, using 1 ug of
GSK3a-GST fusion protein as substrate in the presence of
10 uMm ATP. The resulting products were resolved in a 10%
polyacrylamide-SDS gel and subjected to immunoblotting, as
above, using phosphospecific GSK-3a antibody (#9331, New
England Biolabs).

Isolation of MMTYV-c-neu mammary gland tumor and normal
mammary gland proteins

MMTV-neu tumors and histologically normal mammary
gland tissue surrounding the tumor (Muller et al., 1996)
were frozen in liquid nitrogen, and powdered using mortar
and pestle. For isolation of nuclear proteins, the powders
(1 gm tissue/ml) were resuspended in homogenization buffer
(10 mm HEPES pH 7.9, 10 mM KCI, 0.1 mM EDTA, 0.1 mM
EGTA, 50 mM sucrose, 1 mMm DTT, 0.5 mm PMSF, 5 pg/ml
LP, 5 pg/ml aprotinin), and homogenized with a Dounce.
The concentration of KCIl was then adjusted to 100 mM and
the samples were centrifuged at 4000 r.p.m. for 15 min at
4°C. The pellets were then resuspended in 100 ul extraction
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Acknowledgments

We thank N Rice, C Rich, J Foster, W Ogawa, J Dixon, F
Mercurio, ZG Rawadi and M Karin for generously
providing antibody or cloned DNA. We thank D Stern,
P Leder, W Muller and M Michelman for generously
providing the Ba/F3 and MMTV-c-neu cell lines. We thank
D Sloneker for assistance in preparation of this manu-
script. This work was supported by grants from the
Department of Army DAMD 17-98-1 (GE Sonenshein),
and the NIH/NCI CA 82742 (GE Sonenshein), CA78616
(M Arsura), the Charlotte Geyer Foundation (M Arsura),
and the Association pour la Recherche sur le Cancer (R
Romieu-Mourez) and Fondation Bettencourt-Schueller (R
Romieu-Mourez).

Arsura M, Mercurio F, Oliver A, Thorgeirsson SS and
Sonenshein GE. (2000). Mol. Cell. Biol., 20, 5381 —5391.

Ballard DW, Dixon EP, Peffer NJ, Bogerd H, Doerre S, Stein
B and Greene WC. (1992). Proc. Natl. Acad. Sci. USA, 89,
1875-1879.

1297

Oncogene



Induction of NF-xB by Her-2/neu via calpain
S Pianetti et al

1298

Bargou RC, Emmerich F, Krappmann D, Bommert K,
Mapara MY, Arnold W, Royer HD, Grinstein E, Greiner
A, Scheidereit C and Dorken B. (1997). J. Clin. Investig.,
100, 2961 —-2969.

Beraud C, Henzel WJ and Baeuerle PA. (1999). Proc. Natl.
Acad. Sci. USA, 96, 429 —434.

Besancon F, Atfi A, Gespach C, Cayre YE and Bourgeade
MEF. (1998). Proc. Natl. Acad. Sci. USA, 95, 8081 —8086.

Brown K, Gerstenberger S, Carlson L, Franzoso G and
Siebenlist U. (1995). Cell, 84, 853 —-862.

Calaf G and Russo J. (1993). Carcinogenesis, 14, 483 —492.

Chen ZJ, Mercurio F, Rosette C, Wu-Li J, Suyang H, Ghosh
S and Karin M. (1996). Mol. Cell. Biol., 16, 1295—1304.

Di Cristofano A and Pandolfi PP. (2000). Cell, 100, 387 —
390.

Di Cristofano A, Pesce B, Cordon-Cardo C and Pandolfi PP.
(1998). Nat. Genet., 19, 348 —355.

DiDonato J, Hayakawa A, Rothwarf DM, Zandi E and
Karin M. (1997). Nature, 388, 548 — 554.

DiDonato JF, Mercurio F, Rosette C, Wu-Li J, Suyang H,
Ghosh S and Karin M. (1996). Mol. Cell. Biol., 16, 1295 —
1304.

Dignam JD, Lebovitz RM and Roeder RG. (1983). Nucleic
Acids Res., 11, 1475-1489.

Dolwick KM, Swanson HI and Bradfield CA. (1993). Proc.
Natl. Acad. Sci. USA, 90, 8566—8570.

Drebin JA, Link VC, Stern DF, Weinberg RA and Greene
MI. (1985). Cell, 41, 695—706.

Duffey DC, Chen Z, Dong G, Ondrey FG, Wolf JS, Brown
K, Siebenlist U and Van Waes C. (1999). Cancer Res., 59,
3468 —-3474.

Duyao MP, Buckler AJ and Sonenshein GE. (1990). Proc.
Natl. Acad. Sci. USA, 87, 4727—-4731.

Duyao MP, Kessler DJ, Spicer DB, Bartholomew C,
Cleveland J, Siekevitz M and Sonenshein GE. (1992). J.
Biol. Chem., 267, 16288 —16291.

Elson A and Leder P. (1995). J. Biol. Chem., 279, 26116—
26122.

Fields E, Seufzer BJ, Oltz EM and Miyamoto S. (2000). J.
Immunol., 164, 4762 —4267.

Geleziunas R, Ferrell S, Lin X, Mu Y, Cunningham Jr ET,
Grant M, Connelly MA, Hambor JE, Marcu KB and
Greene WC. (1998). Mol. Cell. Biol., 18, 5257 —5262.

Giri DK and Aggarwal BB. (1998). J. Biol. Chem., 273,
14008 — 14014.

Gregory MA and Hann SR. (2000). Mol. Cell. Biol., 20,
2423 -2435.

Grimm S and Bacuerle PA. (1993). Biochem. Journal, 290,
297-308.

Guy CT, Webster MA, Schaller M, Parson TJ, Cardiff RD
and Muller WJ. (1992). Proc. Natl. Acad. Sci. USA, 89,
10578 —10582.

Hortobagyi GN, Hung M-C and Buzdar AU. (1999). Semin.
Oncol., 26, 11-20.

Ignatoski KM, Maehama T, Markwart SM, Dixon JE,
Livant DL and Ethier SP. (2000). Brit. J. Cancer, 82, 666 —
674.

Jeay S, Sonenshein GE, Postel-Vinay M-C and Baixeras E.
(2000). Molec. Endocrinol., 14, 650—661.

Kennedy SG, Wagner AJ, Conzen SD, Jordan J, Bellacosa
A, Tsichlis PN and Hay N. (1997). Genes Dev., 11, 701 —
713.

Kessler DJ, Duyao MP, Spicer DB and Sonenshein GE.
(1992). J. Exp. Med., 176, 787—792.

Oncogene

Kim DW, Sovak MA, Zanieski G, Nonet G, Romieu-
Mourez R, Lau AW, Hafer LJ, Yaswen P, Stampfer M,
Russo J, Rogers AE and Sonenshein GE. (2000).
Carcinogenesis, 21, 871 —879.

Kotani K, Yonezawa K, Hara K, Ueda H, Kitamura Y,
Sakaue H, Ando A, Chavanieu A, Calas B, Grigorescu F,
Nishiyama M, Waterfield MD and Kasuga M. (1994).
EMBO J., 13, 2313-2321.

La Rosa FA, Pierce JW and Sonenshein GE. (1994). Mol.
Cell. Biol., 4, 10391044,

LiJ, Yen C, Liaw D, Bose PKS, Wang SI, Puc J, Miliaresis
C, Rodgers L, McCombie R, Bigner SH, Giovanella BC,
Ittmann M, Tycko B, Hibshoosh H, Wigler MH and
Parsons R. (1997). Science, 275, 1943 —-1947.

Lu Y, Lin Y-Z, LaPushin R, Cuevas B, Fang X, Yu SX,
Davies MA, Khan H, Furui T, Mao M, Zinner R, Hung
M-C, Steck P, Siminovitch K and Mills GB. (1999).
Oncogene, 18, 7034 —7045.

Madrid LV, Wang C-Y, Guttridge DC, Schottelius AJG,
Baldwin Jr AS and Mayo MW. (2000). Mol. Cell. Biol., 20,
1626—1638.

Mercurio F and Manning A. (1999). Curr. Opinion Cell.
Biol., 11, 226—232.

Mercurio F, Zhu H, Murray BW, Shevchenko A, Bennett
BL, Li JW, Young DB, Barbosa M, Mann M, Manning A
and Rao A. (1997). Science, 278, 860 —865.

Miyajima A, Ito Y and Kinoshita T. (1999). Int. J. Hematol.,
69, 137—146.

Miyamoto S, Seufzer BJ and Shumway SD. (1998). Mol.
Cell. Biol., 18, 19-29.

Mori N, Fujii M, Ikeda S, Yamada Y, Tomonaga M, Ballard
DW and Yamamoto N. (1999). Blood, 93, 2360—2368.
Muller WJ, Arteaga CL, Muthuswamy PM, Siegel PM,
Webster MA, Cardiff RD, Meise KS, Li F, Halter SA and

Coffey RJ. (1996). Mol. Cell. Biol., 16, 5726 —5736.

Nakshatri H, Bhat-Nakshatri P, Martin DA, Goulet Jr J and
Sledge GW. (1997). Mol. Cell. Biol., 17, 3629 —3639.

Ozes ON, Mayo LD, Gustin JA, Pfeffer SR, Pfeffer LM and
Donner BD. (1999). Nature, 401, 82—85.

Pegram MD, Lipton A, Hayes DF, Weber BL, Baselga JM,
Tripathy D, Baly D, Baughman SA, Twaddell T, Glaspy
JA and Slamon DJ. (1998). J. Clin. Oncol., 16,2659 —2671.

Rawadi G, Zugaza JL, Lemercier B, Marvaud JC, Popoff M,
Bertoglio J and Roman-Roman S. (1999). J. Biol. Chem.,
274, 30794 -30798.

Rayet B and Gelinas C. (1999). Oncogene, 18, 6938 —6947.

Regnier CH, Song HY, Gao X, Goeddel DV, Cao Z and
Rothe M. (1997). Science, 278, 866 —869.

Riese II DJ, Kim ED, Elenius K, Buckley S, Klagsbrun M,
Plowman GD and Stern DF. (1996). J. Biol. Chem., 271,
20047 -20052.

Romashkova JA and Makarov SS. (1999). Nature, 410, 86—
90.

Ross JS and Fletcher JA. (1998). Oncologist, 3, 237—252.

Schoonbroodt S, Ferriera V, Best-Belpomme M, Boelaert
JR, Legrand-Poels S, Korneer M and Piette J. (2000). J.
Immunol., 164, 4292 —4300.

Shattuck RL, Wood LD, Jaffe GJ and Richmond A. (1994).
Mol. Cell. Biol., 14, 791 -802.

Slamon DJ, Clark GM, Wong SG, Levin WJ, Ullrich A and
McGuire WL. (1987). Science, 235, 177—-182.

Sovak MA, Arsura M, Zanieski GJ, Kavanagh KT and
Sonenshein GE. (1999). Cell Growth Diff., 10, 537 —544.



Sovak MA, Bellas RE, Kim DW, Zanieski GJ, Rogers AE,
Traish AM and Sonenshein GE. (1997). J. Clin. Invest.,
100, 2952—-2960.

Sumitomo M, Tachibana M, Nakashima J, Murai M,
Miyajima A, Kimura F, Hayakawa M and Nakamura
H. (1999a). J. Urol., 161, 674—679.

Sumitomo M, Tachibana M, Ozu C, Asakura H, Murai M,
Hayakawa M, Nakamura H, Takayanagi A and Shimizu
N. (1999b). Hum. Gene Ther., 10, 37—47.

Sun SC, Elwood J, Beraud C and Greene WC. (1994). Mol.
Cell. Biol., 14, 7377-7384.

Tam SW, Theodoras AM and Pagano M. (1997). Leukemia,
11, Suppl 3, 363 —366.

van de Wetering M, Oosterwegel M, Dooijes D and Clevers
H. (1991). EMBO J., 10, 123—132.

Induction of NF-xB by Her-2/neu via calpain
S Pianetti et al

@

Wang W, Abbruzzese JL, Evans DB, Larry L, Cleary KR
and Chiao PJ. (1999). Clin. Cancer Res., S, 119-127.

Whang YE, Wu X, Suzuki H, Reiter RE, Tran C, Vessella
RL, Said JW, Isaacs WB and Sawyers CL. (1998). Proc.
Natl. Acad. Sci. USA, 95, 5246 —5250.

Woronicz JD, Gao X, Cao Z, Rothe M and Goeddel DV.
(1997). Science, 278, 866 —869.

Wu M, Lee H, Bellas RE, Schauer SL, Arsura M, Katz D,
FitzGerald MJ, Rothstein TL, Sherr DH and Sonenshein
GE. (1996). EMBO J., 15, 4682 —4690.

Yu D, Jing T, Liu B, Yao J, Tan M, McDonnell TJ and Hung
MC. (1998). Mol. Cell, 2, 581 —591.

Zhou BP, Hu MC, Miller SA, Yu Z, Xia W, Lin SY and
Hung MC. (2000). J. Biol. Chem., 275, 8027 —8031.

1299

Oncogene



	Her-2/neu overexpression induces NF-κB via a PI3-kinase/Akt pathway involving calpain-mediated degradation of IκB-α that can be inhibited by the tumor suppressor PTEN
	Introduction
	Results
	Overexpression of Her-2/neu+EGFR-4 induces NF-κB
	Activation of NF-κB occurs via a PI3-kinase signaling pathway
	MMTV-Her-2/neu tumor cell line expresses elevated levels of classical NF-κB
	MMTV-Her-2/neu mouse mammary tumors express elevated levels of NF-κB
	Inhibition of the PI3-kinase to Akt signaling pathway reduces NF-κB levels
	Engagement of the Her-2/neu receptor reduces NF-κB levels
	IKK pathway is not involved in the NF-κB induction by Her-2/neu

	Discussion
	Materials and methods
	Cell growth and treatment conditions
	Electrophoretic mobility shift analysis
	Transfection analysis
	Immunoblot analysis
	Akt kinase assay
	Isolation of MMTV-c-neu mammary gland tumor and normal mammary gland proteins
	Immunoprecipitation and IKK kinase assay

	Acknowledgements
	References


