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Abstract
Extracellular and intracellular mediators of inflammation, such as Tumor Necrosis Factor alpha
(TNFα) and NF-kappaB (NF-κB), play major roles in breast cancer pathogenesis, progression and
relapse. SLUG, a mediator of the epithelial-mesenchymal transition process, is over-expressed in
CD44+/CD24− tumor initiating breast cancer cells and in basal-like carcinoma, a subtype of
aggressive breast cancer endowed with a stem cell-like gene expression profile. Cancer stem cells
also over-express members of the pro-inflammatory NF-κB network, but their functional relationship
with SLUG expression in breast cancer cells remains unclear. Here, we show that TNFα treatment
of human breast cancer cells up-regulates SLUG with a dependency on canonical NF-κB/HIF1α
signaling, which is strongly enhanced by p53 inactivation. Moreover, SLUG up-regulation engenders
breast cancer cells with stem cell-like properties including enhanced expression of CD44 and
Jagged-1 in conjunction with ERα down-regulation, growth as mammospheres and extracellular
matrix invasiveness. Our results reveal a molecular mechanism whereby TNFα, a major pro-
inflammatory cytokine, imparts breast cancer cells with stem cell-like features, which are connected
to increased tumor aggressiveness.
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Introduction
Over the past decade, it has become increasingly clear that inflammation plays a major role in
cancer pathogenesis (Mantovani et al., 2008). Several lines of evidence indicate that in breast
cancer patients, some serum biomarkers of chronic inflammation are associated with disease
recurrence (Cole 2009; Pierce et al., 2009) and that normal mammary gland involution, a widely
acknowledged pro-tumorigenic process, is an inflammatory phenomenon (O’Brien et al.,
2009). Consistent with human evidence, mice models clearly indicate that inflammatory
molecules released by resident immune cells or secreted systemically, are permissive for tumor
development in cancer prone strains (O’Brien et al., 2009; Rao et al., 2006). Moreover, the
knock down of extracellular and intracellular mediators of inflammation, such as Tumor
Necrosis Factor alpha (TNFα) and NF-kappaB (NF-κB), are protective with respect to chemical
induced mammary gland carcinogenesis (Warren et al., 2009; Cao et al., 2007). Further, the
in vitro activation of the TNFα/NF-κB axis induces an invasive and malignant behaviour in
breast cancer cells (Balkwill 2009).

The phenotype and gene expression profile of a subpopulation of CD44+/CD24− breast cancer
cells, endowed with tumor initiating capability (referred to as breast cancer stem cells), has
recently been characterized (Shipitsin et al., 2007; Al-Hajj et al., 2003; Mani et al., 2008). Such
putative breast cancer stem cells over-express members of the pro-inflammatory NF-κB
network, which predicts poor prognosis in breast cancer patients (Liu et al., 2007). In vitro,
NF-κB was proven to sustain features of breast cancer stem cells, including the capacity to
grow as multicellular spheroids, named mammospheres (MS), and to invade the extracellular
matrix (Zhou et al., 2008a; Sansone et al., 2007a; Storci et al., 2008; Sheridan et al. 2006; Wu
et al., 2009; Mani et al., 2008). In tissue specimens, NF-κB up-regulation was found in basal-
like tumors, an aggressive subtype of breast cancer that presents a stem cell-like gene
expression profile (Ben-Porath et al., 2008; Bertucci et al., 2009). Hallmarks of basal-like
tumors include the lack of estrogen receptor alpha (ERα), the presence of the CD44 membrane
marker and the expression of the Notch ligand Jagged-1 (Storci et al., 2008, Bertucci et al.,
2009, Charafe-Jauffret et al., 2006; Honeth et al., 2008; Dickson et al., 2007; Reedijk et al.,
2005). Notably this is also the gene expression profile of breast cancer stem cells and MS
(Shipitsin et al., 2007; Storci et al., 2008; Mani et al., 2008; Horwitz et al., 2008). Up-regulation
of the SLUG gene (also known as SNAI2) has been functionally linked to the onset of a basal-
like gene expression profile in breast cancer cells and the genes of the SNAI family have been
shown to activate a stem cell-like phenotype in human mammary gland derived epithelial cells
(Storci et al., 2008; Mani et al., 2008). Accordingly, basal-like tumors and CD44+/CD24−
breast cancer stem cells express SLUG and SNAI gene family members (Storci et al., 2008,
Mani et al., 2008; Sarriò et al., 2008).

Recently, a SNAI family member SNAIL was shown to be up-regulated by the TNFα/NF-κB
axis (Dong et al., 2007). Here, we have show that the expression of the breast cancer stem cell
phenotype induced by TNFα is a consequence of the functional relationship between the NF-
κB and SLUG regulatory pathways. In addition, we demonstrate that the NF-κB/SLUG circuit
is up-regulated in cells with an inactive p53 protein, a very frequent event in basal-like breast
carcinoma (Bertucci et al., 2009, Charafe-Jauffret et al., 2006).
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Materials and Methods
Reagents and Cell Culture

Recombinant human TNFα was purchased from Sigma (St.Louis, MS, USA). Parthenolide,
(an inhibitor of IκBα degradation), the IκBα phosphorylation inhibitor Bay 11–7082, and the
IKKβ specific inhibitor sc-514 were purchased from Biomol (Plymouth Meeting, PA), Sigma
and Calbiochem (San Diego, CA, USA), respectively. The efficiency of Parthenolide treatment
in inhibiting NF-κB activity (Hehner et al., 1999) was assessed by a sensitive NF-κB-Luc
reporter assay (Supplementary Figure 1A). MCF-7 cells were cultured in RPMI-1640 medium
supplemented with 10% Fetal Bovine Serum, 100µg/ml streptomycin, 100IU/ml penicillin and
2mM L-Glutamine (Euroclone, Milan, Italy). All cells were grown at 37°C in a humidified
(5% CO2) atmosphere.

Generation of mammospheres (MS) from MCF7 cells and normal breast tissues
MS were derived from single cell level re-suspension of MCF7 cells in complete mammary
epithelial growth medium (MEGM), supplemented with 10 ng/ml Epidermal Growth Factor
(EGF), 10 ng/ml basic Fibroblasts Growth Factor (bFGF), 10 µg/ml Insulin, 10−6 M
hydrocortisone, Gentamycin and Amphotericine ad hoc aliquot (Cambrex, East Rutherford,
NJ, USA) and plated at 1-5-10 ×103/cm2 in ultra-low attachment well (Corning, Lowell, MA,
USA). TNFα, Parthenolide, Bay 11–7082 and sc-514 treatment were performed by exposing
MCF7 cells for 24h to each molecule. Then, cells were resuspended at single cell level in
MEGM and plated at 1-5-10 ×103/cm2 in ultra-low attachment well. MS were scored in
triplicates after 7 days. Mammospheres from mammary gland tissues (N-MS) were obtained
as previously described (Sansone et al., 2007a; Storci et al., 2008; Dontu et al., 2003). Briefly,
tissues were placed in sterile Epicult medium (StemCell Technologies, Vancouver, Canada),
minced with sterile scalpels, and incubated for 6–12 hours in the presence of 1,000 IU
Collagenase/Hyaluronidase enzyme mix (StemCell Technologies). Cell suspension was
filtered through a 40 µm nylon mesh (Becton Dickinson, San Josè, CA) re-suspended in
complete MEGM and plated in 1cm2 ultra low attachment plates. Secondary MS were
generated by of incubation primary MS with 1× Trypsin-EDTA solution (Cambrex) for 3
minutes, filtration throughout a 40 µm nylon mesh and single cell re-suspension in complete
MEGM. Secondary MS were assessed at day 7. Written informed consent was obtained by
patients whose tissues were used in the study.

Cell death assessment
Cell death was evaluated in triplicates by Trypan blue dye exclusion.

Gene silencing by transient siRNA and stable shRNA knock-down (KD)
SLUG specific siRNAs (Stealth™ select 3 RNAi set) and non-specific siRNA control
oligonucleotides with a matched GC content were purchased from Invitrogen (Carlsbad, CA,
USA). siRNAs were transfected into adherent MCF7 (105 cells in a 3 cm2 well) at a
concentration of 1 µg/well, using Lipofectamine 2000 (Invitrogen). siRNA transfection in MS
was performed by mixing 1µg of siRNA with in vitro JET-PEI reagent (Poly plus Transfection,
Illkirch, France).

Stable SLUG knock down was achieved by retroviral transduction with the pCtoGMB moloney
retroviral vector. pCtoGMB co-expresses an shOligo (embedded in a Mir30 expression
cassette) and a GFP gene under the control of a tetracycline repressor responsive CMV
promoter/enhancer (Cto), in addition to a Pgk promoter driven Blasticidin resistance gene.
pCtoGMB was assembled by standard molecular cloning techniques from portions of several
other plasmid vectors [including pShag.C2 (Paddison et al., 2004), pTMP (Dickins et al.,
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2005) and pcDNATO/Luc (Invitrogen)] (Marcu, KB, unpublished). Briefly, the PgkPuro-
IRES-GFP cassette in pTMP was replaced by Pgk promoter-Blasticidin sequences to produce
the pTMB retrovector. Separately, a 1.6 kB fragment containing Mir30-CAM sequences was
released from pShag.c2 by SalI + AgeI double digestion and subcloned between the HindIII/
XbaI sites of pcDNATO/Luc, generating the intermediate plasmid vector pcDNATO-
Mir30CAM. Next, a 900 bp NruI/XhoI fragment specifying the CMVTO-5'Mir30 sequences
in pcDNATO-Mir30CAM was subcloned between the unique XbaI/XhoI sites of pTMB
generating the pCtoMB retrovector, in which a CMVTO-Mir30 expression cassette resides
upstream of Pgk-Blasticidin sequences. Finally, a 745 bp fragment encoding a GFP ORF was
inserted into a unique PmeI site between the CMVTO and Mir30 sequences of pCtoMB to
yield pCtoGMB. Next, we generated a DNA fragment encoding a shRNA-mir fold sequence
targeted to a specific 25 nt coding sequence (GGCTCATCTGCAGACCCATTCTGAT) in
human SLUG mRNA by a PCR based subcloning strategy, as described by Hannon and
colleagues (Paddison et al., 2004) and subcloned it within the miR30 expression cassette
between unique XhoI/RI sites in pCtoGMB. Retroviral transductions were performed by
spinoculation, as previously described (Dickins et al., 2005; Olivotto et al., 2008). Populations
of stably transduced cells were selected in 1.5 µg/ml Blasticidin. pCtoMGB was similarly used
to stably deliver human shIKKβ oligonucleotides (Olivotto et al., 2008). IKKβ KD efficiency
was assessed by an NF-κB-Luc reporter assay in MCF-7 cells exposed to TNFα
(Supplementary Figure 1B).

Plasmid and retroviral protein expression
Retroviral vectors expressing murine p65 and constitutively activated IKKβ (IKKβca) have
been previously described (Penzo et al., 2009; Zhang et al., 2005). MCF7 cells stably
transduced with a retroviral vector encoding a p53 dominant inactivating miniprotein (p53D)
were previously described (Shaulian et al., 1992; Sansone et al., 2007b). A human SLUG
encoding vector was kindly provided by Dr. Tony Ip (Massachusetts Medical School,
Worcester, MA). Plasmid encoding HIF1α lacking the oxygen degradation domain (Huang et
al., 1998) was obtained from Eric Huang (Department of Neurosurgery, University of Utah,
Salt Lake City, Utah). Transient transfections of plasmid vectors were performed with
Lipofectamine 2000 (Invitrogen), according to the manufacturer’s instructions.

Luciferase reporter gene assays
SLUG-Luc and Estrogen Response Element (ERE-Luc) plasmids were kindly provided by Dr.
Togo Ikuta (Saitama Cancer Centre, Saitama, Japan) and Dr. Rakesh Kumar (Dept. of
Molecular and Cellular Oncology, MD Anderson Cancer Center, Houston, Texas),
respectively. Hypoxia response element (HRE-Luc) was obtained from Dr. Giovanni Melillo
(Tumor hypoxia laboratory, National Cancer Institute, Frederick, MD, USA). TOPFLASH
reporter vector was a gift of Dr. Rolf Kemler (Max Planck Institute, Heidelberg, Germany).
Each of the above plasmids (1µg) were transfected with Lipofectamine 2000 (Invitrogen) in
co-transfections with a thymidine kinase promoter driven Renilla luciferase (40ng) plasmid as
a reference control (Promega, Madison, WI). Luciferase activity was assayed after 24 hours
using the Dual-Luciferase® Reporter Assay System (Promega), according to the
manufacturer’s instructions. Luciferase activity was normalized over Renilla activity and all
reported experiments were performed in triplicates.

Immunofluorescence
Cultured cells were seeded onto glass cover-slips at 60% confluence, fixed with 2%
paraformaldehyde and permeabilized with 0.2% Triton X-100. Cells were incubated with anti
β-catenin (sc-7963) antibody (Santa Cruz Biotechnology, Santa Cruz, California) and
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secondary anti-mouse anti-rabbit antibody FITC conjugated (Dako Cytomation, Glostrup,
DK).

Immunohistochemistry
Immunohistochemistry was performed in formalin-fixed, paraffin-embedded human breast
carcinoma tissue (Supplementary Table 1) with the following rabbit polyclonal antibodies:
anti-HIF1α (Upstate Technology, Billerica, MA, USA), anti-phosphoNF-κB(p65)-Ser276
(Cell Signaling Technology, Danvers, MA USA), and anti-SLUG (Santa Cruz Biotechnology) .
The immunological reaction was developed using a 3,3’-tetrahydrochloride diaminobenzidine
(DAB)/H2O2-PBS solution and counterstained with haematoxylin. Written informed consent
was obtained by patients whose tissues were used in the study.

Boyden chamber invasion assays
Cell invasion assays were performed in triplicate as previously described (Storci et al., 2008).

RNA extraction, Reverse Transcription and cDNA amplification
Total RNA was extracted from cells using TRIzol® Reagent according to the manufacturer’s
protocol (Invitrogen). Primers and PCR conditions are reported in Supplementary Table 2.

Statistical Analysis
Data are expressed as mean + standard deviation (S.D.). Sample means were compared using
Student’s t test or Anova followed by post-hoc (Bonferroni or Dunnet’s) comparisons.
Calculations were executed with the SPSS statistical package (SPSS INC, Chicago, IL).

RESULTS
TNFα up-regulates CD44 and Jagged-1 and down-regulates ERα expression via SLUG

Ductal breast carcinoma MCF7 cells were transfected with a human SLUG expression vector
which up-regulated CD44 and Jagged-1 gene expression, in conjunction with the down-
regulation of ERα mRNA expression and transcriptional activity (Figure 1A). TNFα, a potent
NF-κB activating pro-inflammatory stimulus, up-regulated endogenous SLUG expression and
simultaneously induced the up-regulation of NF-κB binding site and SLUG promoter driven
luciferase reporters in MCF7 cells (Shaulian et al., 1992; Figure 1B). TNFα also elicited the
up-regulation of CD44 and Jagged-1 in conjunction with the down-regulation of ERα mRNA
and activity; these latter effects were inhibited by the transient transfection of a SLUG specific
siRNA (Figure 1C). These data indicate that SLUG expression, under TNFα exposure, induces
a basal-like gene profile in breast cancer cells.

TNFα/NF-κB signalling promotes MS formation and invasive capacity of breast cancer cells
via SLUG up-regulation

The SNAI-induced breast cancer stem cell gene expression profile has recently been associated
with MS forming capacity (Mani et al., 2008). In line with these findings, we observed that
MCF7 cells acquired enhanced MS forming ability in response to either a SLUG expression
vector or TNFα exposure, and the latter response was blunted in SLUG shRNA knock-down
cells (SLUG KD) (Figure 2A). Recent findings indicate that NF-κB activity promotes MS
forming ability and invasion (Zhou et al., 2008; Wu et al., 2009). We observed a dramatic
decrease in MS forming capacity in MCF7 cells exposed to the IαBκ degradation inhibitors
Parthenolide and Bay11–708, the IKKβ specific inhibitor sc-514, or stably transduced with an
IKKβ specific shRNA expressing retroviral vector (Figure 2B). Moreover, MS forming
capacity was increased in MCF7 cells stably transduced with the p65 NF-κB subunit or the
constitutively active IKKβ mutant (IKKβca), and these enhancing effects on MS formation
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were inhibited in SLUG-KD cells (Figure 2C). In agreement with these results, SLUG-KD
MCF7 cells impaired their invasive capacity, even after the exposure to TNFα or after stable
transduction with p65/IKKβca vectors (Figure 2D). Finally, the transfection of SLUG siRNA
into mammospheres, from normal human mammary glands reduced secondary MS formation,
blunted invasive capacity, reduced CD44 and Jagged-1 mRNA levels and increased ERα
expression (Supplementary Figure 2).

HIF1α promotes CD44 and Jagged-1 expression, MS formation and breast cancer cellular
invasiveness via SLUG

Recently, we found that SLUG is up-regulated by the hypoxia mimetic Desferroxamine, a
potent activator of Hypoxia Inducible Factor 1 alpha (HIF1α) which is also transcriptionally
induced by canonical NF-κB signalling and TNFα exposure (Storci et al., 2008; Gorlach et al.,
2008; Rius et al., 2008). Therefore, we investigated if HIF1α might reside within the NF-κB/
SLUG MS regulatory circuit. Indeed, enforced expression of a stable, HIF1α mutant protein,
lacking the oxygen degradation domain (HIF1αODD), up-regulated SLUG-Luc activity and
endogenous SLUG, CD44 and Jagged-1 mRNA expression (Figure 3A). HIF1αODD
transfection in MCF7 cells also enhanced their MS formation and invasive capability (Figure
3B). However, these phenotypic changes were not induced when HIF1αODD was transfected
into SLUG-KD cells (Figure 3C), suggesting that HIF1α acts up-stream of SLUG.

p53 compromised cells have an up-regulated NF-κB/HIF1α axis in conjunction with increased
SLUG expression, which are further enhanced by TNFα exposure

p53 gene inactivating mutations are a salient feature of basal-like tumors (Bertheau et al.,
2007) and are also known to up-regulate NF-κB and HIF1α activity (Weisz et al., 2007;
Hammond et al., 2006). Interestingly, MCF7 cells stably transduced with a retroviral vector
encoding a p53 inactivating miniprotein (hereafter referred to as p53D) had higher SLUG-Luc,
NF-κB-Luc and HRE-Luc activities compared to a matched pBabe-empty retroviral vector
control cell population (Figure 4A). Upon exposure to TNFα, both control and p53D cells
showed increased SLUG-Luc, NF-κB-Luc and HRE-Luc activities, which were all more
pronounced in p53D cells (Figure 4A). In addition, Jagged-1 and CD44 mRNA expression was
up-regulated and ERα mRNA was down-regulated in p53D cells, particularly in response to
TNFα (Figure 4B). Enhanced MS forming capacity was also observed in p53D cells, compared
to their matched control; and this effect was amplified by TNFα exposure and blunted in SLUG
KD cells (Figure 4C). The latter phenotypic changes occurred in conjunction with a comparable
modulation of invasive capacity (Figure 4D). Taken together, these results show that p53
deficiency facilitates the up-regulation of the NF-κB/HIF1α/SLUG axis in a pro-inflammatory
environment.

Discussion
TNFα and NF-κB are required in different models of mammary gland carcinogenesis,
reinforcing the concept that inflammation is involved in the initiation and promotion of breast
cancer (Pratt et al., 2009; Lerebours et al., 2008; Van Laere et al., 2007). Here we have shown
that breast cancer cells respond to the pro-inflammatory cytokine TNFα by inducing stem cell
features through a mechanism involving the up-regulation of SLUG expression. In particular,
TNFα-exposed cells require SLUG to acquire a basal-like gene expression profile (Jagged-1,
CD44 over-expression, ERα down-regulation), that has been associated with tumor initiating
cells and with an aggressive subtype of breast cancers that present a gene expression profile
bearing similarities to embryonic stem cells (Shipitsin et al., 2007; Mani et al., 2008; Storci et
al., 2008; Sansone et al., 2007a; Honeth et al., 2008; Dickson et al., 2007; Reedijk et al.,
2005). Notably, Jagged-1 has been previously reported as a CD44+/CD24− MS growth
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promoting factor (Sansone et al., 2007) and was also found to be up-regulated by SLUG over-
expression (Moreno Bueno et al., 2006).

On the functional side, TNFα treatment of breast cancer cells increases their MS forming
ability, a proven assay that has been extensively employed to expand breast cancer and normal
mammary gland stem cells in vitro (Dontu et al., 2003; Storci et al., 2008, Sansone et al.,
2007a; Mani et al., 2008; Ponti et al., 2007; Cariati et al., 2008) and also engenders breast
cancer cells with enhanced invasiveness in association with a CD44+/CD24− stem cell-like
phenotype (Sheridan et al., 2006). In addition, SLUG is part of the proteomic profile of MCF7
cells that have been cultured in presence of TNFα and became resistant to TNFα-induced cell
death (Zhou et al., 2007b). In this regard, we found that long term (1 week) TNFα exposure of
adherent MCF7 cells triggers their spontaneous MS formation. The latter phenotypic change
occurs in conjunction with the induction of a basal-like gene expression profile, which lasts
three weeks post TNFα withdrawal, and subsequently reverts to control levels after an
additional week (Supplementary Figure 3). Thus, we speculate that a SLUG dependent
aggressive stem cell-like phenotype may arise as a consequence of the acquired capability of
cancer cells to survive in an inflammatory environment.

Jagged-1 and CD44 are putative β-Catenin targets (Schwartz et al., 2003; Estrach et al.,
2006) and basal-like carcinomas disclose a cytoplasmic localization of β-Catenin (Sarriò et al.,
2008; McCarthy et al., 2007; Hayes et al., 2008). In this regard, we observed that TNFα
exposure, as well as SLUG over-expression, induced the partial cytoplasmic and nuclear
localization of β-Catenin, which was accompanied by an increased β-Catenin-Luc reporter
gene activity reduced by siSLUG trasfection (Supplementary Figure 4). Therefore, we posit
that β-Catenin plays a functional role in the induction of the basal/stem cell-like phenotype.

A NF-κB gene expression signature predicts poor prognosis in breast cancer patients (Liu et
al., 2007). Intriguingly, SLUG expressing basal-like tumors and CD44+/CD24− breast tumor
initiating cells over-express NF-κB (Shipitsin et al., 2007; Bertucci et al., 2009; Charafe-
Jauffret et al., 2006). We have shown that HIF1α, a central regulator of the hypoxia response,
is a crucial mediator of TNFα/NF-κB-dependent SLUG up-regulation and stem cell induction,
thereby connecting these two pathways in the genesis of aggressive breast cancer cells. Our
observations are in agreement with and extend other observations suggesting that NF-κB and
HIF1α each play a role in regulating SLUG gene transcription (Dong et al., 2007; Ikuta et al.,
2006; Laffin et al., 2008). Our data reinforce the notion that, after exposure to inflammatory
mediators, HIF1α activity is up-regulated in the absence of hypoxia (Gorlach et al., 2006; Rius
et al., 2008). The association between HIF1α and the stem cell-like phenotype is also consistent
with hypoxic environments playing a major role in normal stem cell maintenance and
promoting a de-differentiation program (Gustafsson et al., 2005; Simon et al., 2008; Eliasson
et al., 2010). Moreover, HIF1α is over expressed in basal-like tumors and in CD44+/
CD24−breast cancer stem cells along with NF-κB and SLUG (Shipitsin et al., 2007; Storci et
al., 2008; Bertucci et al., 2009). Recently, a breast cancer stem cell-like phenotype has been
documented in lymph-vascular tumor emboli arising from inflammatory breast carcinomas
(Xiao et al., 2008). Of considerable interest, we also find that SLUG, p65-NF-κB and HIF1α
are over-expressed in lymph-vascular tumor emboli in ductal breast carcinoma samples
(Supplementary Figure 5). Indeed, lymphatic metastatic cells migrate via lymphatic fluids from
the tumor mass into the axillary node, which is a compartment most devoid of oxygen supply
(Hangai-Hoger et al., 2007). If we consider that basal-like carcinomas present large necrotic/
hypoxic areas (Fulford et al., 2006; Livasy et al., 2006) and that SLUG and basal-like gene
expression are up-regulated by the hypoxia mimetic Desferroxamine (Storci et al., 2008), it is
conceivable that the expression of a stem cell-like gene profile in breast tissues could result
from an hypoxic environment with inflammation hijacking the hypoxia-regulated mechanisms
that promote the stem cell phenotype.
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Most (80–90%) of basal-like tumors carry p53 mutations (Bertheau et al., 2007); our results
show that the loss of p53 function up-regulates SLUG expression by unleashing NF-κB/
HIF1α activity (Weisz et al., 2007; Hammond et al., 2006). The inability of p53 compromised
breast cancer cells to restrain the expression of NF-κB/HIF1α/SLUG axis is particularly
relevant in an inflammatory environment. Indeed, we observed that TNFα-exposed p53-
deficient MCF7 cells exhibit enhanced survival in comparison to their p53 wild type, parental
MCF7 counterparts cells and also display morphologic changes reminiscent of a mesenchymal
phenotype (Supplementary Figure 6). These data suggest that p53-inactivating mutations
confer an advantage to attain an aggressive stem cell-like phenotype, particularly in a
permissive inflammatory environment.

In conclusion, our results provide compelling evidence that the aggressive stem cell-like
phenotype of breast cancer cells is induced by inflammatory cytokines that activate SLUG via
NF-κB/HIF1α, which is further enhanced by the loss of p53 function (Figure 5).

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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FIGURE 1. TNFα up-regulates CD44 and Jagged-1 and down-regulates ERα expression via SLUG
(A): RT-PCR analysis of CD44, Jagged-1 and ERα mRNA level, and ERE-Luc in MCF7 cells
transiently transfected with empty (pcDNA3.1) and human SLUG encoding (pSLUG) vector
(1µg each, 24h); (B): NF-κB-Luc, SLUG promoter driven luciferase activity assay (SLUG-
Luc) and RT-PCR analysis of SLUG mRNA in MCF7 cells exposed to TNFα (10ng/ml, 24h);
(C): CD44, Jagged-1 and ERα mRNA level and ERE-Luc assay in MCF7 cells transiently
transfected with SCR or SLUG specific siRNA (1µg, 48h) exposed or less to TNFα (10ng/ml,
24h). Data are presented as mean +/− S.D. of three replicates, p values of unpaired t tests:
*<0.05, #<0.01 and § <0.005. β-Actin was used as reference control (RT-PCR analysis in panel
A and B are normalized on the same β-Actin).
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FIGURE 2. TNFα/NF-κB signalling promotes MS formation and invasive capacity of breast cancer
cells via SLUG up-regulation
(A): MS forming capacity of empty/pSLUG transiently transfected (1µg, 24h) MCF7 cells and
pCtoGMB/ shSLUG stably transduced MCF7 cells exposed or less to TNFα (10 ng/ml, 24h);
(B): MS forming capacity of MCF7 cells exposed to the IκBα degradation inhibitors
Parthenolide or Bay 11-7082 (5µM, 24h each), the specific IKKβ inhibitor sc-514 (5µM, 24h
each), or stably transduced with an IKKβ specific shRNA/empty expressing retroviral vector;
(C): MS forming capacity of pCtoGMB/shSLUG MCF7 cells transduced with empty or p65/
IKKβ-CA encoding vector, representative MS pictures are also reported. The scale bar inset
corresponds to 100µm; (D): Invasion assay in pSLUG transfected (1µg), TNFα exposed (10ng/

Storci et al. Page 13

J Cell Physiol. Author manuscript; available in PMC 2011 May 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



ml, 24h), p65/IKKβ-CA transduced pCtoGMB/shSLUG MCF7 cells. Data are presented as
mean +/− S.D. of three replicates, p values of unpaired t tests: *<0.05, #<0.01 and § <0.005.
The scale bar represents 100 µm.
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FIGURE 3. HIF1α is necessary for the SLUG-dependent stem cell-like gene signature, MS
formation and invasive capacity of breast cancer cells
(A): SLUG-Luc activity assay and RT-PCR analysis of SLUG, CD44 and Jagged-1 mRNA
level in MCF7 cells transiently transfected with pCDNA3.1 and HIF1α encoding vector
(HIF1αODD, 1µg, 24h); (B): MS forming and invasive capacity assay of MCF7 cells
transiently transfected with HIF1αODD (1µg); (C): MS forming and invasive capacity assay
of pCtoGMB/shSLUG MCF7 cells transiently transfected with HIF1αODD (1µg).
Representative MS pictures are also reported. Data are presented as mean +/− S.D. of three
replicates, p values of unpaired t tests *<0.05; #<0.01; §<0.005. The scale bar represents
100µm. β-Actin was used as reference control.
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FIGURE 4. p53 compromised cells show an over-activation of the NF-κB/HIF1α axis and SLUG
expression in response to TNFα
(A): SLUG-Luc, NF-κB-Luc and HRE-Luc activity assays in pBabe/p53 dominant negative
(p53D) transduced MCF7 cells exposed or less to TNFα 10 ng/ml, 24h; (B): RT-PCR analysis
of CD44, Jagged-1, ERα in pBabe/p53D and pBabe/p53D exposed or less to TNFα 10ng/ml,
24h; (C): MS forming capacity of pBabe/p53D and pCtoGMB/shSLUG transduced MCF7
cells exposed or less to TNFα (10 ng/ml, 24h); representative MS pictures are also reported
(D): Invasion assay of pBabe/p53D and pCtoGMB/shSLUG transduced MCF7 cells exposed
or less to TNFα 0 (10 ng/ml, 24h). Data are presented as mean +/− S.D. of three replicates, p
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values of unpaired t tests: *<0.05; #<0.01 and §<0.005. Reference scale bar is 10µm. β-Actin
was used as reference control.
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FIGURE 5.
Inflammatory environment activation of NF-kappaB/HIF1α/SLUG/β-Catenin axis drives the
up-regulation of the basal/stem cell-like gene expression profile in breast cancer cell.
p53 loss of function up-regulates the outlined interplay.
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