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Abstract

Pro-inflammatory cytokines produced in the tumor microenvironment facilitate tumor
development and metastatic progression. In particular, TNF-a promotes cancer invasion and
angiogenesis associated with epithelial-mesenchyme transition (EMT), however, the mechanisms
underlying its induction of EMT in cancer cells remain unclear. Here we show that EMT and
cancer stemness properties induced by chronic treatment with TNFa are mediated by the
upregulation of the transcriptional repressor Twistl. Exposure to TNF-a rapidly induced Twistl
mRNA and protein expression in normal breast epithelial and breast cancer cells. Both IKK-g and
NF-xB p65 were required for TNF-a-induced expression of Twist1, suggesting the involvement
of canonical NF-xB signaling. In support of this likelihood, we defined a functional NF-xB
binding site in the Twistl promoter and overexpression of p65 was sufficient to induce
transcriptional upregulation of Twistl along with EMT in mammary epithelial cells. Conversely,
suppressing Twistl expression abrogated p65-induced cell migration, invasion, EMT and
stemness properties, establishing that Twist1 is required for NF-xB to induce these aggressive
phenotypes in breast cancer cells. Taken together, our results establish a signaling axis through
which the tumor microenvironment elicits Twistl expression to promote cancer metastasis. We
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suggest that targeting NF-xB-mediated Twistl upregulation may offer an effective a therapeutic
strategy for breast cancer treatment.

Introduction

The transcriptional factor nuclear factor-kappa B (NFxB) was initially characterized as a
central regulator in response to pathogens and viruses. Subsequently, studies found that
NF«xB is activated in a range of human cancers and to promote tumorigenesis via the
regulation of target genes expression. In mammals, NF-xB binds to their target gene
promoters as homo- or heterodimers composed of five subunits: RELA (p65), RELB, c-
REL, NFxB1 (p105/p50), and NFxB2 (p100/p52). NFxB activation is exclusively regulated
by two independent pathways. In the canonical pathway, NFxB activation is induced by
various inflammatory stimuli, such as tumor necrosis factor-a (TNFa), interleukin-1 (IL-1),
bacterial products e.qg., lipopolysaccharide (LPS), chemical inducers e.g., phorbol-12-
myristate-13-acetate (PMA), and reactive oxygen species (ROS) e.g., H,O, through the
IKKa/IKKB/IKK-y complex. Upon stimulation, activated IKKP phosphorylates the NFxB
inhibitor, IxBa at Ser32 and Ser36 and triggers its rapid degradation through the B-TrCP-
mediated 26S proteasome proteolysis, resulting in the liberation of the NFxB. As a
consequence, the NFxB heterodimer translocates to the nucleus, binds to its cognate DNA
motifs in the promoters, and induces a myriad of gene expression involved in immune
response (TNFa, IL-1, and COX2), cell proliferation (cyclin D1 and c-MYC), angiogenesis
(VEGF, IL-6, and IL-8), cell survival (XIAP, BCL-xL, and c-1AP2), invasion (MMP-9), and
EMT (Snail) (1) (2). In contrast, the noncanonical pathway is activated by different types of
inflammatory stimuli via IKKa homodimers that modulates of B-cell development and
adaptive immune response (3).

Epithelial-mesenchyme transition (EMT), a complex reprogramming process of epithelial
cells, plays an indispensable role in tumor invasion and metastasis (4). The well-defined
features of EMT include loss of epithelial markers (E-cadherin and a.- and -y-catenin), gain
of mesenchymal cell markers (fibronectin, vimentin, and N-cadherin), and the acquisition of
migratory and invasive properties (5). Currently, studies show that EMT is controlled by a
group of transcriptional repressors, such as Zeb-1/2, Twist1, Snail, and Slug. Upon
activation, these repressors recruit histone deacetylases to the E-box elements of the E-
cadherin promoter, resulting in transcriptional silence of E-cadherin expression (6). Twist1,
known as a master regulator of morphogenesis, induces EMT to facilitate breast tumor
metastasis (7). The role for Twistl in EMT regulation has also been reported in many other
cancer types, including those of the prostate (8) and uterus (9). In addition to that in patients
with breast carcinoma, high expression of Twist1 also correlates with tumor invasion and
metastasis in patients with esophageal squamous cell carcinomas (10), hepatocellular
carcinoma (11), and gliomas (12).

Inflammation, hypoxia, and tumor-stroma interactions are the major activators of metastatic
cascade. This tumor microenvironment, which consists of infiltrated immune cells and their
secretary cytokines and/or chemokines, facilitates cancer cell motility, invasiveness, and
metastatic potential (13) (14). To date, extensive studies have pointed to NFxB signaling as
a critical inflammatory mediator in the response to invading pathogens. In addition, drugs
and inhibitors aimed at targeting NFxB have shown promising clinical implications (15).
Therefore, determining how NFxB mediates high malignancy to enhance cancer cell
invasion, migration and subsequent metastasis may provide novel therapeutic value. Indeed,
activation of the NFxB pathway is required for induction and maintenance of Ras- and
TGFB-dependent EMT (16). NFxB also binds to the promoter of the E-cadherin repressor,
ZEB-1/2, resulting in regulation of the EMT phenotype (17). A recent study further
suggested that inflammation-induced cell migration and invasion occur via NFxB-mediated
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stabilization of Snail (18). Despite the presence of antiapoptotic cross-talk between Twistl
and NFxB (19), the exact regulatory mechanism of NFxB in EMT regulation has yet to be
determined. Here, we examine the role of NFxB activation in the EMT process and
elucidate an important but underdeveloped pro-inflammation cytokine TNFa.-mediated
breast cancer metastasis through the initiation of EMT. We show that rapid activation of
NFxB by TNFa upregulates Twistl expression through nuclear translocation of p65, which
in turn activates Twistl gene expression, is an essential node for the chronic inflammation-
induced EMT.

Experimental Procedures

Detailed information is included in Supplemental Information.

Cell Culture, Stable Transfectants and Transfection

MCF 10A, MCF-12A, MDA-MB-453, HBL-100, BT-549, and HEK-293 cells were
obtained from American Type Culture Collection. GP293 cells were purchased from
Clontech (Palo Alto, CA). IKKa ", IKKB- and p657- MEFs were maintained as previous
described (20) (21) (22). MCF 10A was cultured in DMEM/F12 medium supplemented with
5% horse serum, 10 pg/ml insulin, 20 ng/ml EGF, 100 ng/ml cholera toxin, and 500 ng/ml
hydrocortisone. IKK@ stable transfectants in MDA-MB-435 cells were selected using
blasticidin S as described previously (20). For transient transfection, cells were transiently
transfected with DNA using an SN liposomes (23), lipofectamine™ 2000 (Invitrogen,
Carlsbad, CA), or electroporation by a Nucleofector 1 device (Amaxa Biosystems, Koln,
Germany) with electroporation buffer (137 mM NaCl, 5 mM KCI, 0.7 mM NayHPQ4, 6 mM
glucose, and 20 mM HEPES, pH 7.0). For analysis of ligand-dependent Twistl expression,
cells were serum-starved overnight and harvested directly or after stimulation at different
time points.

Mouse Model of Lung Metastasis

Tumor metastasis assays were performed using an intravenous breast cancer mouse model.
The murine mammary tumor cell line 4T1-Luc was infected with lentiviral- based ShRNA
stable clones. Cells (1 x 10°) were then injected into the lateral tail vein of BALB/c mice
(The Jackson Laboratory; five mice per group). Two weeks later, Mice were injected
intraperitoneally either with PBS or 10 mg/mice LPS in PBS. Lung metastasis was detected
using an 1VIS-100 imagining system (Xenogen). To measure lung metastases, animals were
weighed before each experimental end point, and lung nodules were stained with India ink,
excised, and counted immediately.

Immunohistochemistry of Human Breast Tumor Tissue Samples

Immunohistochemistry (IHC) was performed as described previously (20) (24) (25). Human
tissue specimens were incubated with antibodies against IKKp, p65, or Twist1 and a biotin-
conjugated secondary antibody and then incubated with an avidin-biotin-peroxidase
complex. Visualization was performed using amino-ethylcarbazole chromogen. The human
breast tumor samples used in cell fractionation and Western blots were received from the
breast tumor bank at The University of Texas MD Anderson Cancer Center. For statistical
analysis, Fisher's exact test and Spearman rank correlation coefficient were used and a p-
value less than 0.05 is considered statistically significant. According to histological scoring,
the intensity of staining was ranked into four groups: high (score 3), medium (score 2), low
(score 1), and negative (score 0).
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TNFa induces arapid expression of Twistl

IKKB is also

To study TNFa-mediated EMT regulation, mammary epithelial cells derived from normal
tissue, MCF 10A and HBL-100 cells, were treated with TNFa in the presence or absence of
TGFp for several passages (Fig. S1A). As expected, we found that chronic exposure to
TNFa enhanced TGFB-induced EMT signaling as indicated by E-cadherin expression.
However, continuous treatment with TNFa, to passage 4 alone (two days/passage) led to a
loss of E-cadherin expression and promoted late EMT morphological changes compared to
that of TGFp treatment (Fig. S1A and S1B). To identify the genetic signatures that are
involved in modulation of TNFa-mediated EMT, RT?2 Profiler PCR array (SuperArray
Bioscience Corporation, Frederick, MD) containing 84 well-characterized EMT mediators
was performed. Between two tested cell lines, Twistl mMRNA was the only one found to be
significantly upregulated upon TNFa stimulation (Fig. S1C). Various growth factors and
cytokines including EGF, IGF-1, TGFa, TGFB, Wnt3a, TNFa, IFNy HB-EGF, and IL-1p
were tested to validate their ability to induce Twistl expression. When MCF 10A cells were
treated with various ligands for 2 hr, we found that TNFa rapidly induced Twistl expression
to a degree similar to that in cells treated with IL-1p (Fig. 1A). Next, we measured the time-
dependent expression of Twistl and found that it increased significantly after 1 hr of TNFa
stimulation and reached at maximal level from between 2 to 4 hr (Fig. 1B). This regulation
is present not only in mammary epithelial cells derived from normal tissue such as MCF
10A and HBL-100 but also in breast cancer cells (BT-549 and MDA-MB-435), suggesting
that TNFa-induced Twistl expression might be a general phenomenon (Fig. 1B). Next, to
determine whether NFxB is responsible for the TNFa/IL-1B-induced Twistl expression,
several NFxB inducers such as LPS, PMA/Inomycin, and H,0, as well as the IKKp small
molecule inhibitor TPCA-1 were used to test their effects on Twistl expression. As shown
in Figure 1C, Twistl expression was upregulated in response to NFxB inducers with a
similar degree of increase at 2 hr treatment. Similarly, Twistl expression correlated with the
activation status of NFxB (using phosphorylated IxBa as readout) in both MCF 10A and
HBL-100 cells (Fig. 1C and S1D). Given TNFa activation induces p65 nuclear
translocation, we examined endogenous p65 and Twistl localization in BT-549 (Fig. 1D and
Fig. S2) and MCF 10A (Fig. S1E) cells and found that both TNFa. and IL1p induced nuclear
translocation of p65 at 2 hr post treatment. Meanwhile, under the same exposure condition,
we observed an increase in the level of nuclear Twistl by confocal microscopy (Fig. 1D,
center panel). To further confirm the upregulation of Twistl and p65 nuclear translocation,
nuclear and cytoplasmic fractions of MCF 10A cells were isolated at different time points
upon treatment with TNFa (Fig. 1E). We observed TNFa induced nuclear translocation of
p65 at 30 min, whereas the nuclear expression of Twistl began to increase at 1 hr after
treatment (Fig. 1F). These results suggest that TNFa triggers a dynamic interaction between
nuclear translocation of p65 and nuclear expression of Twist1.

required for TNFa-induced Twistl expression

Because TNFa can induce activation of various signaling pathways, we wanted to determine
which signaling cascade is responsible for TNFa.-mediated Twist1 expression. To do so,
MCF 10A cells were serum-starved overnight and pretreated with various inhibitors prior to
TNFa stimulation. We found that upregulation of Twistl by TNFa was not affected by
MAPK/ERK, mTOR, p38, or JINK kinases inhibitors. In contrast, IKK inhibitors, BAY
11-7082 and parthenonlide, both abrogated TNFa-induced Twistl expression (Fig. 2A). To
diminish the off-target effect of these chemical inhibitors and further validate the role of
IKKP in TNFa induced Twistl expression, we introduced a lentiviral-based IKKp shRNA
into MCF 10A cells. Consistently, silencing IKKp expression level also attenuated TNFa.-
induced Twistl expression (Fig. 2B). Interestingly, we showed that activation of IKKa via
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RANKL treatment (Fig. S3A) or silencing IKKa expression (Fig. S3B) had no effect on
TNFa-induced Twistl expression. We also performed experiments using previously
established IKKp and IKKa knockout Mouse Embryonic Fibroblasts (MEFs) (20). As
shown in Figure S3C, we detected TNFa-induced Twistl expression in wild-type MEFs but
not in IKKB-deficient MEFs. Re-expression of wild-type IKKp but not an IKKp kinase-
dead mutant (KA) restored TNFa-induced Twistl expression (Fig. S3D), suggesting that the
kinase activity of IKKp is required. Similarly, in low IKKB-expressing MDA-MB-453 cells,
Twistl expression was not affected by TNFa, however, reintroducion of IKKp by stable
transfection elevated the TNFa-induced Twistl expression (20)(Fig. S3E). Altogether, we
conclude that the canonical IKKB-dependent NFxB signaling is required for TNFa-induced
Twistl expression.

TNFa-mediated Twistl expression is dependent on p65 activation by IKKB

Since activation of NFxB cascade usually results in nuclear translocation and activation of
p65, we hypothesize that p65 might be involved in TNFa-induced Twistl expression. To
elucidate the causal relationship between p65 and Twist1, p65 was stably knocked down
using three independent shRNAs in MCF 10A cells. We found that knock-down of
endogenous p65 expression attenuated TNFa-induced Twistl expression (Fig. 2C).
Moreover, stable clones harboring high levels of p65 expression showed a higher Twist1
expression in respond to TNFa treatment. These results also ruled out the off-target effects
due to shRNA-mediated gene silencing (Fig. 2C). Consistently, knock-down of p65
expression also inhibited TNFa-induced Twistl expression in BT-549, HBL-100 and MDA-
MB-435 cells (Fig. 2D). In addition, TNFa rapidly induced Twist1 expression in wild-type
(p65*/*) MEFs but not in p65-deficient (p657") MEFs (Fig. 2E). Restoration of myc-tagged
p65 in p657 MEFs rescued TNFa-induced Twistl expression, further supporting that p65 is
required for TNFa-mediated Twist1 expression (Fig. 2F). To further confirm this finding,
we expressed constitutively active (S/E) or kinase dead (KD) IKKa,, IKK, or p65 in
HBL-100 cells and then treated with TNFa. Expression of both constitutively active IKK
(Fig. 2G, lane 7) and p65 (Fig. 2G, lane 11) was sufficient to induce Twistl expression to a
degree similar to that of TNFa treatment. To establish a clinical relevance of inhibition of
NFxB-mediated Twistl expression, both MCF 10A and HBL-100 cells were pretreated with
nonsteroidial anti-inflammatory drugs (NSAIDs) and subjected to TNFa stimulation. When
these cells were pretreated with another commonly used NFxB inhibitor Sanguinarine and
tosyl phenylalanyl chloromethyl ketine 1 (TPCK-1), TNFa-induced Twistl expression was
abolished (Fig. S3F and Fig. S3G). Therefore, targeting NFxB-mediated Twist1 expression
implicates a novel aspect for breast cancer therapy.

TNFa-induced Twistl expression is transcriptionally regulated by p65

Because the TNFa-induced Twistl expression requires p65, it would be of interest to
determine whether TNFa-induced Twistl expression is transcriptionally regulated. Indeed,
TNFa elevated Twistl mRNA expression at 1 hr of treatment in MCF 10A and HBL-100
cells (Fig. 3A and data not shown). Consistent with this finding, Twistl expression induced
by TNFa, LPS or IL1p was abrogated when cells were pretreated with a transcription
inhibitor actinomycin D (Act D) or a protein synthesis inhibitor cycloheximide (CHX) (Fig.
3B). Since Twistl undergoes protein degradation via 26S proteasome machinery (26), we
also tested whether the activation of NFxB affects Twistl protein stability. As shown in
Figures S4C and S4D, the Twistl protein half-life was not influenced by TNFa treatment or
co-expression of p65, suggesting that TNFa induces Twistl expression exclusively via
transcriptional regulation.
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p65 binds directly to the Twist1l promoter to regulate its expression

The p65 protein is a multifunctional transcription factor that elicits its physiologic function
by regulating target gene expression upon NFxB activation. To investigate the molecular
mechanism by which TNFa induces Twistl expression, we employed three bioinformatics
programs to identify the putative binding sites for p65 on the Twist1 promoter. We found
that the Twist1 promoter sequence from -970 to +1 contains four p65 binding sites and two
of which are highly consensus among three predications (Fig. S4A), suggesting that p65
might regulate Twist1 expression by directly binding to its promoter. Using a luciferase
reporter construct, Twist1-Luc responded to TNFa stimulation in HEK-293 (Fig. 3C) and
MCF10A cells (Fig. S4E). In contrast, treatment with TPCA-1 (an IKKp inhibitor)
abrogated TNFa-mediated Twistl promoter activities. Moreover, co-expression of p65 and
Twist1-Luc significantly enhanced the reporter activity but not IKKa or dominant negative
IKKp (Fig. S4B).

Furthermore, to locate the authentic p65 binding sites, a nested deletion of Twistl-Luc (D1,
D2, D3, and D4) was generated. Among the five constructs, a p65-4 element alone on the
Twistl promoter maintained high reporter activity by p65 induction, indicating that the
critical p65 DNA-binding elements are located in the 120-bp region of the promoter (Fig.
3D). To pinpoint the exact binding motifs, we introduce point mutations into the p65-3 and
p65-4 elements of Twistl D4-Luc (Fig. 3E, left panel). Ablation of the p65-4 binding site on
the Twistl promoter abrogated p65-mediated Twistl expression (Fig. 3E). We also transient
transfected Twistl D4-Luc into a stable clone of MCF 10A expressing p65 shRNA, and
show that cells harboring high level of p65 posses higher reporter activity, confirming that
endogenous p65 is critical for Twistl expression (Fig. S4F and S4G).

To further examine the binding of p65 to the Twistl promoter /n vivo, a chromatin
immunoprecipitation (ChIP) assay was performed using stable MCF 10A-p65 cells. Upon
TNFa stimulation, nuclear p65 bound to the human Twistl gene promoter at 30 min. In
contrast, 1gG did not associate with the Twistl promoter at a detectable level. The binding of
p65 to the Twistl promoter was released by treatment with TPCA-1 (Fig. 3F). Moreover, gel
sift assay was also conducted to confirm that p65 is bound to the Twistl promoter /n vitro
(data not shown). Collectively, these results suggest that p65 regulates Twist1 transcription
by directly binding to the Twistl promoter in a TNFa-dependent fashion.

p65-mediated Twistl expression results in EMT

To determine the functional consequences of p65 activation in breast cancer cells, ectopic
expression of p65 in MCF 10A cells was accomplished using a retroviral infection. H-
RasV12, which is known to induce EMT in various types of cells (27), was used as a
positive control. Compared with empty vector-infected cells (pBABE), p65-expressing cells
exhibited spindle-like morphology, loss of cell contact, and formation of vimentin fibers
reminiscent of EMT (Fig. 4A, phase contrast micrograph). The EMT-like phenotypic
changes were confirmed by detecting expression of characteristic molecular markers using
immunofluorescence (Fig. 4A, immunostaining) and Western blot (Fig. 4B). In p65-
expressing cells, the expression of mesenchymal markers fibronectin, N-cadherin, and
vimentin was significantly upregulated, whereas that of the epithelial marker E-cadherin was
downregulated. We observed similar results using MCF-12A cells infected with a p65-
expressing retrovirus (Fig. S5A, S5B and S5C). MCF 10A-p65 cells demonstrated increased
cellular migration and invasion abilities as measured by a wound-healing assay and Boyden
chamber assay in media lacking EGF, respectively (Fig. 4E and 4F). Interestingly, we
observed a significant upregulation of Twist1 expression in p65-overexpressing MCF 10A
and MCF-12A cells. The increase in Twistl expression was further enhanced by treatment
with TNFa (Fig. S5D).

Cancer Res. Author manuscript; available in PMC 2013 March 01.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Lietal.

Page 7

To test whether upregulation of Twist1 expression is required for p65-induced EMT, Twist1l
expression was knocked down in the MCF 10A-p65 stable cells. This knockdown inhibited
cell migration, invasion, and formation of EMT phenotype (Fig. 4C), suggesting that Twist1l
is required for p65-mediated EMT phenotypic changes. It has been documented that Twistl
modulates breast cancer stem cells via transcriptional suppression of CD24 expression (28).
Therefore, we asked whether the p65-Twistl axis regulates breast cancer cells side
population. Indeed, p65 overexpression could induce CD247/CD44* population in two
different breast epithelial cell lines (MCF 10A in Fig. 4D and MCF-12A in Fig. S5C) and
that downregulation of Twistl expression by siRNA partially reversed the stem cell
molecular signature by reducing p65 induced cancer stem cell population (Fig. 4D, right
panel). In addition, we found that Twist1 is required for p65-mediated mammosphere
formation (Fig. S5E). Together with cell migration and invasion assays (Fig. 4E and 4F),
these results identified a prerequisite role for Twistl in p65-mediated breast tumor
progression.

Inflammation-induced Twist1 upregulation increases metastatic potential

To test whether constitutive Twistl expression contributes to TNFa-induced EMT, the
endogenous Twist1 was knocked down in MCF 10A cells using a lentivirus-based shRNA
(shTwistl). We found that three independent shRNA constructs efficient knocked down
endogenous Twistl expression, as confirmed by Western blot (Fig. 5B). Inhibition of Twistl
expression in MCF 10A cells significantly reduced TNFa-mediated EMT at passage 3,
whereas cells infected with ShRNA against luciferase (ShCTRL) exhibited EMT (Fig. 5A).
Moreover, Twistl knockdown resulted in increased E-cadherin and reduced fibronectin
expression. Thus, suppression of Twistl expression in MCF 10A cells partially reversed
TNFa-induced EMT (see above). Consistent with these phenotypic changes, TNFa-induced
breast cancer stem cell population was abolished by Twist1 inhibition (Fig. 5C). We then
confirmed our finding using a xenograft lung metastasis model in which administration of
the inflammation inducer LPS enhance lung metastasis in mice. Our /1 vivo metastasis assay
showed that knockdown of Twist1 expression in 4T1-Luc cells antagonized LPS-induced
metastasis by measuring the number of lung nodules formed in mice (Fig. 5D and 5E).
Although Twistl had little effect on intrinsic metastatic potential, it significantly impacted
inflammation-induced metastasis (82% lower in lung nodules versus shCTRL in LPS treated
mice). Thus, these results suggest that inflammation induced upregulation of Twistl
expression plays an essential role in breast cancer metastasis.

IKKB/nuclear p65 associates positively with Twistl in cancer cell lines and primary breast

carcinomas

To elucidate the clinical relevance of NFxB activation and Twistl expression, the
association of their cDNA expression was examined by reanalyzing NCI-60 microarray
databases from a total of 60 various cancer cell lines. A strong correlation was found
between Twistl, p65, and IKKp expression (data not shown). To determine the significance
of p65/Twistl in the EMT, we selected 37 cell lines from the NCI-60 panel and found that
expression of the Twistl was inversely correlated with that of E-cadherin (correlation
coefficient r <-0.8) (Figs. 6A, S6A, and S6B), indicating the functional significance of the
Twistl in these cell lines. As shown in Figure 6A, the expression of Twistl was significantly
correlated with that of p65 (r = 0.529) (Fig. S6D) and IKK (r = 0.630) (Fig. S6C).

We next asked whether overexpression of Twistl in the breast cancer cells might be a result
from NFxB activation. Because nuclear p65 reflects the active state of NFxB (18) and the
functional Twist1 is known to localize in the nucleus, we measured the expression of p65
and Twistl in nuclear extracts from 14 different cancer cell lines (Fig. 6B). As expected, the
nuclear fraction of p65 level was highly correlated with the nuclear Twistl (r = 0.804, P =
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0.0013) (Fig. 6D). These results are also consistent with earlier finding that nuclear Twistl
expression is associated with p65 nuclear translocation (Figs. 1D, 1E, and 1F). To determine
the clinical correlation of p65 and Twistl protein expression in human breast cancer, we
examine their expression in 14 freshly isolated low- and high-grade breast tumor samples.
Based on our data, p65 and Twist1 expression levels are elevated in high-grade tumors
indicating that coexpression of p65 and Twist1 enhances the aggressive phenotype of breast
cancer cells (Fig. 6C).

Clinical significance of activation of the IKKB/p65/Twistl axis in a cohort of primary breast

carcinomas

To further examine our findings in human primary tumors, we studied the expression of
IKKB, p65, and Twistl in 115 human primary breast tumor specimens using
immunohistochemistry (IHC) analysis. Twistl was detected in 67 (51%) of the 82
specimens with high p65 expression but in only 10 (7.6%) of the 49 specimens with low p65
expression, indicating that p65 expression associates with high levels of Twistl expression
(p < 0.0001) (Fig. 6E). Consistent with this finding, we found that IKKf expression
associates with Twistl (p < 0.023) (Table 1) and p65 expression (p < 0.017) (Table S1)
expression. Next, we analyzed their expression with other clinical record and found strong
activation of IKKB/p65/Twistl axis in patients with lymph node metastasis patient (Table
S2). We also analyzed the expression of p65 and Twist1 in breast tumor tissues and
correlated the findings with patient survival data. The Kaplan-Meier overall survival curves
showed that high p65 and Twist1 expression levels were associated with poor survival (Fig.
S6E and S6F). However, the combination of p65 and Twistl expression was a better
predictor of survival than was either factor alone (p < 0.02 versus p < 0.005) (Fig. 6F).
Taken together, the IHC staining data further strengthened the notion that activation of the
IKKB complex induces nuclear translocation of p65 and subsequently upregulation of
Twistl expression, which contributes to the promotion of EMT phenotype and is associated
with poor clinical outcome of breast cancer patients.

Discussion

Chronic inflammation-induced metastasis has long been considered as a major challenge in
cancer therapy and is a primary cause of mortality in many cancers. Understanding the
underlying mechanism governing the metastatic nature is therefore critical and may uncover
therapeutic interventions. In the present study, we investigated an important but
underdeveloped signaling axis that controls inflammatory cytokine-and promotes EMT.
Despite the essential role of TGFp-dependent Smad regulation in EMT, we discovered a
novel aspect by which p65 transactivation of Twistl expression is required for TNFa.-
induced EMT. On the basis of our findings, we propose a model in which elevated TNFa
from macrophages or the tumor microenvironment, upregulates the canonical NFxB
signaling through the activation of IKK but not IKKa. The liberated cytoplasmic p65 then
translocates to the nucleus, recognizes a cognate sequence on the Twistl promoter, induces
Twistl expression, and promotes tumor metastasis (Fig. S6G).

IKKB is a component of the classic IKK complex, which is composed of three subunits: two
catalytic kinases (IKKa and IKK) and a regulatory scaffold partner (IKKvy. Upon
stimulation by either TNFa or IL-1p, activated IKKB phosphorylates the NFxB inhibitor
IxBa and disrupts the nuclear retention of NFxB. In fact, IKKp does more than simply
induce IxBa degradation for its tumorigenesis activity. For example, IKK directly
phosphorylates p65 to promote its interaction with transcriptional co-activators and enhance
its transactivation (29). Moreover, IKKp-induced TSC1 phosphorylation inhibits its
association with GTPase-activating protein (TSC2), alters mTOR activity, allows VEGF-A
expression, and promotes tumorigenesis (20). In the present study, we found that both IKKp
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and p65 are mutually exclusive important in TNFa-mediated Twist1 regulation. Both stable
knockdown and overexpression of IKKp affects Twistl expression. Given that constitutive
active IKKp induces EMT in EpRas cells (16), the involvement of IKKp in EMT supports
our hypothesis. Here, we identified a mechanism for IKKp-mediated tumor metastasis via
upregulation of Twistl expression. In addition to the requirement of IKKp for TNFa.-
mediated Twistl expression, constitutively activated IKK@ promotes Twistl expression,
which may in turn contribute to the EMT phenotype.

Twistl is a bHLH transcription factor that has been known as an essential player in the
aggressive phenotype of EMT (7). Given that EMT is usually accompanied by an increase in
stem cell-like properties to facilitate metastatic colonization as well as drug resistance (30)
(31), researchers recently demonstrated that Twist1 induces cancer stem-cell ability by
inhibiting CD24 gene expression (28). Surprisingly, we found that p65-induced EMT is also
accompanied by the acquisition of cancer stem cell properties. In addition, downregulation
of Twistl expression suppressed p65-mediated malignancy, including EMT and stemness,
suggesting that Twist1 is a central modulator downstream from NFxB. By in vivo metastasis
experimental model, suppression of Twistl expression reduced LPS-meditated lung
metastasis. Therefore, the current study strongly supports the notion that p65 and Twistl
oncoproteins interact to regulate the expression of a series target genes involved in
aggressive cancer behavior. This regulation may likely contribute to inflammation-induced
breast cancer metastasis.

Despite frequent reports of Twistl overexpression in human cancers, transcriptional
regulation of the human Twistl genes remains largely unknown. Previously, we showed that
EGFR cooperates with Signal Transducer and Activator of Transcription 3 (STAT3) to
induce EMT in breast cancer cells via upregulation of Twistl gene expression (24). In
addition, STAT3 has been shown to transcriptionally activate Twistl expression, resulting in
AKT2-mediated oncogenic properties (32). A recent study demonstrated that knockdown of
STAT3 expression in murine 4T1 mammary tumor cells led to altered expression of Twistl
(32). Moreover, regulation of the murine Twist genes has involved NFxB (33) and Wnt1/
TCF/h-catenin pathways (34). However, the NFxB and TCF/h-catenin response elements
found in the mouse Twistl gene promoters are not present in the human Twistl gene.
Herein, we provide the first evidence to show that TNFa stimulates p65 to bind to the
human Twistl promoter and regulate its transcription. Using TF Search and TESS
transcription factor search tools together with biochemical analysis, we identified a p65-
binding site on the Twistl promoter in response to TNFa treatment. Because the murine
Twistl promoter also contains the p65 consensus site, this novel axis is reminiscent of an
evolutionarily conserved mechanism.

Given that Twistl undergoes caspase-mediated cleavage and proteasome-mediated
degradation under apoptotic stimuli (26), investigation of the Twist1 protein stability in
response to NFxB activation is conceivable. To date, p65 has been shown to enhance Snail
protein stability by recruiting COP9 signalosome 2 (CSN2) complexes to inhibit B-TRCP-
mediated degradation (18). In contrast, our result exclude the possibility that p65 affects
Twistl protein stability, albeit over a short period. We report herein that expression of
human Twist1 gene is directly upregulated by p65-mediated transcriptional activation in
response to chronic inflammation.

Several lines of evidence demonstrate that TNFa-mediated Twist1 expression in breast
cancer cells contributes to their aggressive phenotype. We demonstrated in this study that
TNFa and various NFxB activators induce Twistl expression in both normal breast
epithelial and breast cancer cells; 2) both canonical modules of NFxB signaling, IKKp and
p65, are required for TNFa-mediated Twistl expression; 3) Twistl expression is required
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and correlates with p65-mediated cancer progression; 4) downregulation of Twistl
expression reduces TNFa-mediated EMT and tumor metastasis. The fact that Twistl
promoter also contains a functional p65 binding motif, therefore, we propose that, breast
cancer cell metastasis induced by pro-inflammatory cytokine TNFa is coordinated by a
canonical NFxB signaling involved in Twistl activation. The in-depth analysis of this novel
axis may improve understanding of breast cancer signaling and therefore introduce a
therapeutic strategy for targeting breast cancer malignancy.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Activation of NFxB induces Twist1 expression

(A) Cells were serum-starved overnight and then treated with 30 ng/ml EGF, 25 ng/ml
IGF-1, 1 pg/ml TGFa, 100 nM TGF, 30 ng/ml Wnt3a, 10 ng/ml TNFa., 10 ng/ml HB-
EGF, and 50 ng/ml IFN-yfor 2 hr. Protein expression were analyzed by Western blot.

(B) BT-549, HBL-100, MCF 10A and MDA-MB-435 cells were serum-starved overnight
and then treated with 10 ng/ml TNFa for the indicated periods.

(C) Serum-starved MCF 10A cells were treated with various NFxB activators, TNFa 10 ng/
ml), LPS (1 ng/ml), IL1B (10 ng/ml) and PMA/Inomycin (PMA, 10 nM and Inomycin, 100
nM) at indicated time point. TPCA-1 was applied 30 min before the experiment.
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(D) MCF 10A were treated with TNFa for 2 hr. After fixation, the cellular location of
endogenous p65 (red) and Twistl (green) were analyzed by confocal microscopy. Cell
nuclei were stained with DAPI (blue). S.F., Serum-free.

(E) MCF 10A cells were treated with TNFa at different time point. Cytosolic and nuclear
p65 and Twistl protein were separated using hypotonic buffer. Tubulin and lamin B indicate
cytosolic and nuclear fraction, respectively. S.E., short exposure; L.E., long exposure.

(F) Densitometric analysis of the Western blot.
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Figure 2. NFxB isrequired for TNFa-mediated Twist1 expression
(A) MCF 10A cells were treated with SB203580, PD98059, LY294002, U0126, Rapamycin,
BMS-345541, Wedelolactone, 40 pmol/L Bay 11-7082, 80 wmol/L Parthenolide, and

Nutulin for 30 min.

(B) Two individual shiIKKp stable clones of MCF 10A cells were serum-starved overnight

and treated with TNFa at various time points.

(C) ShCTRL and shp65 stable clone of MCF 10A cells were serum-starved overnight and

treated with TNFa at various time points.
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(D) Control or shp65-3 was expressed in HBL-100, BT-549 and MDA-MB-453 cells
followed by treatment with TNFa or a vehicle for up to 2 hr. The protein expression of
Twistl, p65, and p-1xBa were analyzed using Western blot.

(E) MEF and p657- MEF cells were serum-starved overnight and then treated with 10 ng/ml
TNFa or a vehicle.

(F) Myc-p65 was transient transfected into p657~ MEFs to restore p65 expression. TNFa.-
mediated Twistl expression was analyzed using Western blot.

(G) Flag-tagged IKK or Myc-tagged p65 was transiently expressed in HBL-100 cells. The
protein expression of Twistl and p-1xBa were examined using Western blot.
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Figure 3. p65 transcriptionally regulates Twist1 expression

CHIP assay 7

(A) mRNAs isolated from TNFa treated MCF 10A cells were subjected to RT-PCR using
primer sets specific against Twistl and GAPDH.
(B) MCF 10A cells were pretreated with 500 ng/ml Actinomycin D (Act D) and 10 pg/ml
cycloheximide (CHX) for 1 hr, stimulated with various agents for 2 hr, and subjected to

Western blot with the indicated antibodies.
(C) HEK-293 cells transfected with the indicated Twistl promoter were treated in the
presence or absence of 10 ng TNFa and TPCA-1 for 2 hr. The luciferase activity was

measured and normalized according to Renilla luciferase activity.
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(D) A series of deletion mutants of the Twistl promoter were introduced to HEK-293 cells
together with or without p65 and p50 (expression showed in the middle panel).

(E) Identification of p65 binding site on Twistl promoter. Wild-type and p65-binding-
element-mutated Twistl promoter luciferase were transiently expressed in HEK-293 cells.
The relative luciferase activity is present as the means + standard error from three
independent experiments.

(F) Chromatin immunoprecipitation (ChIP) of p65 in respond to TNFa treatment.
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Figure 4. p65 overexpression upregulates Twist1 expression and induces changesin epithelial
cell morphology

(A) Phase-contrast and immunofluorescent micrographs showing the morphological
appearance of MCF 10A cells infected with pPBABE (empty vector) as compared with that
of cells infected with pBABE-H-Ras V12 and pBABE-p65.

(B) Western blot analysis of the protein expression for p65, Twistl, and EMT markers in
MCF 10A stable clones shown in Figure 4A.

(C) Western blot analysis of mesenchymal markers in MCF 10A-p65 cells with Twistl
SIRNA.

(D) Abrogation of p65-mediated cancer stem cell population by Twistl suppression.
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(E) Reduction of p65-mediated cell invasion by Twist1 suppression.
(F) Reduction of p65-mediated cell migration by Twist1 suppression.
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Figure5. Twistlisrequired for inflammation-induced metastasis

(A) Phase-contrast images of EMT morphotypic changes in MCF 10A shCTRL and
shTwistl stable cells treated with TNFa..

(B) Western blot of the EMT markers from cells in (A)

(C) Abrogation of TNFa-mediated cancer stem cell population by Twist1 suppression.
(D) Representative photograph of metastatic lung nodules. 4T1-Luc cells with control and
two shTwistl stable clones were injected into BALB/c mice via the tail vein. The mice then
received intraperitoneal injection of saline or 10 g LPS. Seven days later, the mice were
sacrificed and the entire lungs were stained with India ink and resected.

(E) Quantification of the lung nodules in Figure 5C. The error bars represent standard
deviation for n=5. *indicates P < 0.0002).
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Figure6. Clinical association of KK, p65, and Twist1 expression with survival of breast cancer
patients

(A) Heat map generated using 37 cell lines from the NCI-60 panel showing the levels of
expression of E-cadherin, Twist1, p65 and IKKp.

(B) Western blot analysis of p65 and Twistl expression in nuclear fraction isolated from 14
cell lines.

(C) Western blot analysis of p65 and Twist1 expression in high- and low-grade human
breast tumor samples.

(D) IHC staining of human breast cancer samples showing the expression of IKKp, p65 and
Twistl.

(E) Kaplan-Meier overall survival curves of p65 and Twist1.
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