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Abstract

Background: The pathogenesis of human basal-like breast cancer (BLBC) is not well understood and patients with
BLBC have a poor prognosis. Expression of the epidermal growth factor receptor (EGFR) and nuclear factor-κB (NF-κB) is
well-known to be upregulated in BLBC. The forkhead box C1 (FOXC1) transcription factor, an important prognostic
biomarker specific for BLBC, has been shown to be induced by EGF and is critical for EGF effects in breast cancer cells.
How FOXC1 is transcriptionally activated in BLBC is not clear.

Methods: Luciferase reporter assays were performed to show that NF-κB-p65 enhances FOXC1 promoter activity in
BLBC cells (MDA-MB-468). Electrophoretic mobility shift assay, biotinylated oligonucleotide precipitation assay,
and chromatin immunoprecipitation assay were used to show that NF-κB interacts and binds to the promoter
region of FOXC1.

Results: In this study, we demonstrate that NF-κB is a pivotal mediator of the EGF/EGFR regulation of FOXC1
expression by binding to the FOXC1 promoter to activate FOXC1 transcription. Loss or inhibition of NF-κB
diminished FOXC1 expression.

Conclusion: Collectively, our findings reveal a novel EGFR-NF-κB-FOXC1 signaling axis that is critical for BLBC
cell function, supporting the notion that intervention in the FOXC1 pathway may provide potential modalities
for BLBC treatment.
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Background
Breast cancer is grouped into four major molecular sub-
types that include luminal A, luminal B, human epidermal
growth factor receptor 2-enriched (HER2+) and basal-like
breast cancer (BLBC) [1]. BLBC was shown to have low
expression of the estrogen receptor (ER), progesterone re-
ceptor (PR) and HER2 gene, which encompasses 15–20%
of all invasive breast cancers [2]. Patients diagnosed with
BLBC present with aggressive clinical features, such as
metastasis to the lung and brain, high histologic grade and
have a poor prognosis [3, 4]. Currently, the only form of
treatment for BLBC is chemotherapy.
The forkhead box C1 (FOXC1) transcription factor

was initially shown to be important for development of

the brain, heart and eye during embryonic development
[5]. However, it is also overexpressed in many different
types of cancer including breast, hepatocellular carcin-
oma, prostate, pancreatic, and non-small cell lung can-
cer [6–11]. It was previously shown that activation of
the epidermal growth factor receptor (EGFR), an estab-
lished BLBC marker, upregulates FOXC1 expression in
BLBC cells through Ras/ERK and PI3K/AKT-mediated
pathways [12]. Inhibition of FOXC1 expression reduces
cell migration and invasion that is induced by EGF, while
inhibition of EGFR lowers FOXC1 expression and abro-
gates tumor growth in mice [12]. Moreover, EGF-
induced FOXC1 expression occurs not only in breast
cancer cells but also in prostate cancer cells [7, 12].
The mechanism of how FOXC1 is regulated in BLBC

is still unclear. We want to understand what processes
are upstream of FOXC1 in the hope of elucidating the
biological basis of BLBC development. Toward this goal,
we seek to identify the regulators that link between
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microenvironmental cues, such as EGF, and FOXC1 ex-
pression. In this study, we demonstrate that NF-κB tran-
scriptionally regulates FOXC1 through an EGF-mediated
signaling pathway by binding to the promoter region of
FOXC1. Our results suggest that FOXC1 may serve as a
readout of EGF-NF-κB signaling activity in breast cancer.

Results
NF-κB transcription factor is essential for the EGF
induction of FOXC1
We previously found that EGF regulates FOXC1 expres-
sion through Ras/ERK and PI3K/Akt-mediated pathways
in BLBC cells [12]. However, it is not known which tran-
scription factor mediates this event. Nuclear factor-κB
(NF-κB) is a well-known transcription factor that associ-
ates with ER-negative breast cancers, exists mainly in
human BLBC cells, and has the highest activity in triple-
negative tumors [13–17]. Therefore, NF-κB may play a
role in regulating FOXC1. As illustrated in Fig. 1a, over-
expression of p65, a subunit of the NF-κB transcription
complex, in MDA-MB-468 cells markedly elevated
FOXC1 promoter activity, which was abrogated by the
IκBα S32A/S36A super-repressor (SR-IκBα). This same
trend was also found in MDA-MB-231 and BT-20 cells
(Additional file 1: Figure S1A). We also treated MDA-
MB-468 cells with EGF to enhance NF-κB activity,
resulting in a similar effect on the FOXC1 promoter ac-
tivity seen when p65 was overexpressed (Fig. 1b). Like-
wise, transfection of IKKβ, an upstream kinase for p65,
activated the FOXC1 promoter (Fig. 1b). As ex-
pected, FOXC1 protein levels were increased or de-
creased by IKKβ or SR-IκBα overexpression, respectively
(Additional file 1: Figure S1B). Next, we transfected
MDA-MB-468 cells with p65 siRNA to test the effect of
EGF-induced FOXC1 expression. Immunoblotting and
qRT-PCR indicated that p65 knockdown suppressed the
increase of FOXC1 mRNA and protein levels by EGF
(Fig. 1c). Similar results were obtained using BT-20
cells, in which pharmacologic inhibition of p65 by
Bay 11–7082 significantly reduced the induction of
FOXC1 mRNA expression by EGF (Additional file 1:
Figure S1C) [12]. This p65-mediated EGF effect was
not observed in MDA-MB-231 cells (Additional file 1:
Figure S1C) probably due to the low expression level
of EGFR in this cell line compared to MDA-MB-468 and
BT-20, which have high and moderate levels of EGFR and
p-EGFR, respectively (Additional file 1: Figure S1D).
These data suggest that NF-κB is required for the induc-
tion of FOXC1 by EGFR activation.
In line with these results, we found that FOXC1 protein

levels were significantly down-regulated in p65-null mouse
embryonic fibroblasts (MEFs) but were restored by recon-
stituted expression of p65 in these cells (Fig. 1d). EGF in-
duction of FOXC1 promoter activity was diminished in

p65-null MEFs, which was also reversed by reconstitution
of p65 in p65-null MEFs (Fig. 1e). Moreover, knocking out
p65 abolished the activation of the FOXC1 promoter in
EGFR-overexpressing MEFs (Fig. 1f). It was previously re-
ported that constitutively active Akt and ERK can induce
NF-κB activity [18, 19]. Using a luciferase reporter con-
struct containing the consensus NF-κB site, we found that
EGF activated NF-κB-responsive reporter activity, which
was attenuated by ERK and Akt inhibitors (Fig. 1g). In
agreement with this, the activation of NF-κB by EGF also
led to increased phosphorylation of p65 at serine 536
(p-Ser536) in BT20 cells (Additional file 1: Figure S1E).
Treating cells with the Akt inhibitor or a combination of
the ERK and Akt inhibitors reduced p65 p-Ser536 levels
(Additional file 1: Figure S1E). In MEF cells, FOXC1 pro-
moter activity was enhanced by overexpressing Akt1,
Akt3, and ERK2 but the induction was significantly re-
duced in p65-null MEFs (Fig. 1h). Akt is known to directly
phosphorylate p65, which may cause the enhanced
FOXC1 activity than compared to ERK. In summary, these
finding suggest that NF-κB mediates the EGF-induced
FOXC1 expression in BLBC cells.

EGF induces NF-κB binding to the promoter region of
FOXC1
EGF increased p65 translocation into the nucleus indi-
cated by immunoblotting (Fig. 2a), therefore we assessed
whether p65 binds to the FOXC1 promoter in vitro.
There are two putative conserved NF-κB binding sites
(−1877 and −1719, transcription start site) in the cloned
FOXC1 promoter (Fig. 2b). Thus, EMSA was performed
using biotin-labeled probes for the two p65 binding sites
and nuclear extracts from MDA-MB-468 cells with or
without EGF treatment. Unlabeled p65 probes in 200-
fold excess were used as cold competitors. As shown in
Fig. 2c, EGF stimulation enhanced p65 binding to the
probes as indicated by the NF-κB/DNA complex signals.
Notably, the cold probes and the p65 inhibitor, Bay 11–
7082, partially blocked the EGF-induced p65 binding to
the probes. We also performed a biotinylated oligonucleo-
tide precipitation assay by mixing nuclear extracts from
MDA-MB-468 cells with or without EGF treatment with
biotin-labeled probes of p65 binding sites. Subsequently,
these probes were pulled down using streptavidin beads to
check for p65 interaction. As shown in Fig. 2d, cells
treated with EGF have increased p65 interaction to the
probes. To examine whether p65 binds to the FOXC1
promoter in vivo, ChIP assays were performed. As pre-
sented in the top panel of Fig. 2e, p65 weakly bound to
the FOXC1 promoter, but addition of EGF dramatically
increased the recruitment of p65 protein to the FOXC1
promoter. EGF-induced p65 binding to the MMP-9 pro-
moter was used as a positive control [20]. Furthermore,
ChIP assays showed that NF-κB pathway inhibitors (BMS-
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Fig. 1 (See legend on next page.)
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345541, Bay 11–7082, and JSH-23) blocked EGF-elicited
p65 binding to the FOXC1 promoter (Fig. 2e, bottom).
Consistent with these results, inhibition of p65 by Bay 11–
7082 and BMS-345541 also reduced FOXC1 protein ex-
pression levels (Additional file 2: Figure S2). Interestingly,
RNA polymerase II bound to the FOXC1 promoter in the
absence of EGF and this binding was not increased by
EGF (Fig. 2e). We postulate that EGF may instead func-
tion to recruit or activate essential transcriptional regula-
tors, such as transcription factors (e.g. NF-κB) and
coactivators, enabling an active RNA polymerase II tran-
scription complex to start FOXC1 gene transcription.
To determine the essential role of the two p65 binding sites

in FOXC1 transcription, we mutated the two p65 binding
sites separately or simultaneously in the FOXC1 promoter
(Mut 1:CCGGGAGGG(CCC)TCTCTCC(GG)TCAAGT,
Mut 2: GAGCGGGGG(CCC)CCCTTCC(GG)GTGCGT
and Mut 1+ Mut 2) (Fig. 2f, insert). Luciferase assays
demonstrated that mutations of site 1 or site 2 de-
creased the NF-κB-induced FOXC1 promoter activity,
while mutations of both site 1 and 2 abolished the ef-
fect of NF-κB (Fig. 2f ), suggesting that these two
binding sites are essential for NF-κB regulation of
FOXC1 transcription in BLBC cells.

Discussion
Emerging evidence has established FOXC1 as an import-
ant marker and regulator of BLBC development and
progression [6, 21]. In this study, we identified that the
NF-κB transcription factor regulates FOXC1 expression
in BLBC cells through EGFR signaling (Fig. 3). NF-κB is
well-established to play a pivotal role in cancer develop-
ment [22, 23]. Sustained NF-κB activation exists mainly
in human BLBC and ER-negative breast cancer as op-
posed to ER-positive breast cancer [15, 16]. We showed
that EGFR activation promotes nuclear translocation of
NF-κB, which binds to the FOXC1 promoter elicited by
Ras/ERK and PI3K/Akt pathways. This mechanism sup-
ports our previous finding that EGFR inhibition reduces

active EGFR and FOXC1 levels in xenograft mammary
tumors [12]. Thus, relatively low activities of ERK, Akt,
and NF-κB may contribute to low FOXC1 levels in non-
basal breast tumors. Of note, we have previously shown
that FOXC1 regulates NF-κB signaling and that overex-
pression of FOXC1 increases NF-κB transcription [24].
Inhibition of NF-κB blocks FOXC1-mediated migration,
invasion and proliferation [24]. The positive feedback
regulatory loop between FOXC1 and NF-κB may explain
why both proteins are highly specific to BLBC and impli-
cates an essential role of NF-κB-FOXC1 signaling in
BLBC pathogenesis. Other studies described that NF-κB
regulates cancer stem cell properties [25], which comple-
ments our previous study that FOXC1 also regulates
cancer stem cell function through a Hedgehog/Gli-medi-
ated pathway [26]. Reports have shown that cancer stem
cell properties are enriched in BLBC compared with
other breast cancer subtypes [27]. It is postulated that
NF-κB-FOXC1 may be involved in breast cancer stem
cell function. Although there are many pathways that
regulate BLBC and triple-negative breast cancer, the
EGF-NF-κB-FOXC1 signaling axis is presumably specific
and essential for BLBC.
It is conceivable that transcription factors other than

NF-κB may be involved in the regulation of FOXC1. Lu-
ciferase assays using cloned promoter regions have limi-
tations as an in vitro system. The combination of EGF
treatment in cells overexpressing p65 showed enhanced
FOXC1 promoter activity (Fig. 2e), indicating that other
factors in addition to NF-κB may be involved in regulat-
ing FOXC1. Therefore, it is important to consider that
multiple transcription factors or co-activators may inter-
act with the promoter region of FOXC1 or can directly
interact with NF-κB. Moreover, although NF-κB is highly
expressed in BLBC cells, it is still expressed in ER-
positive and HER2-positive cells whereas FOXC1 is
highly specific to BLBC. Thus, other mechanisms are
potentially involved in the FOXC1 induction of BLBC.
In this study, we focused on using EGF as the main

(See figure on previous page.)
Fig. 1 NF-κB transcription factor mediates EGF-induced FOXC1 expression. a MDA-MB-468 cells were transiently co-transfected with the FOXC1
promoter-luc and NF-κB (p65), IκBα S32A/S36A super-repressor (p65 + SR-IκBα), or the vector. Reporter activities were assessed by luciferase
assays. ***, P < 0.0001. b MDA-MB-468 cells were transiently transfected with the FOXC1 promoter-luc and IKKβ construct or treated with 100 ng/
mL EGF for 24 h, followed by luciferase assays. ***, P < 0.0001. Data represent mean ± SD from 3 independent experiments. c Left, MDA-MB-468
cells were transfected with p65 siRNA for 48 h and then treated with or without EGF for 6 h. FOXC1 mRNA levels were examined using qRT-PCR.
n.s., not significant; **, P < 0.001; *, P < 0.05. Right, MDA-MB-468 cells were transfected with p65 siRNA for 48 h and then treated with or without
EGF for another 24 h. FOXC1 and p65 in nuclear and cytoplasmic fractions were examined using immunoblotting. Lamin A/C was used as a
nuclear marker and actin was used as a cytoplasmic marker. d WT, p65-null, and p65-reconstituted MEFs were transfected with the FOXC1
promoter-luc and immunoblotted for p65 protein expression and then (e), treated with EGF or vehicle for 24 h, followed by luciferase assays. **,
P < 0.001; ***, P < 0.0001. f WT or p65−/− MEFs were co-transfected with the FOXC1 promoter-luc and pBABE-EGFR construct, followed by lucifer-
ase assays. **, P < 0.001. Data represent mean ± SD of 3 independent experiments. g MDA-MB-468 cells were transiently transfected with the NF-
κB-luc construct. After 30 min pre-treatment with 5 μM U0126 (MEK inhibitor) or 1 μM AKTIV (AKT inhibitor), cells were stimulated with EGF for
24 h in the presence or absence of the inhibitors. Reporter activities were measured by luciferase assays. **, p < 0.01; ***, P < 0.0001. h Wild-type
and p65−/− MEFs were co-transfected with the FOXC1 promoter reporter construct and constitutively active Akt1, Akt3 or ERK2 constructs for
24 h. FOXC1 promoter activity was assessed by luciferase assays. *, P < 0.05; **, P < 0.01; ***, p < 0.0001
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Fig. 2 EGF stimulates binding of NF-κB to the promoter region of FOXC1. a MDA-MB-468 cells were serum-starved overnight and then treated with EGF
for 24 h. FOXC1, p65, p50 levels in nuclear and cytoplasmic fractions were examined using immunoblotting. Lamin A/C was used as a nuclear marker
and actin was used as a cytoplasmic marker. b Two conserved putative NF-κB binding sites (underlined; −1856 to −1877 and −1698 to −1719) in the
cloned FOXC1 promoter. NF-κB probe sites are highlighted in red. c MDA-MB-468 cells were serum-starved overnight and treated with EGF for 24 h in
the presence or absence of 10 μM Bay 11–7082 (Bay; NF-κB inhibitor) after preincubation with the inhibitor for 1 h. Nuclear protein was extracted. EMSA
analysis was conducted using biotin-labeled double-stranded NF-κB probes. d MDA-MB-468 cells were serum-starved overnight and treated with EGF for
24 h. Nuclear protein was extracted and mixed with biotin-labeled double stranded NF-κB probes and streptavidin beads. p65-probe interaction was
examined with immunoblotting. e Top, serum-starved MDA-MB-468 cells were treated with or without EGF for 24 h and fixed by formaldehyde. ChIP
assays were performed using p65 antibody to examine the binding of p65 to the FOXC1 promoter. The PCR amplified FOXC1 promoter region is
indicated by solid arrow (see the diagram in B). Bottom, MDA-MB-468 cells were treated with EGF for 24 h after preincubation with the NF-κB inhibitors
for 1 h: 5 μM BMS-345541 (BMS; IKK inhibitor III), 10 μM Bay 11–7082 (Bay; NF-κB Activation Inhibitor II) and 50 μM JSH-23 (JSH; NF-κB Activation Inhibitor
II). Then ChIP assays were performed. f The insert shows schematic diagrams of the two putative NF-κB binding sites in the FOXC1 promoter in which
the two NF-κB binding sites were mutated by site-directed mutagenesis (see Materials and Methods). MDA-MB-468 cells were transfected with the wild-
type or mutated FOXC1 promoter and NF-κB constructs. Cells were treated with EGF or vehicle for 24 h, followed by luciferase assays
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ligand to activate EGFR but other factors including che-
mokines and cytokines can also activate Akt, ERK, and
NF-κB and accordingly may play a role in the activation
of FOXC1.
DNA damage, such as double-stranded breaks, can

cause genomic instability and has been shown to be an
important factor in tumor development. A recent study
demonstrated in BRCA1-deficient mammary luminal
progenitors that a replication-associated DNA damage
response activates NF-κB and leads to hormone-
independent proliferation [28]. In addition, we recently
reported that FOXC1 is highly expressed in BLBC tu-
mors of patients with BRCA1 mutations [29]. There-
fore, further studies are needed to elucidate novel
mechanisms or cellular cues for eliciting NF-κB-
FOXC1 signaling. In summary, our findings reveal a
novel EGFR signaling axis in BLBC. FOXC1 may serve
as a read-out of EGFR-NF-κB activity and as a marker
for selecting patients who may benefit from anti-EGFR
therapy. Blockade of the EGFR-NF-κB-FOXC1 path-
way may provide treatment modalities for BLBC and
other cancers.

Methods
Cell culture
MDA-MB-468, MDA-MB-231, and BT-20 Human BLBC
cell lines were purchased from American Type Culture
Collection. Cell culture was performed as previously de-
scribed (Cui et al., 2006). The 2-kb FOXC1-promoter
from transcription start site was cloned into the pGL4-
luc vector (Promega, Madison, WI).

Materials
EGF was purchased from Sigma-Aldrich (St. Louis,
MO). The MEK inhibitor U0126, AKT inhibitor IV,
IKK inhibitor III (BMS-345541), Bay 11–7082, and
NF-κB activation inhibitor II (JSH-23) were purchased
from Calbiochem (Gibbstown, NJ). For control experi-
ments, cells were incubated with the vehicle dimethyl-
sulfoxide (DMSO) alone. Human FOXC1 siRNA and
p65 siRNA were purchased from Santa Cruz Biotech-
nology (Santa Cruz, CA). Chromatin Immunoprecipi-
tation (ChIP) Kit was purchased from EMD Millipore
(Billerica, MA).

Fig. 3 Proposed model of EGF-mediated NFκB-FOXC1 signaling network. The binding of EGF activates the EGFR receptor, leading to downstream
activation of Ras-mediated or PI3K-mediated pathways. Activated Ras (Ras-bound GTP) leads to the subsequent phosphorylation and kinase activation
sequence of RAF, MEK and ERK, while PI3K phosphorylates PI(4,5)P2 to convert it to PI(3,4,5)P3, which activates Akt. Activation of ERK and Akt leads to
the phosphorylation and activation of NF-κB. Phosphorylated NF-κB enters the nucleus where it binds to the promoter region of FOXC1 to up-regulate
transcription and protein expression of FOXC1. In our previous study, we have shown that FOXC1 up-regulates NF-κB activity and expression in BLBC
cells [24], which ultimately increases cellular proliferation, migration and invasion
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Immunoblotting analysis
Immunoblotting analysis was performed using whole cell
lysates prepared in RIPA buffer (50 mM Tris–HCl,
pH 7.4, 150 mM NaCl, 2 mM EDTA, 1% NP-40, 10% gly-
cerol) plus a protease inhibitor cocktail (Sigma, St Louis,
MO). Nuclear protein was extracted using NE-PER Nu-
clear and Cytoplasmic Extraction Reagents from Pierce
Biotechnology (Rockford, IL). Antibodies anti-p65 (Cat#
sc-8008), p50 (Cat# sc-7178), FOXC1 (Cat# sc-21,394),
LaminA/C (Cat# sc-7292), β-actin (Cat# sc-8432),
GAPDH (Cat# sc-47,724) are from Santa Cruz Biotech-
nology (Santa Cruz, CA). Antibodies anti-FOXC1 (Cat#
8758), EGFR (Cat# 4267), phosphorylated-EGFR (Cat#
3777), phospho-NF-κB p65 (Ser536) (Cat# 3033) are from
Cell Signaling Technology.

Real-time quantitative reverse transcription-PCR (QRT-PCR)
Total RNA was extracted using the RNeasy Mini Kit
(Qiagen, Valencia, CA) according to the manufacturer’s
instructions. Reverse transcription was done using the
QuantiTect Reverse Transcription Kit. The qRT-PCR
assay was done using an iCycler iQ Real-Time Thermocy-
cler (Bio-Rad Laboratories, Hercules, CA). The following
primers were used: FOXC1, Forward 5′-GGCAAAGAA
TTGATCCGGTA-3′, Reverse 5′-TGGATGGCCATGGT
GATGAGC-3′; GAPDH, Forward 5′-GATCGAATTAA
ACCTTATCGTCGT-3′, Reverse 5′-AGCAGCAGAACT
TCCACTCGGT-3′, GAPDH was used as internal control.

Transfection
MDA-MB-468 cells were transfected with the pGL4-FOXC1
promoter reporter construct and the β-galactosidase
expression vector pSV-β-Gal (Promega Madison, WI)
using Lipofectamine 2000 (Invitrogen, Carlsbad, CA)
according to the instruction manual. β-Galactosidase en-
zyme activity was detected using the β-Galactosidase en-
zyme assay system with reporter lysis buffer (Promega,
Madison, WI). For co-transfection, 500 ng of Flag-ERK2,
HA-Myr-Akt1, or HA-Myr-Akt3 constructs were added
along with 100 ng of the 2-kb human FOXC1 promoter
reporter construct pGL4-FOXC1. For the small interfering
RNA (siRNA) experiment, MDA-MB-468 cells were
transfected with 30 nM human FOXC1 and p65 siRNA
for 48 h, and then treated with EGF for 24 h.

Chromatin Immunoprecipitation (ChIP) assay
ChIP assay was performed using the EZ-ChIP™ - Chroma-
tin Immunoprecipitation Kit (EMD Millipore, Billerica,
MA) according to the manufacturer’s instructions. Anti-
bodies used for the IP include anti-p65 (Santa Cruz Bio-
technology Cat# sc-8008), anti-RNA Polymerase II (EMD
Millipore Cat# 05-623B), or normal mouse IgG (EMD
Millipore Cat# 12-371B). Primers used to detect NF-κB
binding sites 1 and 2 and MMP9 promoter were

synthesized by Invitrogen. NF-κB binding sites 1 and 2: For-
ward, 5′- TCACGCACGCTTCTTCGCAG-3′, Reverse, 5′-
GAATCCTTGAACCGCCCTCTA-3′ and MMP9 pro-
moter: Forward, 5′- TAAGACATTTGCCCGAGGTC-3′,
Reverse, 5′- CTCCCTGACAGCCTTCTTTG-3′.

Electrophoretic mobility shift assay (EMSA)
After EGF treatment for 24 h, nuclear protein was ex-
tracted using NE-PER Nuclear and Cytoplasmic Extraction
Reagents (Pierce Biotechnology). EMSA was performed
using the LightShift Chemiluminescent EMSA Kit (Pierce
Biotechnology) according to the manufacturer’s instruc-
tions. The 3′ end biotin-labeled NF-κB probes were syn-
thesized by Invitrogen. NF-κB binding site 1: Forward, 5′-
CCGGGAGGGTCTCTCCTCAAGT-3′, Reverse, 5′-ACT
TGAGGAGAGACCCTCCCGG-3′ and NF-κB binding
site 2: Forward, 5′- GAGCGGGGGCCCTTCCGTGCGT-
3′, Reverse, 5′- ACGCACGGAAGGGCCCCCGCTC-3′.

Biotinylated oligonucleotide precipitation assay
MDA-MB-468 cells were serum-starved overnight and
treated with or without 100 ng/mL EGF for 24 h. Nu-
clear protein was extracted using NE-PER Nuclear and
Cytoplasmic Extraction Reagents (Pierce Biotechnology)
and incubated with 3′ end biotin-labeled NF-κB probes
that were synthesized by Invitrogen overnight at 4 °C.
The next day, streptavidin beads were added to this mix-
ture and incubated at 4 °C for 2 h. Beads were washed
and p65 expression was tested by immunoblotting.

Site-directed mutagenesis
Mutation of the two putative NF-κB binding sites in the
FOXC1 promoter was performed using the Quik-Change
Mutagenesis Kit (Agilent Technologies, Westlake Village,
CA). The mutated FOXC1 promoter reporter construct
was used for transfection and luciferase assays. The muta-
tion of two NF-κB binding sites was performed using the
following primers: Mut-1: Forward, 5′- TTGGGATTCAG
CCTCCGGGACCCTCTCTGGTCA AGTCGCTAAAAT
GC-3′, Reverse, 5′-GCATTTTAGCGACTTGACCAGA
GAGGGT CCCGGAGGCTGAATCCCAA-3′ and Mut-2:
Forward, 5′-GCACAACGAGCGGCCCCCC TTGGGTG
CGTGTCCCCC-3′, Reverse, 5′- GGGGGACACGCACC
CAAGGGGGGCC GCTCGTTGTGC-3′.

Statistical analysis
All experiments were performed 3 times with samples mea-
sured in triplicate. Results are expressed as mean ± standard
deviation, unless otherwise stated. GraphPad Prism 6.0 soft-
ware (GraphPad Software, San Diego, CA) was used for
statistical analysis.
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Additional files

Additional file 1: Figure S1. NF-κB transcription factor mediates EGF-
induced FOXC1 expression in multiple breast cancer cell lines. a MDA-
MB-231 and BT-20 cell lines were transiently co-transfected with the
FOXC1 promoter-luc and NF-κB (p65), IκBα S32A/S36A super-repressor
(p65 + SR-IκBα), or the vector. Reporter activities were assessed by luciferase
assays. *, P < 0.05; **, P < 0.001. b MDA-MB-468 cells were transiently
transfected with the IKKβ or SR-IκBα constructs and immunoblotted
for FOXC1 expression. c MDA-MB-231 and BT-20 cell lines were
treated with 100 ng/mL EGF for 2 h after preincubation with the NF-
κB inhibitor Bay 11–7082 for 1 h. FOXC1 mRNA levels were examined
using qRT-PCR. **, P < 0.001. d Total protein was extracted from MDA-MB-
468, MDA-MB-231 and BT-20 cell lines after no starvation or treatment (Left
to right, first three lanes) or after serum-starvation overnight with or without
EGF treatment for 24 h. EGFR and phosphorylated EGFR (p-EGFR) levels were
examined with immunoblotting. e BT-20 cells were treated with 100 ng/mL
EGF for 1 h after preincubation with the Akt inhibitor-IV or U0126 (ERK
inhibitor) for 45 min. Total protein was extracted and phospho-p65 (Ser 536)
was examined by immunoblotting. (TIFF 131 kb)

Additional file 2: Figure S2. Inhibition of NF-κB p65 affects FOXC1
protein levels. MDA-MB-468 cells were serum-starved overnight and
treated with EGF for 24 h after pre-incubation with NF-κB inhibitors, Bay
11–7082 or BMS-345541, for 1 h. FOXC1 protein levels were examined by
immunoblotting. (TIFF 56 kb)

Abbreviations
BLBC: Basal-like breast cancer; ChIP: Chromatin immunoprecipitation;
DMSO: Dimethylsulfoxide; EGF: Epidermal growth factor; EGFR: Epidermal
growth factor receptor; EMSA: Electrophoretic mobility shift assay;
ER: Estrogen receptor; FOXC1: Forkhead box C1; HER2: Human epidermal
growth factor receptor 2; IKK: IκB kinase; MEFs: Mouse embryonic fibroblasts;
NF-κB: Nuclear factor-κB; PR: Progesterone receptor; siRNA: small interfering
RNA; SR-IκBα: IκBα S32A/S36A super-repressor

Acknowledgments
We would like to thank Guifa Li for the FOXC1 promoter construct, Xin Lin
for the NF-κB constructs, and Amer A. Beg for the p65-null MEFs.

Funding
Xiaojiang Cui is supported by the National Institutes of Health (CA151610), the
Avon Foundation (02–2014-063), and David Salomon Translational Breast
Cancer Research Fund, and the Entertainment Industry Foundation. Armando
Giuliano is supported by the Fashion Footwear Charitable Foundation of New
York, Inc., Associates for Breast and Prostate Cancer Studies, the Margie and
Robert E. Petersen Foundation, and the Linda and Jim Lippman Research Fund.
The funders/sponsors had no role in the design and conduct of the study;
collection, management, analysis, and interpretation of the data; preparation,
review, or approval of the manuscript; and decision to submit the manuscript
for publication. The content is solely the responsibility of the authors and does
not necessarily represent the official views of the funding sources.

Availability of data and materials
Not applicable.

Authors’ contributions
SC performed a majority of the experiments including luciferase assays, real-time
PCR, immunoblotting, and the biotinylated oligonucleotide assay. SC analyzed
the data, organized the figures, and wrote the manuscript. YJ helped design
experiments and performed luciferase assays, site-directed mutagenesis, and ChIP
assay. YJ analyzed the data. BH refined the DNA protein binding assay protocols
and assisted with the biotinylated immunoprecipitation assay and EMSA. YQ
assisted with immunoblotting, data analysis, and manuscript preparation. BG
assisted with real-time PCR, the ChIP assay, and manuscript preparation. AG
assisted with the study design, data analysis and troubleshooting, and
manuscript preparation. XC was involved with the overall study design,
analysis, proofreading of the manuscript, and guided the research project. All
authors read and approved the final manuscript.

Competing interest
The authors declare that they have no competing interests.

Consent for publication
Not applicable.

Ethics approval and consent to participate
Not applicable.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in published
maps and institutional affiliations.

Received: 3 December 2016 Accepted: 14 June 2017

References
1. Sorlie T, et al. Gene expression patterns of breast carcinomas distinguish

tumor subclasses with clinical implications. Proc Natl Acad Sci U S A. 2001;
98(19):10869–74.

2. Rakha EA, Reis-Filho JS, Ellis IO. Basal-like breast cancer: a critical review.
J Clin Oncol. 2008;26(15):2568–81.

3. Smid M, et al. Subtypes of breast cancer show preferential site of relapse.
Cancer Res. 2008;68(9):3108–14.

4. Taube JH, et al. Core epithelial-to-mesenchymal transition interactome
gene-expression signature is associated with claudin-low and metaplastic
breast cancer subtypes. Proc Natl Acad Sci U S A. 2010;107(35):15449–54.

5. Kume T, et al. The forkhead/winged helix gene Mf1 is disrupted in the
pleiotropic mouse mutation congenital hydrocephalus. Cell. 1998;93(6):985–96.

6. Ray PS, et al. FOXC1 is a potential prognostic biomarker with functional
significance in basal-like breast cancer. Cancer Res. 2010;70(10):3870–6.

7. Peraldo-Neia C, et al. Epidermal growth factor receptor (EGFR) mutation
analysis, gene expression profiling and EGFR protein expression in primary
prostate cancer. BMC Cancer. 2011;11:31.

8. Xia L, et al. Overexpression of forkhead box C1 promotes tumor metastasis
and indicates poor prognosis in hepatocellular carcinoma. Hepatology.
2013;57(2):610–24.

9. Wang L, et al. High level of FOXC1 expression is associated with poor
prognosis in pancreatic ductal adenocarcinoma. Tumour Biol. 2013;34(2):
853–8.

10. Wei LX, et al. High expression of FOXC1 is associated with poor clinical
outcome in non-small cell lung cancer patients. Tumour Biol. 2013;
34(2):941–6.

11. Bloushtain-Qimron N, et al. Cell type-specific DNA methylation patterns in
the human breast. Proc Natl Acad Sci U S A. 2008;105(37):14076–81.

12. Jin Y, et al. FOXC1 is a critical mediator of EGFR function in human basal-
like breast cancer. Ann Surg Oncol. 2014;21(Suppl 4):S758–66.

13. Biswas DK, Iglehart JD. Linkage between EGFR family receptors and nuclear
factor kappaB (NF-kappaB) signaling in breast cancer. J Cell Physiol. 2006;
209(3):645–52.

14. Gershtein ES, et al. The expression and DNA-binding activity of NF-kappaB
nuclear transcription factor in the tumors of patients with breast cancer.
Bull Exp Biol Med. 2010;150(1):71–4.

15. Nakshatri H, et al. Constitutive activation of NF-kappaB during progression
of breast cancer to hormone-independent growth. Mol Cell Biol. 1997;17(7):
3629–39.

16. Yamaguchi N, et al. Constitutive activation of nuclear factor-kappaB is
preferentially involved in the proliferation of basal-like subtype breast
cancer cell lines. Cancer Sci. 2009;100(9):1668–74.

17. Hutti JE, et al. Oncogenic PI3K mutations lead to NF-kappaB-dependent
cytokine expression following growth factor deprivation. Cancer Res. 2012;
72(13):3260–9.

18. Romashkova JA, Makarov SS. NF-kappaB is a target of AKT in anti-apoptotic
PDGF signalling. Nature. 1999;401(6748):86–90.

19. Jiang B, et al. Temporal control of NF-kappaB activation by ERK differentially
regulates interleukin-1beta-induced gene expression. J Biol Chem. 2004;
279(2):1323–9.

20. Feng H, et al. Phosphorylation of dedicator of cytokinesis 1 (Dock180) at
tyrosine residue Y722 by Src family kinases mediates EGFRvIII-driven
glioblastoma tumorigenesis. Proc Natl Acad Sci U S A. 2012;109(8):3018–23.

Chung et al. Cell Communication and Signaling  (2017) 15:22 Page 8 of 9

dx.doi.org/10.1186/s12964-017-0180-3
dx.doi.org/10.1186/s12964-017-0180-3


21. Jensen TW, et al. Diagnosis of Basal-Like Breast Cancer Using a FOXC1-Based
Assay. J Natl Cancer Inst. 2015;107(8):djv148.

22. Karin M. Nuclear factor-kappaB in cancer development and progression.
Nature. 2006;441(7092):431–6.

23. Xiao G, Fu J. NF-kappaB and cancer: a paradigm of yin-Yang. Am J Cancer
Res. 2011;1(2):192–221.

24. Wang J, et al. FOXC1 regulates the functions of human basal-like breast
cancer cells by activating NF-kappaB signaling. Oncogene. 2012;31(45):
4798–802.

25. Shostak K, Chariot A. NF-kappaB, stem cells and breast cancer: the links get
stronger. Breast Cancer Res. 2011;13(4):214.

26. Han B, et al. FOXC1 activates smoothened-independent hedgehog Signaling
in basal-like breast cancer. Cell Rep. 2015;13(5):1046–58.

27. Honeth G, et al. The CD44+/CD24- phenotype is enriched in basal-like
breast tumors. Breast Cancer Res. 2008;10(3):R53.

28. Sau A, et al. Persistent activation of NF-kappaB in BRCA1-deficient mammary
progenitors drives aberrant proliferation and accumulation of DNA damage.
Cell Stem Cell. 2016;19(1):52–65.

29. Johnson J, et al. FOXC1 identifies basal-like breast cancer in a hereditary
breast cancer cohort. Oncotarget. 2016;7(46):75729–638.

•  We accept pre-submission inquiries 

•  Our selector tool helps you to find the most relevant journal

•  We provide round the clock customer support 

•  Convenient online submission

•  Thorough peer review

•  Inclusion in PubMed and all major indexing services 

•  Maximum visibility for your research

Submit your manuscript at
www.biomedcentral.com/submit

Submit your next manuscript to BioMed Central 
and we will help you at every step:

Chung et al. Cell Communication and Signaling  (2017) 15:22 Page 9 of 9


	Abstract
	Background
	Methods
	Results
	Conclusion

	Background
	Results
	NF-κB transcription factor is essential for the EGF induction of FOXC1
	EGF induces NF-κB binding to the promoter region of FOXC1

	Discussion
	Methods
	Cell culture
	Materials
	Immunoblotting analysis
	Real-time quantitative reverse transcription-PCR (QRT-PCR)
	Transfection
	Chromatin Immunoprecipitation (ChIP) assay
	Electrophoretic mobility shift assay (EMSA)
	Biotinylated oligonucleotide precipitation assay
	Site-directed mutagenesis
	Statistical analysis

	Additional files
	Abbreviations
	Acknowledgments
	Funding
	Availability of data and materials
	Authors’ contributions
	Competing interest
	Consent for publication
	Ethics approval and consent to participate
	Publisher’s Note
	References

