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NF-xB activation in human breast cancer specimens
and its role in cell proliferation and apoptosis
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Lack of molecular targets in estrogen receptor-negative (ER-
negative) breast cancer is a major therapeutic hurdle. We studied
NF-xB activation in human breast tumors and in carcinoma cell
lines. Activated NF-«B was detected predominantly in ER-negative
vs. ER-positive breast tumors and mostly in ER-negative and
ErbB2-positive tumors (86%). These in vivo results demonstrate
association of activated NF-«B with a subgroup of human breast
tumors and are consistent with previously reported in vitro obser-
vations using similar classes of human breast cancer cell lines.
Finding such an association suggested functional and biological
significance. Immunofluorescence demonstrated increased nuclear
p65, a component of the active NF-kB complex, in cytokeratin 19
(CK19)-positive epithelial cells of ER-negative/ErbB2-positive tu-
mor samples. In contrast, nuclear NF-«B was detected mostly in
stroma of ER-negative and ErbB2-negative tumors, suggesting a
role of activated NF-«B in intercellular signaling between epithelial
and stromal cells in this type of breast cancers. To elucidate roles
of activated NF-«B, we used an ER-negative and ErbB2-positive
human breast tumor cell line (SKBr3). The polypeptide heregulin g1
stimulated, and herceptin, the anti-ErbB2 antibody, inhibited,
NF-kB activation in SKBr3 cells. The NF-«B essential modulator
(NEMO)-binding domain (NBD) peptide, an established selective
inhibitor of IkB-kinase (IKK), blocked heregulin-mediated activa-
tion of NF-kB and cell proliferation, and simultaneously induced
apoptosis only in proliferating and not resting cells. These results
substantiate the hypothesis that certain breast cancer cells rely on
NF-kB for aberrant cell proliferation and simultaneously avoid
apoptosis, thus implicating activated NF-«B as a therapeutic target
for distinctive subclasses of ER-negative breast cancers.

uman breast cancers are phenotypically heterogeneous and

frequently pursue unpredictable clinical courses. Multiple
and distinct molecular alterations presumably determine the
diversity of histological patterns, pathological grades, and be-
haviors observed in these cancers (1, 2). Clinicians rely on the
expression of two important growth factor receptors, the nuclear
estrogen receptor (ER) and the membrane receptor tyrosine
kinase, ErbB2 (HER2/neu) to classify human breast cancers
into therapeutic and prognostic groups (2-5). Between 20% and
30% of human breast cancers express high levels of the ErbB2
receptor protein, and at least 30% of ER-negative breast cancers
contain overexpressed ErbB2. ErbB2 belongs to the family of
tyrosine kinase-coupled dimeric receptors and signals by form-
ing heterodimers with ErbB1, ErbB3, and ErbB4 in response to
ligands, including the heregulins, which are members of the
neuregulin or neu-differentiating factor (NDF) family of natural
ligands (5-7).

Although ER-positive breast cancers respond to hormonal
therapy, the prognosis for ER-negative breast cancers is poorer
because of the lack of target-directed therapies and a more
clinically aggressive biology (4, 8-11). Treatment of human
breast cancers, containing an amplified ErbB2 gene, with a
humanized monoclonal antibody to the extracellular domain of
this receptor (trastuzumab, marketed as herceptin) produces
remissions in 11-15% of patients with metastatic breast cancer
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failing standard chemotherapy (12-14). Improvements in treat-
ment depend on discovering molecular pathways and gene
products that play central roles in cancer growth. Tailoring
treatment to specific subclasses of cancer, defined by vital
molecular targets, should improve the survival of breast cancer
patients.

NF-«B stimulates proliferation and blocks programmed cell
death (apoptosis) in different cell types, including human breast
cancers (15-17). We have reported that activated NF-«B is
detected in ER-negative human breast cancer cells harboring
overexpressed ErbBl [epidermal growth factor receptor
(EGFR)] (17-19). Treatment with the protein kinase C (a/B)
inhibitor Go6976 was strongly therapeutic against murine tumors
generated from cells with activated NF-«B (17). Furthermore,
selective inhibition of NF-«B activation by stable expression of
the dominant negative I«B kinase (dnIKKp) incapacitates tumor
formation in a mouse mammary adenocarcinoma model (17—
19). Activated NF-kB was frequently detected in cultured cells
from ER-negative breast cancers (20). We proposed that NF-«B
in ER-negative breast cancer cells functions by participating in
proliferative pathways and regulating cell death signals (17-19).

In the current study, we found activated NF-«B predominantly
in the ER-negative/ErbB2-positive subclass in comparison with
ER-positive human breast cancers. Selective inhibition of NF-«B
activation in the SKBr3 cell line blocked heregulin-induced
proliferation and resulted in apoptosis. We propose that active
NF-«B signaling disables cell death pathways and permits cell
proliferation in ER-negative tumors harboring amplified ErbB2.
These results qualify NF-«B as a potential therapeutic target for
this subgroup of breast cancer patients.

Methods

Human Tissues. A research tissue bank belonging to the Dana—
Farber/Harvard Specialized Programs of Research Excellence
(SPORE) in Breast Cancer is approved to collect and distribute
discarded tissue for research purposes. Content of ER and
ErbB2 is determined by a widely used, clinically established
scale, which annotates the anonymous specimens in the tissue
bank. ER-positive refers to tumors with >10% of nuclei staining
by immunohistochemistry for this nuclear receptor. ErbB2-
positive tumors are those graded 3+ by immunohistochemistry
(on a scale from 0-3+) or positive by fluorescence in situ
hybridization (FISH) and reported clinically. Individual tumors
are referred to in the text by their tissue bank number (BOT
number).

Detection of Active NF-«B in Tissue and Nuclear Extracts. The level of
active NF-«B was determined by electrophoretic mobility-shift
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assay (EMSA) of protein extracts of breast cancer specimens
frozen shortly after surgical removal, prepared from whole
tissues as described (17-22). The 3P-DNA-protein complex was
detected as a retarded radioactive band and was characterized in
a supershift assay by interaction with specific antibodies against
specific Rel family proteins.

Double Immunofluorescence Assay on Tissue Sections. Thawed sec-
tions were fixed, permeabilized, and incubated with a mixture of
either anti-p50 (SC-7178) rabbit polyclonal and anti-p65 (SC-
8008) mouse monoclonal antibodies, or with a mixture of
anti-cytokeratin 19 (SC-6278) mouse monoclonal and anti-p65
(SC-8008) rabbit polyclonal antibodies (antibodies from Santa
Cruz Biotechnology) (23). Secondary antibodies were FITC-
conjugated goat anti-mouse IgG and rhodamine-conjugated
goat anti-rabbit IgG, generating green fluorescence and red
fluorescence for monoclonal and polyclonal antibodies, respec-
tively. Nuclei were stained with the fluorescent dye 4',6-
diamidino-2-phenylindole (DAPI). Fluorescence microscopy
was performed on a Zeiss Axioskop 2 (MOT), and images were
captured on a Zeiss AxioCam HRC camera by using OPENLAB
software as described (19).

Cell Proliferation and Apoptosis. Cell proliferation was monitored
by the MTT assay (18). The level of ErbB1 [epidermal growth
factor receptor (EGFR)], ErtbB2 (HER2/neu), and ER was
measured in SKBr3 cells by Western blot analysis (17). Apoptosis
was assayed by FITC-conjugated antibodies to annexin V fol-
lowing a modified protocol from the supplier (Oncogene Re-
search Products, Cambridge, MA), and apoptotic cell numbers
were determined by flow cytometry as described (17, 19). The
NF-«kB essential modulator (NEMO)-binding domain (NBD)
peptides (24) (WT drqgikiwfqnrrmkwkkTALDWSWLQTE; and
mutant drqikiwfqnrrmkwkkTALDASALQTE) were synthe-
sized and purified by reverse-phase HPLC and quantified (25) at
the Core Facilities of Dana—Farber Cancer Institute. Lowercase
designates the antennapedia peptide sequence of NBD that
facilitates its cell entry. Underlined letters designate amino acid
replacements, W (trp) in the wild-type with A (ala) in the mutant
peptides.

Results

NF-xB Activation in Human Breast Cancer Specimens. We measured
the level of activated NF-«B in extracts of 31 human breast tumor
specimens by EMSA (Fig. 1) (17-21) and by double immuno-
fluorescence assay (Fig. 2) (23). The tissue specimens are
classified by their level of expression of ER and ErbB2: class 1,
ER-negative/ErbB2-positive (n = 7); class 2, ER-negative/
ErbB2-negative (n = 9); class 3, ER-positive/ErbB2-positive
(n = 8); and class 4, ER-positive/ErbB2-negative (n = 7). Active
NF-«B was detected predominantly in ER-negative human
breast tumor specimens (Fig. 1 a and b), whereas this NF-«B
activation is detected comparatively in a smaller proportion of
ER-positive tumors (Fig. 1 ¢ and d). Activated NF-«B was
detected in 6 of 7 tumor extracts of class 1 (86%), 3 of 9 tumors
of class 2 (33%), and in 2 of 15 ER-positive tumors (13%) of
classes 3 and 4 (Table 1, which is published as supporting
information on the PNAS web site). Supershift assays with
antibodies against three Rel family proteins identified p50/p65
subunits but not the cRel in all of the NF-«B-positive tumors
from class 1 and class 2. Results of one representative from class
1 (BOT 72) and one from class 2 (BOT 288) tumors are shown
in Fig. 1 e and f. The cRel protein is not a part of the NF-«B
complex in any one of these tissues.

We also determined the level of an unrelated DNA-binding
protein TFIID in NF-kB-positive and NF-«B-negative samples
and observed its binding activity in almost every sample, inde-
pendent of NF-kB activation status, confirming the uniform
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Fig. 1. Detection of active NF-«B in extracts of human breast cancer tissues
by EMSA. Tumor specimens are designated with numbers indicated in each
panel (tissue bank numbers) and classified by their ER and ErbB2 receptor
levels. Arrows to the left of each representative gel show the 32P-NF-xB-DNA
complex. (a) EMSA-binding activity for six of the seven class 1 (ER-negative/
ErbB2-positive) tumors. (b) Three tumors with positive binding results were
chosen from nine tumors in class 2 (ER-negative/ErbB2-negative). (c and d)
Five representative tumors from eight in class 3 (ER-positive/ErbB2-positive)
are displayed (c) and seven of seven from class 4 (ER-positive/ErbB2-negative)
are shown (d). Each panel displays duplicates for each tumor determination.
(e and f) Supershifted 32P-NF-kB-DNA complexes. (e) Tumor BOT 72 from class
1. () Tumor BOT 288 from class 2, each shifted with three anti-rel protein
antibodies (against p50, p65, and c-rel). The upper arrow shows the super-
shifted band.

quality of the extracts (Fig. 6, which is published as supporting
information on the PNAS web site). Variable intensities of the
TFIID DNA binding may be a reflection of the transcriptional
state and proliferation in these tissues. Lymphocytic infiltration
of tumor tissue may contribute to the DNA-binding activity of
NF-«kB. Microscopic examination of frozen sections from the
same tissue did not show a significant correlation of NF-«B
activation with the extent of infiltration (Table 1).

Localization of Activated NF-«B in Frozen Tumor Sections. To confirm
the biochemical assessment of NF-«B activation and to identify
the cell types contributing to active NF-«B, a double immuno-
fluorescence assay was performed with antibodies to p65 and the
epithelial cytokeratin 19 (CK19) in all of the class 1 and class 2
EMSA-positive and several EMSA-negative samples from class
3 and 4 tumors. Nuclear localization of the p65 subunit was used
for the recognition of the active state of NF-«kB (26-29). We
observed nuclear localization of p65 in a majority of the DAPI-
stained nuclei of the EMSA-positive samples (>50%), Fig. 2). All
EMSA-negative tumors are uniformly negative by nuclear p65
immunofluorescence. Results of one of these tumors (BOT 312
of class 1) are shown in Fig. 2 a—k). FITC-conjugated antibody
against CK19 identified islands of epithelial cells, and rhodamine
red-conjugated anti-p65 antibody localized nuclear p65 in the
same CK19-positive epithelial cells. DAPI-stained nuclei (Fig.
2a) and green fluorescence emitting CK19 (Fig. 2b) under low
magnification (X10) demonstrated the organization of the ep-
ithelial cells with a core necrotic region and the surrounding
stroma. A region of CK19-positive epithelial cells (indicated by
the arrow) examined under higher magnification (x40) identi-
fied p65 as a cluster of red fluorescence-emitting nuclei (Fig. 2e)
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Fig.2. Localization of active NF-«B in frozen sections from human breast cancers. Localization of NF-«B complexes was performed in frozen sections from each
EMSA-positive tumor (Fig. 1). (a—k) Sections from the ER-negative/ErbB2-positive and NF-kB-EMSA-positive sample BOT 312 were stained by double antibody
immunofluorescence (23). (a) DAPI-stained nuclei in a representative section from BOT 312 at low power (X10). (b) The epithelial cell marker CK19 is
demonstrated by green fluorescence and shown in the same section at the same magnification as in a. Higher power images of regions containing epithelial
cells are shown at x40 (c-f). A field of cells is shown stained with DAPI (c), with antibodies to CK19 (d), and with antibodies detecting p65 (e). Superimposed
images by using PHOTOSHOP software (Adobe Systems, San Jose, CA) demonstrate colocalization of nuclear p65 (red fluorescence) encircled by green fluorescence,
generated by cytoplasmic CK19 in the same cell (f). These signals are further elaborated by digital enlargements of the superimposed CK19 and nuclear p65
containing epithelial cells from the boxed area of panels c-f (g—k). DAPI-stained nuclei (g) are superimposed with p65 staining to demonstrate the nuclear
localization of this NF-kB component (h), and colocalization of cytoplasmic CK19 (i) and nuclear p65 (j) is demonstrated in merged images (k). Levels of CK19 and
p65 in a similarly analyzed frozen section of the class 2 ER-negative/ErbB2-negative/NF-kB-positive tumor specimen, BOT 288, is shown (/-0). (/) The distribution
of DAPI-stained nuclei shows the overall cellularity of the section at X40. (m) CK19-stained epithelial cells show cords off cells infiltrating tumor. (n) p65-positive
cells appear distinct from CK19-positive epithelial cells, and (o) the merged image shows that CK19- and p65-positive cells are in separate islands. (p) An enlarged
presentation of panel o shows CK19 cells with vacant, unstained nuclei. (g—t) BOT 288 was also examined for the presence of the p50/p65 complex, studied by
using mixtures of antibodies to p50 and p65 with double immunofluorescence. A low-power hematoxylin and eosin-stained section (q) and the corresponding
DAPI-stained nuclei (r) show the border of the tumor pushing against the surrounding stroma. The p50 and p65 associated merged red and green fluorescence
generated the brownish yellow signals in the nuclei of the cells. Few nuclei in the tumor stained for both components of active NF-«B (s); however, more frequent
colocalization was seen in merged images of the stromal cells (t).

seen within the green fluorescence-emitting CK19-positive cells
in merged images (Fig. 2f). Digitally enlarged boxed areas of Fig.
2 cf demonstrate nuclear localization of p65 in merged images
(Fig. 2 g and h). The epithelial nature of nuclear p65 is shown in
Fig. 2 i—k. Nuclear p65 indicates activated NF-«B in the nucleus
of these breast carcinoma cells, presumably as a pS0—p65 com-
plex bound to the specific DNA sequences of responsive genes
(26, 28). The NF-«B-DNA complex detected in extracts by
EMSA is, at least in part, contributed by the epithelial popula-
tion of the mixture of cells as demonstrated by the colocalization
of p65 in CK19-positive epithelial cells of all of the six class 1
tumors with elevated NF-kB-DNA-binding activity (Fig. 1). One
specimen in class 1 that did not show DNA-binding activity
(Table 1, BOT 292) also did not show nuclear p65 by immuno-
fluorescence assay.

A notable difference was revealed by similar immunofluores-
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cence analysis of frozen sections from three class 2 samples with
elevated levels of activated NF-«B determined by EMSA (Fig.
1b). In contrast to class 1 tumors, strong signals with anti-p65
were detected mostly in CK19-negative regions of these three
class 2 tumors. A tumor section of BOT 288 showing DAPI-
stained nuclei (Fig. 2I) was stained for CK19 to highlight
epithelial cells (Fig. 2m) and for p65 for NF-«B activation (Fig.
2n). Merged images (Fig. 2 o and p) reveal distinct and discrete
nonoverlapping staining for p65 and CK19 (Fig. 2k). These
results were verified by independent detection of nuclear p50/
p65 complexes with rhodamine red-conjugated anti-p5S0 and
FITC-conjugated anti-p65 antibodies in a section of the same
BOT 288 tissue (Fig. 2 g—t). The p50/p65 complexes (identified
by brown merged signals) were detected in very few epithelial
cells (Fig. 2s, indicated by the arrow), although such p50/p65
complexes were detected in numerous nuclei within a stromal
region of the same tissue section (Fig. 2¢).
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Fig. 3. Modulation of heregulin-induced activation of NF-«B by herceptin

and NBD peptide in SKBr3 cells. Nuclear extracts from SKBr3 cells were
prepared and NF-xB-32P-DNA-binding activity was determined by EMSA. (a)
Binding of 32P-labeled oligonucleotides to NF-«B at the indicated times after
treatment of the cells with 1 nM heregulin is shown in duplicate (lanes 1-4).
The identities of the NF-xkB components were determined by supershift assays
with antibodies to rel-family proteins p50 and p65 (data not shown). (b)
NF-kB-32P-DNA-binding activity was inhibited by simultaneous treatment of
SKBr3 cells with the indicated concentrations of heregulin and herceptin,
measured at 18 h after application. (c) Heregulin-stimulated NF-xB—32P-DNA-
binding activity in SKBr3 cells and simultaneous treatment with WT NBD (lanes
2-4) and mutant NBD (lanes 5-7). The DMSO concentration at the highest NBD
concentration was 1%, and the control reaction (lane 1) contained the same
amount of DMSO.

Heregulin B1 (Heregulin)-Induced Activation of NF-«B. SKBr3 is an
ER-negative human breast cancer cell line with ErbB2 gene am-
plification and highly expressed receptor levels and is also ErbB3-
and ErbB4-positive (28, 30, 31). Heregulin treatment of SKBr3 cells
in serum-free medium stimulated NF-kB-DNA-binding activity
could be detected within 2 h and persisted as long as 18 h (Fig. 3a,
lanes 2—-4). Quantification of the autoradiographic signals revealed
a 4-fold increase in the NF-«B-DNA-binding activity by 18 h.
Treatment of cells with the anti-ErbB2 antibody herceptin blocked
heregulin-induced NF-«B activation in a concentration-dependent
manner (Fig. 3b).

To verify the role of IkB-kinase (IKK) in heregulin-induced
activation of NF-«kB, and eventually to determine the proportion
of heregulin-stimulated growth contributed by active NF-kB, we
treated SKBr3 cells simultaneously with the NBD peptide and
with heregulin. The WT NBD peptide blocked heregulin-
induced activation of NF-«B (Fig. 3¢, lanes 2-4), suggesting that
NF-«kB activation by heregulin in SKBr3 cells is mediated by
means of the action of IKK. The specificity of this action was
further verified by treating cells with a mutant NBD and
observing no effect on heregulin-induced activation of NF-«B at
the same concentrations (Fig. 3c, lanes 5-7). Therefore, NF-«B
is activated by ErbB2 signaling and can be blocked at the level
of the receptor or at the level of activation by IKK. Selective
inhibition of NF-«B activation by NBD reduced binding activity
to the basal level (Fig. 3a) suggesting minimal contribution by
other kinases, such as CK2 (32-34), or alternative pathways (35)
in these cells.

Influence of Selective Inhibition of NF-kB Activation on Cell-Cycle
Progression and Apoptosis. In rich medium with 10% FBS, SKBr3
cells progress through the cell cycle (Fig. 4a), and, in serum-free
medium, cells were arrested in Go/G; (Fig. 4b). The addition of
heregulin (1 nM) to cells in serum-free medium reestablished
S-phase progression, recycling the growing cells in the appro-
priate proportions in different phases of the cell cycle (Fig. 4c).
Selective inhibition of NF-«kB activation with NBD (100 uM)
blocked heregulin-induced cell-cycle progression, with accumu-
lation of cells in Go/G; and also in a sub-Gy/G; phase (Fig. 4d).
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Fig. 4. Cell-cycle progression and apoptosis in heregulin and NBD peptide-
treated SKBr3 cells. Growth of cells and drug treatment conditions were the
same as in Fig. 3. The fraction of cells in different phases of the cell cycle was
measured by propidium iodide (PI) staining followed by FACS (Becton Dick-
inson) analysis. Cell-cycle distribution of cells grown in rich medium (a), in
serum-free medium (b), in serum-free medium in the presence of heregulin (1
nM) (c), in serum-free medium in the presence of heregulin (1 nM) and WT
NBD (100 M) (d), and in serum-free medium in the presence of heregulin (1
nM) and mutant NBD (100 uM) (e). Numbers in each panel show the percent
distribution of cycling cells (excluding the dead sub Go population) in different
phases under these treatment conditions. The apoptotic fraction of cells
detected by annexin V staining after different treatments is shown, with
numerals in the lower right-hand panel of each figure showing the annexin
V-positive fraction (f=)). (f) Cells grown in serum-free medium in the presence
of heregulin (1 nM). (g) Cells grown in serum-free medium in the presence of
WT NBD (100 uM). (h and i) Cells grown in serum-free medium in the presence
of heregulin (1 nM) and WT NBD at 50 uM (h) and 100 uM (i). (j) Treatment
with the mutant NBD peptide at 100 M showed minimal or no effect. All
treatments were for 18 h.

No significant increase in this sub-Go/G; population was de-
tected in cells treated with mutant NBD (Fig. 4e).

Measurement of Apoptosis by Annexin V Binding. Cultures of SKBr3
cells growing in rich medium, in serum-free medium, or in
serum-free medium with heregulin contain a low number (3.7%)
of apoptotic cells (Fig. 4f and data not shown). In the presence
of WT NBD (100 pM) alone (in the absence of heregulin), a
slightly elevated number of apoptotic cells were detected (Fig.
4g,9.4%). The apoptotic cell number increased 9- to 10-fold after
simultaneous treatment with heregulin (1 nM) and 50 uM (Fig.
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Fig. 5. Influence of selective inhibition of NF-xB activation by NBD peptide
on heregulin-induced cell proliferation. Duplicate cultures of cells were
seeded in 96-well plates in rich medium. Twenty-four hours later, the rich
medium was replaced with serum-free medium and treated with indicated
agents, and cell numbers were determined by MTT assay after 72 h of treat-
ment. Assays were normalized to cell counts without any treatments, taken as
100%. (a) SKBr3 cell proliferation in serum-free medium in the presence of the
indicated concentrations of heregulin. (b) The same number of cells grown in
the presence of heregulin (1 nM) and the indicated concentrations of WT or
mutant (MUT) NBD peptide. (c) Cell proliferation in the presence of WT or
mutant (MUT) NBD peptide in the absence of heregulin.

4h, 32.4%) or 100 uM WT NBD (Fig. 4i, 41%). In cells treated
with heregulin and mutant NBD (100 puM), the apoptotic
fraction was not much different (Fig. 4j, 7%) from cells treated
only with heregulin (Fig. 4f). During heregulin stimulation, the
apoptotic fraction of cells appreciably increased when NF-«xB
signaling was specifically interrupted by NBD treatment.

Influence of Selective Inhibition of Heregulin-Induced NF-«B Activa-
tion and Cell Proliferation. Cell proliferation was stimulated 2-fold
after treatment of SKBr3 cells with 1-2 nM heregulin in serum-
free medium for 72 h (Fig. 5a). Simultaneous treatment of
cultures with WT NBD at the indicated concentrations blocked
heregulin-induced cell proliferation (Fig. 5, WT). In contrast,
cells treated with mutant NBD at the same concentrations
responded normally to heregulin (Fig. 55, MUT). Neither WT
nor mutant NBD affected cell proliferation in the absence of
heregulin (Fig. 5¢). Selective inhibition of IKK with WT NBD
blocked NF-«kB activation and heregulin-induced cell prolifera-
tion without any effect on resting cells. NF-«kB activation is
necessary and required for heregulin-stimulated growth, and at
least some of the decrease in cell proliferation was due to the
increased fraction of cells undergoing programmed death. In
contrast, E2-induced cell proliferation in the ER-positive breast
cancer cell line MCF7 was not blocked by NBD (Fig. 7, which is
published as supporting information on the PNAS web site). Our
previously reported results (17, 18) demonstrated that E2 treat-
ment of MCF7 cells did not induce NF-«B activation. This
observation is in accord with the concept that E2-induced cell
proliferation that does not involve NF-«B activation also is not
blocked by the specific inhibition of the latter.
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Discussion

Homeostasis in higher organisms is maintained by fine-tuning
positive and negative signal-induced cellular regulatory mecha-
nisms responsible for cell proliferation and death, which are
apparently disturbed in tumor cells (36). Inappropriate gene
expression and function, leading to uncontrolled cell prolifera-
tion and loss of regulated cell death, contributes significantly to
the tumor cell phenotype (1, 36-38). The proliferative and
antiapoptotic properties of activated NF-«B qualify this tran-
scription factor as a key cellular regulatory molecule, potentially
contributing to both normal and neoplastic phenotypes (36, 37).
Although elevated levels of this transcription factor in breast
tumors have been reported (20, 31, 38), the results herein are, to
our knowledge, the first to show a strict association of activated
NF-«B with distinctive subclasses of human breast cancers. The
detection of positive DNA-binding activity of the transcriptional
coactivator TFIID in all four classes of tumor samples validates
the observed NF-«kB DNA-binding activity in the extracts of the
same tumor samples. A striking finding was the association of
NF-«B activity with ER-negative breast cancers, and presumably
with the inactivity of this pathway in ER-positive cancers. This
reciprocal relationship suggests the importance of NF-«B sig-
naling in certain cancers, and not in others. The class 2 ER-
negative cancers without ErbB2 overexpression did contain
activated NF-«B in some members of this class (three of nine,
33%). However, in contrast to class 1 tumors, activated NF-«xB
in each of these three samples of class 2 tumors is located in
stromal and not epithelial cells. We speculate that NF-«B
activation plays a role in the crosstalk between two cell systems
such as stromal and epithelial cells. An analogous role of NF-«B
activation influencing two separate systems by means of over-
expression of cytokines has been reported (39).

Breast cancer is not one disease, and screening for drug
activity that does not account for the molecular diversity of this
malignancy are liable for failure. Finding such a faithful associ-
ation of NF-«B activation in one subclass of breast cancer implies
a functional role of this transcription factor in the growth and
survival of this particular class. In addition, the finding will have
practical importance when directing treatment at steps in NF-«B
activation; it is necessary to tailor such treatment to relevant
subclasses of breast cancers. In fact, reducing the heterogeneity
of breast cancer, by determining salient growth and antiapopto-
tic pathways and by treating molecularly defined subgroups, is an
important emerging concept in breast cancer treatment.

Unregulated cell proliferation and the loss of regulated cell
death are two characteristic phenotypes of cancer cells. Both
processes are intertwined and important for cancer cell growth
(36-38). NF-«B activation and inhibition of apoptosis are con-
sistent with the prevalent concept that cancer cells require
sustained proliferative signals to grow continually, but also must
acquire antiapoptotic assets to survive (36). Proliferative signals
induced by growth factors such as heregulin are proposed to
increase or decrease apoptosis, depending on stimulation of one
or another signaling pathway linked to the cell cycle (36). Our
results are consistent with the suggestion that cancer cells
subjected to unregulated proliferative stimuli may be especially
sensitive to agents that block their antiapoptotic signals (40).

Responsiveness of ErbB2-overexpressing human breast cancer
tumors to herceptin suggests that receptor-mediated signaling
pathway is activated in these tumors. This observation is further
supported by the observed distinct gene expression profile of
ErbB2-positive and ErbB2-negative human breast tumor sam-
ples (41). However, it seems that treatment with herceptin in
combination with other chemotherapeutic agents is prognosti-
cally better than herceptin alone, suggesting that blockade of
other downstream events of the ErbB2-mediated cell signaling
will add to the efficacy of herceptin therapy.
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A connection between ErbB2 and NF-«B signaling was ex-
plored in a cell culture system by using ER-negative and ErbB2-
positive SKBr3 cells () by treatment with the polypeptide growth
factor heregulin, elevating NF-«B activation and stimulating cell
proliferation, (ii) by reversing this stimulation by herceptin, and
(iii) by the inhibition of NF-«B activation with NBD, a specific
inhibitor of IKK. Supporting a proximate cause for NF-«B in
proliferation or apoptosis after ErbB2 stimulation, selective
inhibition by NBD blocked not only heregulin-stimulated NF-«B
activation, but also cell proliferation (Fig. 5). Under conditions
of heregulin stimulation, this selective blockade also induced
substantial apoptotic cell death (Fig. 4). NBD did not cause
apoptosis in resting cells, suggesting that inhibition of the
apoptotic signal is associated with heregulin-induced cell pro-
liferation. Absence of NF-«B activation in ER-positive, ErbB2-
positive tumors is consistent with the observation that stimula-
tion of the ER-positive pathway in breast cancer cells blocks
NF-«B activation and presumably the signaling pathway medi-
ated by its activation in this class of breast cancer cells (42).

Previous work from our laboratory and others has highlighted
the participation of NF-«B signaling in mammary epithelial cells,
particularly in highly aggressive ER-negative cells that overex-
press the epidermal growth factor receptor (EGFR) family of
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receptors (17-20). These tumors do not respond to hormone
receptor-based treatment, effective for ER-positive breast can-
cers. Treatments that target cell-surface receptors, such as
herceptin and newer small molecule tyrosine kinase inhibitors,
are encouraging, but their full potential will be achieved when
combined with other agents, targeting sequential or parallel
pathways. We propose that activated NF-kB is a therapeutic
target worthy of testing in those specific classes of breast cancers
shown to harbor activated NF-«B, or in subgroups of ER-
negative tumors with elevated levels of ErbB1 as shown earlier
(17), and ErbB2 as shown in this study.
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