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Constitutive nuclear factor (NF)-kB activation is thought to be involved
in survival, invasion, and metastasis in various types of cancers.
However, neither the subtypes of breast cancer cells with constitutive
NF-kB activation nor the molecular mechanisms leading to its constitu-
tive activation have been clearly defined. Here, we quantitatively
analyzed basal NF-kB activity in 35 human breast cancer cell lines
and found that most of the cell lines with high constitutive NF-xB
activation were categorized in the estrogen receptor negative, pro-
gesterone receptor negative, ERBB2 negative basal-like subtype, which
is the most malignant form of breast cancer. Inhibition of constitutive
NF-«B activation by expression of IxBa super-repressor reduced pro-
liferation of the basal-like subtype cell lines. Expression levels of mRNA
encoding NF-kB-inducing kinase (NIK) were elevated in several breast
cancer cell lines, and RNA interference-mediated knockdown of NIK
reduced NF-xB activation in a subset of the basal-like subtype cell lines
with upregulated NIK expression. Taken together, these results suggest
that constitutive NF-kB activation, partially dependent on NIK, is pre-
ferentially involved in proliferation of basal-like subtype breast cancer
cells and may be a useful therapeutic target for this subtype of cancer.
(Cancer Sci 2009; 100: 1668-1674)

B reast cancer is a disease of the mammary epithelium, which
is composed of two major types of differentiated cells:
luminal epithelial cells and basal or myoepithelial cells.” Recent
studies have identified self-renewing pluripotent stem cells in
mammary epithelium and suggest a model in which these stem
cells could differentiate into the luminal- or basal-restricted line-
ages. Molecular taxonomic analyses of breast cancers by gene
expression profiling have identified five breast cancer subtypes:
luminal A, luminal B, basal-like, ERBB2-positive, and normal
breast-like.” This classification is closely associated with the
differentiation model of mammary epithelium. Luminal- and basal-
like breast cancer subtypes express genes characteristic of the two
distinct types of epithelial cells. These subtypes show different
clinical courses and responses to therapeutic agents. The basal-
like subtype has been associated with aggressive behavior and
poor prognosis and typically does not express estrogen receptor
(ER), progesterone receptor (PR), or ERBB2 (“triple-negative”
phenotype).”® Therefore, patients with basal-like subtype are
unlikely to benefit from currently available targeted therapeutic
strategies, such as hormone therapy and Herceptin (Roche, Basel,
Switzerland). It is thus crucial to identify effective molecular
targets for this subtype of breast cancer.

Nuclear factor (NF)-xB transcription factors are important
regulators of the genes necessary for innate and adaptive immune
responses and for the survival and proliferation of certain cell
types. The NF-xB family is composed of five different proteins,
including RelA, RelB, c-Rel, and the precursor and processed
products of the NFKBI (p105/p50) and NFKB2 (p100/p52) genes.
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These proteins homodimerize and/or heterodimerize to form active
transcription factors. Two distinct NF-xB pathways have been
proposed: the classical pathway, which activates the RelA—p50
complex, and the alternative pathway, which activates the RelB—
p52 complex.® In normal cells, activation of the classical and
alternative pathways is tightly regulated by inhibitor of NF-xB
(IxB) family proteins and a p100 protein, respectively. Both NF-
kB pathways are aberrantly activated and involved in tumor
development in various cancers, including breast cancer.®® Pre-
vious studies have revealed that hormone-independent breast cancer
cells exhibit constitutive NF-kB activation”® and that the IKBKE
gene, which encodes a kinase involved in NF-kB activation,® is
amplified in several breast cancer cell lines."Y However, the sub-
types of breast cancers that show constitutive activation of NF-xB
have not yet been clearly defined, and the molecular mechanisms
leading to constitutive NF-xB activation in breast cancer cells
are not fully understood.

Materials and Methods

Cell culture, transfection, and adenovirus production. The source
of cell lines and culture conditions was described previously.!?
MG-132 and SC-514 were purchased from Calbiochem (San
Diego, CA, USA). SiRNA for NF-kB-inducing kinase (NIK) (5’
GCCAGUCCGAGAGUCUUGAUCAGAU-3") and control siRNA
were purchased from Invitrogen (Carlsbad, CA, USA). Plasmid
vector or siRNA was transfected into cells with Lipofectamine
2000 (Invitrogen) as per the manufacturer’s instructions. Methods
of preparation and infection of recombinant adenoviruses were
as described previously.!?

Nuclear extract preparation and EMSA. Cells were harvested at 24 h
after medium change, and nuclear extracts were prepared. Methods
for nuclear extract preparation and EMSA were described
previously.!® For quantitation, exposed imaging plates were
analyzed with a BAS2000 Biomage analyzer (Fujifilm, Tokyo,
Japan). For supershift analysis, extracts were preincubated for
30 min with antibodies described below. Anti-Omni probe antibody
(Santa Cruz Biotechnology, Santa Cruz, CA, USA) was used as a
control.

Western blot analysis. Methods for western blot analysis were
described previously.!'® The primary antibodies used were anti-
RelA, anti-RelB, and anti-p50 (Santa Cruz Biotechnology), anti-o.-
tubulin (Calbiochem), anti-NIK and anti-Cyclin D1 (Cell Signaling
Technologies, Beverly, MA, USA), and anti-p52 (Millipore, Bedford,
MA, USA). All secondary antibodies were purchased from GE
Healthcare (Piscateway, NJ, USA).
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Fig. 1. Basal nuclear factor (NF)-xB levels in 35
human breast cancer cell lines determined by
EMSA. The data are shown as a ratio (%) relative
to the NF-xB level of tumor necrosis factor
(TNF)o-stimulated Jurkat (n = 3).
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Quantitative real-time PCR analysis for NIK mRNA expression.
Methods for RNA isolation and quantitative real-time PCR were
described previously.!® The primer/probe set for the human
NIK (MAP3K14) gene (Hs00177695_m1) and the S-actin gene
(4326315E) were purchased from Applied Biosystems (Foster
City, CA, USA). The [S-actin gene was used as an internal
reference control, and NIK mRNA level was estimated using
the comparative threshold cycle method.

Proliferation assay. Cells were infected with adenoviral vector as
described previously and plated at 5 x 10° cells per well in a 24-
well plate (day 0). On days 3 and 5 after adenoviral infection, cells
were trypsinized, and the viable cell number was counted using
the Trypan Blue exclusion method. Methods for flow cytometric
analysis were described previously.!®

Results

Constitutive NF-kB activation in basal-like subtype breast cancer cell
lines. To identify subtypes of breast cancer cells with constitutively
activated NF-xB, we first analyzed the basal NF-xB DNA binding
activities in 35 human breast cancer cell lines with EMSA. For
quantitative analysis, the intensity of retarded bands corresponding
to the NF-xB and DNA complex was measured by an image
analyzer, and the NF-xB level of each cell line was normalized
to that of tumor necrosis factor (TNF)o-stimulated Jurkat cells.
These experiments were done in triplicate, and means are presented
in Figure 1. The results of EMSA for the eight cell lines with the
highest level of NF-xB activity and two control cell lines are
shown in Figure 2(a). Subtypes of various cell lines and their
basal NF-kB activity are summarized in Table 1.+ Interestingly,
most of the cell lines with highly elevated NF-xB activities were
categorized into the basal-like subtype. In contrast, most of the
cell lines with low NF-kB activities were categorized into the
luminal subtype. To determine the composition of constitutively
activated NF-xB subcomponents in the eight cell lines, we carried
out supershift EMSA. Constitutively activated NF-kB complexes
were found to contain RelA, RelB, p50, and p52 in all cell lines
except for MDA-MB-468 (Fig. 2b). Taken together, these results
suggest that most of the basal-like subtype breast cancer cell lines
exhibit constitutive activation of both the classical and the alternative
NF-xB pathways.

Inhibition of constitutive NF-xB activation suppressed proliferation
of the basal-like subtype breast cancer cell lines. To determine the
functional significance of constitutive NF-xB activation, we
examined the effects of adenovirus-mediated expression of the
non-degradable IkBa super-repressor (IkBaSR), which has alanine
substitutions at serines 32 and 36. Adenoviral infection efficiency
was tested in three cell lines (MDA-MB-436, HCC1143, and MDA-
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Table 1. List of basal nuclear factor (NF)-xB activities and gene clusters

in 35 breast cancer cell lines

Cell line NF-xB activity (%) Gene cluster
HCC1395 51.2 ND
MDA-MB-436 48.8 Basal
HCC1143 40.0 Basal

HCC38 26.8 Basal

BT-549 25.3 Basal
MDA-MB-468 21.4 Basal
HCC1937 21.2 Basal
MDA-MB-231 18.1 Basal/mesenchymal
HCC1954 14.9 Basal
SK-BR-3 13.6 Luminal
BT-20 13.0 Basal
HCC202 121 Luminal
CAMA-1 11.7 Luminal

Hs 578T 10.7 Basal
MDA-MB-157 9.8 Basal/mesenchymal
DU4475 9.3 ND

ZR-75-30 8.2 Luminal
MDA-MB-134VI 7.5 Luminal
BT-474 6.4 Luminal
HCC70 6.2 Basal

BT-483 5.9 Luminal
MDA-MB-415 5.1 Luminal
UACC-893 5.0 ND

HCC2218 5.0 ND

HCC1500 49 Basal/luminal
MDA-MB-175VII 4.8 Luminal
HCC2157 4.6 Basal
MDA-MB-361 4.0 Luminal
MDA-MB-453 3.6 Luminal
MCF7 3.4 Luminal
YMB-1-E 3.2 ND

T47-D 3.0 Luminal
HCC1419 2.7 ND

CRL1500 (ZR-75-1) 2.2 Luminal
UACC-812 1.9 Luminal

ND, not determined.

MB-468) using an adenovirus expressing GFP (Adeno-GFP), and
the infection efficiencies were nearly 90% in all cell lines tested
(MOI 5, data not shown). Expression of IkBaSR protein was
confirmed by western blot analysis 2 days after infection (Fig. 3a).
In adenovirus-infected cells expressing [IkBoSR (Adeno-IkBoSR),
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a band corresponding to full-length IkBaSR and a fast-migrating
band were detected. Because the second ATG codon of the gene
encoding IxBaSR is located within a weak Kozak sequence
(gcc-ATG-gag), we speculated that this band might correspond
to an N-terminal truncated form of IkBaSR.

The activity of NF-xB, measured by EMSA, was nearly abo-
lished at 3 and 5 days after infection with Adeno-IkBaSR, but was
not significantly changed in Adeno-GFP-infected cells (Fig. 3b).
Activity of the control transcription factor, octamer transcription
factor (Oct)-1, was not affected by infection with either virus. These
results indicate that Adeno-IkBaSR causes efficient and specific
suppression of NF-kB activation in these cells. Next, we analyzed
the effects of NF-xB suppression on cell growth (Fig. 3c). Although
the growth rate of cells infected with Adeno-GFP was slightly
reduced compared with that of uninfected cell lines, cells
infected with Adeno-IxBaSR showed a dramatic reduction in
proliferation in all cell lines analyzed. To investigate whether the
growth inhibitory effects of Adeno-IkBaSR infection are related to
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Fig. 2. (a) EMSA for nuclear factor (NF)-xB and
octamer transcription factor (Oct)-1 with nuclear
extracts from the eight cell lines with the highest
level of NF-xB activity, two control cell lines, and
TNFo-stimulated Jurkat. (b) Supershift EMSA with
anti-RelA, anti-RelB, anti-p50, or anti-52 antibody
or control antibody. The positions of unshifted
complexes are shown by arrowheads.

the induction of apoptosis, the effect of Adeno-IkBaSR infection
on apoptosis of MDA-MB-436 was examined with DNA and
propidium iodide (PI) staining at 5 days after viral infection.
Whereas uninfected cells and Adeno-GFP-infected cells showed a
low basal sub-G, cell population (3.1 and 5.6%, respectively),
Adeno-IxBoSR-infected cells showed an increased proportion of
sub-G, cells (19.7%; Fig. 3d). These data suggest that Adeno-
IxBoSR infection induces apoptosis of basal-like subtype breast
cancer cell lines. However, Adeno-IkxBaSR-induced inhibition of
proliferation was very severe in MDA-MB-436 (Fig. 3c), and the
G,/G, ratio was reduced in Adeno-IkBa:SR-infected cells (Fig. 3d).
Thus, constitutive NF-kB activation may also be involved in cell
cycle progression in basal-like subtype breast cancer cells.
Involvement of NIK in constitutive NF-xB activation in basal-like
subtype breast cancer cell lines. NIK, a protein kinase pivotal in
the activation of the alternative NF-xB pathway, has recently
been reported to be involved in aberrant NF-xB activation in
hematological and solid tumors."%'” These observations led us to

doi: 10.1111/j.1349-7006.2009.01228.x
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hypothesize that NIK is also involved in the constitutive
activation of NF-xB in breast cancer cell lines. To test this
hypothesis, we compared the pattern of basal NF-kB activity
and NIK mRNA expression in the 35 breast cancer cell lines
using our recently reported gene expression profiles.'V As
shown in Figure 4(a), basal NF-xB activities had a weak positive
correlation with N/JK mRNA expression levels (r =0.51). To further
characterize this correlation, we measured the NIK mRNA levels
in the eight cell lines with the highest level of NF-xB activity
and two control cell lines (MCF7 and T47-D) by quantitative real-
time PCR. Four of the eight cell lines exhibited upregulation
of NIK mRNA compared with controls (Fig. 4b).

We then examined NIK protein levels in the cell lines by western
blot analysis. However, NIK protein was not detected in cells
cultured under normal conditions. Previous studies demonstrated
that NIK protein is maintained at low levels by proteasome-mediated
degradation in most cells and that stimulation-dependent stabili-
zation of NIK protein results in activation of the alternative NF-
kB pathway.®” We therefore examined NIK expression in the
presence of a proteasome inhibitor, MG-132. As shown in
Figure 4(c), NIK protein levels were significantly increased by

Yamaguchi et al.

treatment with MG-132 in all of the cell lines with constitutive
NF-xB activation, with the exception of HCC1395 and MDA-
MB-468. In contrast, NIK protein was not detected in the control
cell line MCF7, even in the presence of MG-132. These results
suggest that NIK expression levels are preferentially upregulated
in the basal-like subtype breast cancer cell lines with constitutive
NF-xB activation.

In order to determine whether NIK contributes to constitutive
NF-xB activation, RNA interference (RNAi)-mediated knockdown
of NIK was carried out in the six cell lines with high levels of
NIK. To confirm depletion of NIK protein, we carried out western
blot analysis with lysates from NIK- or mock-siRNA-transfected
cell lines with or without treatment of MG-132. Although NIK
protein levels were increased with MG-132 treatment in the cells
transfected with mock siRNA, NIK protein was expressed at
extremely low or barely detectable levels in NIK siRNA-transfected
cells even after MG132 treatment (Fig. 5a). EMSA were then
carried out to evaluate the effect of NIK RNAi on NF-kB activity.
Knockdown of NIK caused an apparent reduction of constitutive
NF-xB activation in three of six cell lines (BT-549, HCC1143, and
HCC1937) and a slight reduction in the rest of them (Fig. 5b). Western

CancerSci | September2009 | vol.100 | no.9 | 1671
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blot analysis was carried out with the nuclear extracts used for
EMSA. Protein levels of both RelB and p52, but not RelA, were
reduced in the NIK siRNA-transfected nuclear extracts from the
three cell lines (BT-549, HCC1143, and HCC1937) that showed
an apparent reduction in the NF-kB activation in the EMSA
(Fig. 5¢). These data suggest that knock down of NIK predomi-
nantly inhibited constitutive activation of the alternative NF-xB
pathway by suppressing nuclear translocation of the RelB—p52
complex. In contrast, the reduction in RelB and p52 protein
levels was very weak in the NIK siRNA-transfected nuclear extracts
from the other three cell lines. Although the precise reason for this
observation is not clear, we speculate that the effect of RNAi was
insufficient to completely inhibit the function of NIK in these cell
lines.

Discussion

Our present data show that NF-xB is constitutively activated in
ER~, PR, and ERBB2" basal-like subtype breast cancer cells.
Recent studies have suggested a model in which the basal-like
subtype and luminal subtype breast cancers are distinguished by
their cells of origin: these two subtypes arise from basal epithelial
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cells and luminal epithelial cells, respectively.” Mutant mice with
a defect in the NF-kB pathway, such as NIK, IkB kinase (IKK)
a, or receptor activator of NF-xB (RANK), show abnormalities in
mammary development.?'-*» Because such mutant mice show a
partial block in mammary gland development, the NF-kB pathway
may be preferentially involved in the development of a subtype of
mammary epithelium. In mammary epithelial cells, knockdown
of breast cancer (BRCA)I, which is a positive regulator of
differentiation of luminal epithelial cells,*® caused a reduction
in expression of the TNF receptor associated factor (TRAF)3
gene.” Because TRAF3 acts as a negative regulator of NF-kB,?”
these reports suggest that BRCAl-mediated suppression of
NF-kB may be required for differentiation of luminal epithelial
cells. Thus, NF-xB may have an important role in the
development of basal epithelial cells but not in that of luminal
epithelial cells. Based on these observations, we speculated that
NF-xB would be preferentially involved in tumorigenesis of basal
epithelial cells. Because basal epithelial cells do not express
the hormone receptors,®® basal-like subtype breast cancer cells
may lack the expression of these receptors. NF-kB has a key role
in ERBB2-induced mammary tumorigenesis,?’?® suggesting that the
constitutive activation of NF-kB in basal-like subtype may play

doi: 10.1111/j.1349-7006.2009.01228.x
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a role similar to that of ERBB2 in tumorigenesis of the luminal
subtype. We think that these observations may explain why ER",
PR-, and ERBB2" basal-like subtype breast cancer cells exhibit
high constitutive NF-xB activation.

In the present study, knockdown of NIK resulted in a reduction
of constitutive NF-xB activation in six of eight cell lines with
high constitutive NF-xB activation in EMSA, suggesting that
NIK is involved in constitutive NF-xB activation in breast cancer
cells (Fig. 5b). Recently, deregulation of NIK activity and its
involvement in tumorigenesis have been reported in various can-
cers, including multiple myeloma,"*!” melanoma,"® adult T-cell
lymphoma,"® and Hodgkin’s lymphoma."® In multiple myeloma,
several genetic aberrations that cause upregulation of NIK activity
have been identified, such as NIK gene amplification or translo-
cation and loss of function mutations in genes encoding negative
regulators of NIK (TRAF2, TRAF3, cellular inhibitor of apoptosis
protein (c-IAP)1, or c-IAP2). In melanoma, the lymphotoxin-f3
receptor was suggested to induce constitutive NIK activation. In
adult T-cell lymphoma and Hodgkin’s lymphoma, upregulation
of NIK mRNA expression was shown to cause aberrant NIK
activation. Forced expression of NIK induced transformation of
rat fibroblasts through the upregulation of NF-xB activity,!”
suggesting that deregulation and aberrant activation of the
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NIK-NF-xB pathway accelerates tumorigenesis. In our data, four
of six cell lines, in which constitutive NF-xB activation was
reduced by knockdown of NIK, showed upregulation of NIK
mRNA, suggesting that increased levels of NIK mRNA expres-
sion may be one of the major causes of the upregulation of NIK
activity in breast cancer cells (Fig. 4b). Given that some of the
cell lines with constitutive NF-xB activation also had low levels
of NIK mRNA (BT-549 and MDA-MB-436), NIK activation may
be controlled by mechanisms other than expression of mRNA. Fur-
thermore, our data showed that NIK RNAi failed to suppress
constitutive activation of the classical NF-kB pathway in the breast
cancer cell lines, suggesting that constitutive activation of the
classical pathway is induced in a NIK-independent manner (Fig. 5¢).
Recent studies have shown that RIP1 is constitutively polyubiquti-
nated in several cancer cell lines, including MDA-MB-231.?%
Because polyubiquitination of RIP1 is a crucial process in acti-
vation of the classical NF-xB pathway,***" receptor-interacting
protein (RIP)1 may be involved in constitutive activation of the
classical NF-xB pathway in breast cancer cell lines. Related to
this, we have examined the effects of an IKK inhibitor, SC-514,
on constitutive NF-xB activation in the eight breast cancer cell
lines we used. Although the cells were treated with sufficient
SC-514 (100 uM, 24 h),*? the SC-514 treatment induced only a

CancerSci | September2009 | vol.100 | no.9 | 1673
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partial reduction in constitutive NF-kB activation in four of the
eight (HCC1143, HCC1395, MDA-MB-231, and MDA-Mb-436:
data not shown). These data suggest that constitutive NF-xB
activation is induced in part by an IKK-independent mechanism.
Very recently, the signal transducers and activators of transcription
(STAT)3 pathway has been reported to induce constitutive
NF-kB activation in an IKK-independent manner.®® Thus, this
STAT3 pathway represents one additional candidate mechanism
for inducing constitutive NF-xB activation in breast cancer
cells.

Because Cyclin DI was proposed as a pivotal NF-xB target gene
in mammary development,”” we examined whether Cyclin D1
is a target of NF-xB in breast cancer cell lines by western blot
analysis. However, Cyclin D1 expression was not affected by
Adeno-IkBoaSR infection (data not shown). Furthermore, our data
of flow cytometric analysis showed that the G, population was
reduced rather than increased in Adeno-IkBo.SR-infected cells
(Fig. 3d). These data suggest that Cyclin DI is not a major target
gene of constitutively activated NF-kB in breast cancer cell lines.

Although basal-like subtype breast cancer was originally iden-
tified as having properties of mammary basal epithelial cells,
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recent studies have revealed that these tumor cells also have stem
cell-like characteristics.®**3% Thus, the NF-xB pathway may be
involved in the maintenance or generation of stem cell-like prop-
erties in breast cancer cells.

In conclusion, the transcription factor NF-kB is constitutively
activated in most of the basal-like subtype breast cancer cell lines
and is preferentially involved in proliferation of these cells.
The findings presented here suggest that the NF-kB signaling axis
may be a therapeutic target for basal-like subtype breast cancer.
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