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ABSTRACT

Background: Breast cancer cells with CD44+/CD24- cell surface marker expression
profile are proposed as cancer stem cells (CSCs). Normal breast epithelial cells that are
CD44+/CD24- express higher levels of stem/progenitor cell associated genes. We,
amongst others, have shown that cancer cells that have undergone epithelial to
mesenchymal transition (EMT) display the CD44+4/CD24- phenotype. However, whether
all genes that induce EMT confer the CD44+4/CD24- phenotype is unknown. We
hypothesized that only a subset of genes associated with EMT generates CD44+/CD24-
cells.

Methods: MCF-10A breast epithelial cells, a subpopulation of which spontaneously
acquire the CD44+/CD24- phenotype, were used to identify genes that are differentially
expressed in CD44+/CD24- and CD44-/CD24+ cells. Ingenuity pathway analysis was
performed to identify signaling networks that linked differentially expressed genes. Two
EMT-associated genes elevated in CD44+/CD24- cells, SLUG and Gli-2, were
overexpressed in the CD44-/CD24+ subpopulation of MCF-10A cells and MCEFE-7 cells,
which are CD44-/CD24+. Flow cytometry and mammosphere assays were used to assess
cell surface markers and stem cell-like properties, respectively.

Results: Two thousand thirty five genes were differentially expressed (p<0.001, fold
change > 2) between the CD44+/CD24- and CD44-/CD24+ subpopulations of MCF-10A.
Thirty-two EMT-associated genes including SLUG, Gli-2, ZEB-1, and ZEB-2 were
expressedio; at higher levels in CD44+/CD24- cells. These EMT-associated genes

participate in signaling networks comprising TGF[3, NF-kB, and human chorionic

gonadotropin. Treatment with tumor necrosis factor (TNF), which induces NF-xB and



represses E-cadherin, or overexpressionjo] of SLUG in CD44-/CD24+ MCF-10A cells,
gave rise to a subpopulation of CD44+/CD24- cells. Overexpression of constitutively
active p65 subunit of NF-kB in MCF-10A resulted in a dramatic shift to the
CD44+/CD24+ phenotype. SLUG overexpressionjo] in MCF-7 cells generated
CD44+/CD24+ cells with enhanced mammosphere forming ability. In contrast, Gli-2
failed to alter CD44 and CD24 expression.

Conclusions: EMT-mediated generation of CD44+/CD24- or CD44+/CD24+ cells
depends on the genes that induce or are associated with EMT. Our studies reveal a role
for TNF in altering the phenotype of breast CSC. Additionally, the CD44+/CD24+
phenotype, in the context of SLUG overexpression, can be associated with breast CSC

”stemness” behavior based on mammosphere forming ability.



BACKGROUND

Cancer stem cell theory proposes that cancers may arise from malignant
transformation of normal stem/progenitor cells. Alternatively, cellular plasticity and/or
the tumor microenvironment may permit mature/differentiated cells to acquire a
stem/progenitor phenotype [1-6]. Tumorigenic stem/progenitor cells have been
documented in hematologic malignancies as well as in solid tumors, although correct
terminology for these cells (cancer stem cells versus tumor initiating cells) is still a matter
of debate [7-9]. Several studies implicate a subset of human breast cancer cells with an
enhanced ability to form tumors in immunocompromised mice [10, 11]. This
subpopulation of cells also demonstrated the capacity for self-renewal and generation of
heterogeneous progeny. At present, two distinct cell types have been described as CSCs
for breast cancer. Cancer cells that display the cell surface marker profile of
CD44%/CD24 /Lineage” were the first described tumorigenic progenitor cell types for
breast cancer [10]. NOD/SCID mice implanted with as few as 200 CD44+/CD24- cells
form tumors. In addition, disseminated cancer cells in bone marrow with CD44+/CD24-
phenotype have also been identified in patients, although the prognostic relevance of this
is as yet unclear [12-14]. Signaling pathways implicated in self-renewal and survival of
normal organ-specific stem cells and embryonic stem cells, such as Hedgehog, Notch and
Wnt/B-catenin, may be involved in maintaining “stemness” of CD44+/CD24-/lineage-
cells [15-18]. The gene expression pattern of CD44+/CD24- CSCs is more similar to
normal CD44+/CD24- breast epithelial cells than to CD44-/CD24+ cells isolated from
tumors [19]. Recent studies have demonstrated enrichment of CSC gene expression

signature in breast cancers that are classified as Claudin-low subtype [20]. We



demonstrated that breast cancer cells with CD44+/CD24- phenotype express elevated
levels of invasion-associated genes and are invasive but this phenotype is not a requisite
for homing and growth [ojat sites of metastasis [21]. In subsequent studies, normal and
cancerous breast epithelial cells expressing higher levelsjoj of aldehyde dehydrogenase 1
(ALDHI) were described as normal and tumorigenic stem/progenitor cells [22].
Functional assays revealed ALDEFLUOR-positive cells (aldefluor staining provides
indirect estimation of all ALDHs in cells) to be highly tumorigenic relative to
ALDEFLUOR-negative cells. Moreover, the most tumorigenic phenotype identified was
ALDEFLUOR+/CD44+/CD24- cells [22]. Additional refinement of the breast cancer
stem cell phenotype has been described recently [23].

During our analysis of breast cancer cell lines for subpopulations with the
CD44+/CD24- phenotype, we observed that almost all cell lines with a CD44+/CD24-
subpopulation were basal breast cancer cells that had undergone epithelial to
mesenchymal transition (EMT) [21]. Others have also reported enrichment of cells with
the CD44+/CD24- phenotype in basal-like breast tumors [14]. EMT is a developmental
process during which epithelial cells acquire a fibroblastoid and invasive phenotype,
down-regulate epithelial-specific proteins, and induce various mesenchymal proteins
[24]. There are specific changes in the gene expression profile during EMT. These
include expression of vimentin and loss of E-cadherin expression; the change in
expression of both of these markers has been associated with poor prognosis in breast
cancer [25-27]. Activation of oncogenic and receptor tyrosine kinase pathways such as
Ras and Src, or signaling through transforming growth factor beta (TGFp), hepatocyte

growth factor (HGF) and platelet derived growth factor (PDGF) can trigger EMT [24,



28]. These signaling pathways induce the expression of the SNAIL family of
transcription repressors, which reduce E-cadherin expression [29]. SNAIL family
members involved in initiation and/or maintenance of EMT include SNAIL-1 [30, 31],
Snai2/SLUG [32, 33], E12/E47 [34], ZEB-1/ZFHX1A [35], ZEB-2/ZFXH1B/Smad-
Interacting Protein (SIP1) and TWIST [36].

Recent studies have shown that some members of the SNAIL family confer(o] an
EMT phenotype tojo] breast epithelial cells, which correlates with cells changing
phenotype from CD44-/CD24+ to CD44+/CD24- [37, 38]. However, it is not known
whether all genes that induce EMT confer a CD44+/CD24- phenotype to breast epithelial
cells or if all breast epithelial subtypes are equally susceptible to such EMT-mediated
phenotypic change.

In this study we have utilized the basal cell phenotype MCF-10A breast epithelial
cell line [39] to study the association between CD44+/CD24- and the EMT phenotype.
Although the majority of MCF-10A cells are CD44-/CD24+ or CD44+/CD24+, a fraction
of these cells are CD44+/CD24-. Gene expression analysis of CD44+/CD24- cells
compared to CD44-/CD24+ cells revealed increased expression of 32 EMT associated
genes including SLUG, ZEB-1, ZEB-2, Hedgehog signaling associated gene Gli-2, and
the metastasis-associated gene SATB-1. Transgenic overexpression studies showed that
only SLUG had the capacity to alter the phenotype of CD44-/CD24+ MCF-10A cells to
induce a subpopulation of CD44+/CD24- cells. However, transgenic overexpression of
SLUG in the luminal type breast cancer cell line, MCF-7, generated cells with a
CD44+/CD24+ phenotype, suggesting that basal cell types but not luminal cell types are

susceptible to EMT associated acquisition of CD44+4/CD24- phenotype. Additionally,



only specificio] EMT associated genes induced a CD44+/CD24- phenotype in MCF-10A
cells. For example, overexpression of the NF-kB subunit of p65 upregulates expression

of ZEB-1 and ZEB-2 genes [40], and this resulted an increase in the percent of

CD44+/CD24+ MCF-10A cells but not the percent of CD44+/CD24- cells.



Methods:

Cell lines, plasmids, reagents, and retroviral vector transduction: MCF-7, MCF-10A
and Ampho-phoenix cells were maintained as described previously [40, 41]. All
experiments were done with cells of similar confluence, except in case of TNF treated
cells, which were always less dense compared to control cells at the time of harvest.
MCEF-10Ap65 cells have been described previously [40]. The bicistronic retrovirus vector
pcQXIP (Clontech, CA) was used to generate MCF-10A cells overexpressing Ras
(Clontech, CA). SLUG and Gli-2 cDNAs were generous gifts from Drs. E. R. Fearon
(University of Michigan) [33], and H. Sasaki (Osaka University) [42], respectively.
SATB-1 cDNA was purchased from Origene Technologies, Inc (Rockville, MD). The
SLUG and SATB-1 cDNA was cloned into pcQXIN to generate supernatant containing
retroviral vector. Packaging of retroviral vector particles, transduction, and selection of
transduced cells have been described previously [40, 41]. Tumor necrosis factor (TNF)
was purchased from R&D Systems (Minneapolis, MN, USA).

Matrigel and Mammosphere assays: Matrigel assay was performed as described
previously [40]. Briefly, cells were plated on matrigel in eight-well chamber slides for 10
days. Matrigel was fixed overnight in formalin and embedded on histogel as described
previously [40]. For the mammosphere assay, one hundred thousand cells were plated on
ultralow adherent plates in serum free media with methylcellulose and supplements as
described previously [38]. After 10 days of culturing, mammospheres in 10 independent
microscopic fields were enumerated. Alternatively, media with mammospheres were
collected, washed in PBS, resuspended in two ml PBS and large colonies were counted

using a hemocytometer and expressed as number of mammospheres per 100,000 cells.



Electrophoretic mobility shift assay (EMSA): Whole cell lysates prepared from MCF-
10A, CD44+/CD24-, and CD44-/CD24+ cells were subjected to EMSA as described
previously [43]. For supershift assays, DNA:protein complexes were incubated with
antibodies for ten minutes before electrophoresis. An antibody against p65 was from
Millipore Corporation (Billerica, MA, USA), whereas p50 and p52 antibodies were from
Santa Cruz Biotechnology (Santa Cruz, CA, USA). DNA binding activities of Oct-1 and
SP-1 in these extracts were measured as controls. All oligonucleotide probe DNAs were
purchased from Promega Corporation (Madison, Wisconsin, USA).

Flow cytometric sorting of CD44+/CD24- and CD44-/CD24+ MCF-10A cells and
additional flow cytometry analyses: Cells were incubated with FITC conjugated CD44
and PE conjugated CD24 antibodies (BD Biosciences, San Jose, CA, Catalogue number
555478 and 558428, respectively) as described previously [21]. Cells were sorted by flow
cytometry and sorted cells were grown in culture for three days before RNA preparation.
The same antibodies were used for characterizing cells under different treatment
conditions. Note that all flow cytometry data presented here included isotype controls,
individual antibody, and combination of antibodies. To conserve space, data from CD44
and CD24 antibody combination only are presented in some figures.

Microarray analysis: For each experimental condition, four independent samples of
total RNA were prepared using RNAeasy kits (Qiagen, Valencia, CA, USA) according to
the manufacturer’s instructions. Microarray hybridization using Affymetric Human
Genome HG 133 plus 2 GeneChip and statistical analysis was performed as previously
described [44]. Briefly, data were extracted using the MicroArray Suite 5 (MASS)

algorithm and exported into MicroArray Data Portal for analysis and linking to



bioinformatics resources. Prior to analysis, probe sets that were not called present in at
least half of the arrays in at least one experimental condition were removed; this
procedure reduced the number of false positives. The MASS signals (expression values)
were log transformed, and differences in gene expression between CD44+/CD24- and
CD44-/CD24+ cells were identified by Welch’s #-tests. The gene expression array data
have been submitted to the Gene Expression Omnibus (GEO) database

(http://www.ncbi.nlm.nih.gov/geo/) under the accession number GSE15192.

Reverse transcription polymerase chain reaction (RT-PCR): The one step RT-PCR
kit from Invitrogen Corporation (Carlsbad, CA, USA) was used to perform RT-PCR
according to the manufacturer’s instructions. RT-PCR (Usually at 60° C annealing and
72° C amplification) cycles varied between primer sets to ensure that amplification has
not reached saturation level. Quantitative RT-PCR using SyberGreen on a TagMan
7900HT instrument (Applied Biosystems, Carlsbad, CA, USA) was performed according
to the manufacturer’s instructions in order to measure SLUG expression in MCF-10A
cells. Additional file 1, Table S1 contains the primer sequences used.

Antibodies and Western blot analysis: Antibodies against E-cadherin (BD
Biosciences), N-cadherin (Cell Signaling Technologies, Danvers, MA, USA), vimentin
(Sigma, St. Louis, MO, USA), alpha smooth muscle actin (aSMA) (Sigma), and beta-
actin (Sigma) were used for western blot analyses as per instructions from manufacturers.
Cell lysate preparations in radioimmunoassay buffer and blotting conditions have been
described previously [40].

Cell proliferation assay: Cell proliferation assays were performed in 96-well plates and

rate of proliferation was measured using bromodeoxyuridine-ELISA assay (EMD
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Biosciences, San Diego, CA, USA). One thousand cells were plated on day one and

proliferation rate was measured at days four and six.
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RESULTS:

Significant gene expression differences between the CD44+/CD24- and CD44-
/CD24+ subpopulations of MCF-10A cells: MCF-10A cells were originally isolated
from fibrocystic disease and are believed to contain stem/basal/myoepithelial cells [39,
45, 46]. Depending on confluency of plating, a subpopulation of these cells
spontaneously acquires CD44+/CD24- phenotype [47]. Three distinct subpopulations
could be detected with these cells; CD44+/CD24-, CD44+/CD24+, and CD44-/CD24+
(Figure 1A). Isolated CD44+/CD24- MCF-10A cells displayed a density dependent
growth rate: growth was slower than CD44-/CD24+ cells in 100 mm plates (Figure 1B)
but faster in 96 well plates compared to unsorted, CD44-/CD24+ or CD44+/CD24+ cells
under same growth conditions (Figure 1C). In general, CD44+/CD24+ cells were difficult
to grow; therefore, only a limited number of studies were performed with these cells. In
matrigel, CD44+/CD24- cells formed larger acini compared to CD44-/CD24+ cells
(Figure 1B).

To determine the differential gene expression pattern in CD44+/CD24- and
CD44-/CD24+ cells of this immortalized but not transformed cell line we performed
microarray analysis. The analysis was performed in quadruplicate. Two thousand thirty
five genes were expressed differentially between the two cell types when the expression
differential had a p<0.001 (Welch’s t-test), a fraction of at least 0.5 and an absolute
expression level difference of > 2-fold (Additional file 2, Table S2). Among them, 1145
genes showed relatively increased expression in CD44+/CD24- cells. For example, the
expression of lumican and connexin-43 were higher by more than 350-fold in

CD44+/CD24- cells compared to CD44-/CD24+ cells. In contrast, CD44-/CD24+ cells
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expressed more than 100-fold higher levels of several members of kallikrein family (5, 7
and 10), E-cadherin, and P-cadherin. CD44+/CD24- cells expressed 16-fold lower levels
of claudin; breast epithelial cells expressing lower levels of claudin display primitive
stem cell characteristics (CD49fhiEpCAM—ER—PR—HER2—CD24—CD1331") [20].
Therefore, the CD44+/CD24- subpopulation of MCF-10A cells used in this study may be
the stem cell source that primarily maintains the cell line.

The number of genes that we observed to be differentially expressed was
significantly higher than the number of differentially expressed genes obtained with
purified normal or cancerous CD44+ and CD24+ cells from primary tissues in other
studies. For example, with a p value of <0.05, Shipitsin et al observed differential
expression of 1114 and 1207 genes between CD44+ and CD24+ cells of normal breast
and cancer, respectively [19]. Liu et al observed differential expression of 186 genes in
tumorigenic CD44+/CD24- compared to normal breast epithelium [13]. Furthermore, the
number of genes identified in our study is significantly higher than the number of genes
identified as differentially expressed in MCF-10A cells undergoing spontaneous EMT
due to differences in confluency [47]. These differences could be related to the relative
homogeneity of our cells compared to cells obtained from normal breast or breast
cancers. Nonetheless, we found a significant overlap in genes that were identified in our
study with that of Shipitsin et al [19]. For example, PROCR, which was described as an
additional marker of CD44+4/CD24- cells, is highly expressed in the CD44+/CD24-
fraction of MCF-10A cells. We also found increased expression of interleukin 8 (IL-8) in
CD44+/CD24- cells compared to CD44-/CD24+ cells (Table 1). IL-8 has recently been

shown to increase the proportion of CSCs with mammosphere forming ability [48].
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Validation of select differentially expressed genes:

To validate differentially expressed genes in different subpopulation of cells, we
performed western blot and RT-PCR analysis. Some of the assays were done with two
independent samples (indicated as 1 and 2 in Figure 2A). In western blot analysis, we
observed elevated expression of ST-2 (IL-1RL1) in CD44+/CD24- cells compared to
CD44-/CD24+ cells (Figure 2A, left panel); this gene was elevated in CD44+/CD24-
cells by 64-fold at mRNA level (Additional file 2, Table S2). There was a modest
increase in integrin beta 1 (CD61) in CD44+/CD24- cells compared to CD44-/CD24+
cells. In contrast, CD44+/CD24- cells expressed very little E-cadherin protein compared
to CD44-/CD24+ cells; the difference in E-cadherin (CDH1) expression at the mRNA
level between the two cell types was 192-fold (Additional file 2, Table S2).

We confirmed differential expression of several other genes by RT-PCR. For
example, the expression of stemness-associated genes was elevated in CD44+/CD24-
cells compared to CD44-/CD24+ cells (Figure 2A, central and right panel). Specifically,
we observed elevated expression of N-cadherin, FOXC2, ETVS5, Wnt5B, and SLUG in
CD44+/CD24- cells compared to CD44-/CD24+ cells. In contrast to the above genes,
ST14, ESE1, and KLK7, which showed higher expression levels in CD44-/CD24+ cells
(>140-fold) compared to CD44+/CD24- cells in microarray (Additional file 2, Table S2),
displayed elevated expression in CD44-/CD24+ cells in RT-PCR assay (Figure 2A,
central panel).

Among genes that form a part of the transcription factor network in breast tissue

stem cells [16], increased expression of Gli-2 (downstream of Hedgehog) was observed
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in CD44+/CD24- cells while Bmi-1 and Nanog expression did not differ between
CD44+/CD24- and CD44-/CD24+ cells (Figure 2A, right panel). Analysis of several
breast cancer cell lines revealed the co-expression of Gli-2 and SLUG in only breast
cancer cell lines with CD44+/CD24- phenotype (Figure 2B). SATB-1 has been recently
described as a gene responsible for breast cancer metastasis [49]. All SATB-1 expressing
cell lines used in that study were enriched for cells with the CD44+/CD24- phenotype
[21]. We observed elevated expression of the SATB-1 gene in MCF-10A CD44+/CD24-
cells compared to CD44-/CD24+ cells by microarray (Additional file 2, Table S2) and
RT-PCR (Figure 2A). However, unlike SLUG and Gli-2, SATB-1 is expressed in
majority of cell lines tested and its expression did not correlate with CD44+/CD24-
phenotype.

Expression levels of several of the genes noted above were further examined in
parental MCF-10A cells and sorted CD44+/CD24-, CD44-/CD24+, and CD44+/CD24+
subpopulations. SLUG and Gli-2 expression was highest in CD44+/CD24- cells followed
by CD44+/CD24+ cells (Figure 2C). In contrast, ESE1 expression was highest in CD44-
/CD24+ cells. CD44+/CD24- cells and to a lesser extent CD44+/CD24+ cells displayed
characteristics of EMT by displaying lower levels of E-cadherin and expressing elevated
levels of N-cadherin, vimentin, and aSMA compared to CD44-/CD24+ cells (Figure 2C,
bottom panel). These results further support the link between EMT and the
CD44+/CD24- phenotype. CD44+/CD24+ cells appear to be of intermediate phenotype
expressing moderate levels of E-cadherin but yet expressing N-cadherin and vimentin to

a level similar to CD44+/CD24- cells.
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Genes differentially expressed in CD44+/CD24- cells are part of specificio) signaling
networks: We performed Ingenuity pathway analysis to identify signaling networks that
may be differentially active in CD44+/CD24- and CD44-/CD24+ cells. Genes that are
upregulated in CD44+/CD24- cells are components of five signaling networks: the
follicular stimulating hormone (FSH) signaling pathway; TNF/ERK/human chorionic
gonadotropin (HCG); p38/IFNo/PKc/JNK; NF-kB/AKT/PDGFf3; and
ESR1/BRCA1/CEBPp pathways (Additional files 3-7, Figures S1-S5). Genes that were
downregulated in CD44+/CD24- cells compared to CD44-/CD24+ cells are components
of the FSH/HCG; NF-«xB; ERK/p38 kinase; AP-2/GRB2/ZFP36; and
ERBB2/TGFB/RHO pathways (Additional files 8-12, Figure S6-S10).

Since EMT is linked to the CSC phenotype [37, 38], we compiled a list of EMT
associated genes that exhibited increased expression in CD44+/CD24- cells. Thirty-two
such EMT associated genes were identified (Table 1). This list included most of the well-
characterized EMT-associated genes with the exception of SNAIL. Ingenuity pathway
analysis identified these genes as participating in a network or networks comprising
TGFp, NF-kB, connective tissue growth factor (CTGF), IL8, HCG, and FSH (Figure
3A). Although a role for TGFJ} and IL8 pathways in the CSC phenotype is well known
[19, 48], the significance of CTGF, HCG, and FSH pathways in the CSC phenotype is
unknown.

To confirm the differences in NF-kB signaling pathways between CD44+/CD24,
and CD44-/CD24+ cells, we performed electrophoretic mobility shift assays (EMSA)
with lysates from these two cell types and unsorted parental cells using a NF-kB

oligonucleotide probe. NF-kB exists as an inactive complex in the cytoplasm bound to
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IkB proteins in unstimulated cells. Stimulation of cells with cytokines such as TNF
release NF-kB from IkB to allow DNA binding [50]. CD44+/CD24- cells contained
significantly higher levels of NF-kB:DNA complex compared to CD44-/CD24+ cells or
unsorted parental cells; antibody supershift assay revealed the presence of p65 and p50

subunits of NF-kB in this complex (Figure 3B).

CD44-/CD24+ cells acquire a CD44+/CD24- phenotype upon overexpression of
activated Ras or treatment with tumor necrosis factor (TNF).

Results of the above analysis combined with the lack of E-cadherin, and the
increased expression of EMT-associated genes in CD44+/CD24- MCF-10A cells
suggested a role for TNF and Ras in generating CD44+/CD24- cells. TNF and Ras can
activate a significant number of the above noted pathways (p38, ERK, and NF-«B in
particular) in generating cells with CD44+/CD24- phenotypelo). Additionally, immune-
induced EMT has been shown to generate CSCs [5]. We have recently shown that MCF-
10A cells undergo EMT upon exposure to TNF or overexpression of the constitutively
active NF-kB subunit p65 [40]. P65 mediated EMT correlated with loss of E-cadherin
and elevated expression of ZEB-1 and ZEB-2 [40], both of which are expressed at higher
levels in CD44+/CD24- cells (Table 1).

Upon stable transfection of Ras oncogene or exposure to TNF for 10 days, CD44-
/CD24+ MCF-10A cells were reanalyzed to assess their CD44 and CD24 phenotype. In
both cases, a fraction of cells became CD44+/CD24- (Figure 4A). The effect of Ras in
generating CD44+/CD24- cells was accompanied with reduced expression of E-cadherin

but not gain of vimentin, similar to a previous report [37] (Figure 4B). The extent of
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TNF-mediated CD44+/CD24- generation is similar to the previously reported effects of
TGFB1 [37] and is accompanied with reduction in E-cadherin expression and elevated
vimentin and aSMA expression. In mammosphere assay, Ras overexpressing cells
showed an increase in number as well as size of mammospheres (Figure 4C). However,
the effects of TNF on mammosphere formation both on numbers and size were not
consistent, possibly due to issues related to half-life or access to mammospheres in semi-
solid growth media (data not shown).

P65 altered the sorted cell phenotype from CD44-/CD24+ to CD44+/CD24+
(Figure 4A). The effects of p65 was much more dramatic than the effects of Ras
oncogene as more than 65% of cells acquired CD44+/CD24+ phenotype. These results
suggest that induced EMT can change the surface expression pattern of CD44 and CD24;
however, specific changes are dependent on the inducers of EMT. ZEB-1 and ZEB-2,
which are upregulated in MCF-10A cells overexpressing p65 [40], may only change

CD44 but not CD24 expression and thus result in a double positive phenotype.

Overexpression of SLUG, but not Gli-2 or SATB-1, leads to changes in CD44
expression status in breast cancer cell lines: A role for SNAIL and TWIST in the
EMT-associated increase in CD44+/CD24- has been demonstrated [38]. However, the
possibility that SLUG participates in CD44/CD24 phenotypic changes has not been
investigated, although its upregulation in basal breast cancers and mammospheres has
been reported recently [51]. Since our observation of increased SLUG expression in
CD44+/CD24- cells originated from a cell line study, we first examined the gene

expression array data available in NCBI GEO omnibus to correlate SLUG expression
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with CD44+/CD24- status of primary breast cancers. Previous comparative microarray
analysis of CD44+/CD24-/lineage- cancer cells and normal breast epithelial cells
revealed specific increased expression of SLUG in the CD44+/CD24- subpopulation,
although differences did not reach statistical significance due to small sample size (3
samples for non-CD44 and five samples for CD44+ tumor samples, p=0.054) [13].
Additionally, recent transcriptome analysis of mammary stem cells, luminal progenitor
cells, and mature luminal cells for conserved genes between human and mouse in each of
these cell types revealed 3.16 fold elevated SLUG/SNAI2 expression in mammary stem
cells compared to progenitor or mature cells [52]. Thus, these independent studies
identify SLUG as a Stem/CD44+/CD24- cell associated highly expressed gene. Based on
its known role in epigenetic regulation of gene expression through recruitment of histone
deacetylase complex [53] and recent studies showing epigenetically controlled
transcription factors playing a key role in regulating the mammary epithelial cell
phenotype [54], SLUG appeared as an ideal candidate to induce the CD44+/CD24-
phenotype. Since SLUG expression correlated with the expression of Gli-2, and SATB-1
is highly expressed in CD44+4/CD24- MCF-10A cells, we examined the contribution of
these factors in inducing and/or maintaining the CD44+/CD24- phenotype.

We overexpressed SLUG, Gli-2 and SATB-1 in two cell lines: MCF-10A and
MCF-7. Two independent mass cultures of control vector or specific gene overexpressing
cells were analyzed. Since both clones had a similar phenotype, results of one clone are
presented in each case. MCF-7 is an ERa-positive breast cancer cell line of luminal
subtype. For unknown reason, we were unable to generate MCF-10A cells

overexpressing SATB-1. The expression levels of SLUG in control vector and SLUG
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overexpressing cells are shown in Figure 5B. A subpopulation of SLUG overexpressing
MCF-10A cells displayed the CD44+/CD24- phenotype (Figure 5C). Although we used
a bicistronic retrovirus and cells were selected using a selectable marker, not all CD44-
/CD24+ cells acquired CD44+/CD24- phenotype. This suggests a more dominant
pathway may be involved in maintaining the CD44-/CD24+ phenotype in MCF-10A
cells. Alternatively, overexpression of SLUG may drive the acquisition of the
CD44+/CD24- phenotype in a dose dependent manner, or only in a subpopulation of
CD44-/CD24+ MCF-10A cells.

A subpopulation of MCF-7-SLUG cells acquired the CD44+/CD24+ phenotype
suggesting different effects of SLUG on CD44 and CD24 expression in luminal and basal
cell types (Figure 5C). Although CD44+/CD24- cells were originally described as CSCs,
in the same original study, CD44+4/CD24+ cancer cells isolated from one patient with
comedo (more aggressive) type adenocarcinoma were tumorigenic [10]. Therefore, it is
possible that CSCs from luminal cell types may be different than those from basal cell
types and may be characterized as CD44+/CD24+.

We examined whether changes in CD44 and CD24 expression in SLUG
overexpressing cells correlated with altered expression of EMT-associated genes. MCF-
10A-SLUG cells displayed lower levels of E-cadherin but elevated vimentin compared to
control vector-containing MCF10A-pQXIN cells (Figure 6A). In contrast, MCF-7-SLUG
cells showed no change in E-cadherin expression but expressed vimentin compared to
MCEF-7-pQXIN cells. Thus, SLUG overexpression has cell type-specific effects on the
expression of EMT-associated genes. In a mammosphere assay, MCF-7-SLUG cells

formed more and larger mammospheres compared to MCF-7-pQXIN cells, suggesting
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SLUG may confer a CSC phenotype to luminal breast cancer cells and these putative
CSCs are phenotypically CD44+/CD24+ (Figure 6B). MCF-10A-SLUG cells appear to
form larger mammospheres compared to MCF-10A-pQXIN cells; however, both cell
types formed similar number of mammospheres (Figure 6C).

In contrast to SLUG, Gli-2 overexpression did not alter CD44 and CD24 status of
either MCF-10A or MCF-7 cells (Additional file 13, Figure S11A for the figure and
Additional file 14 for the legend). Although MCF-10A cells used for overexpression of
Gli-2 were initially sorted for CD44-/CD24+ cells, due to lower efficiency of plasmid
based transfection of Gli-2, selection of transfected cells required longer time compared
to retroviral vector-based transduction of SLUG. Therefore, some of the cells have
spontaneously drifted to a CD44+/CD24+ phenotype, which was similar between
pcDNA3 and Gli-2 transfected cells. MCF-7pcDNA3 and MCF-7-Gli-2 cells formed a
similar number of mammospheres; the size of mammospheres was also similar
(Additional file 13, Figure S11B). In addition, Gli-2 overexpression in MCF-7 cells did
not alter the expression levels of E-cadherin, vimentin or aSMA (Additional file 13,
Figure S11C). Similar to Gli-2, SATB-1 did not change the CD44 and CD24 status of
MCEF-7 cells (Additional file 13, Figure S11D). Therefore, it appears that only SLUG is
capable of inducing the CD44+/CD24- phenotype in MCF-10A cells and the
CD44+/CD24+ phenotype in MCF-7 cells. However, we cannot rule out that the different

transgene delivery method have played a part in the lack of effect from Gli-2.
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Discussion:

In this report, we describe gene expression patterns in the CD44+/CD24- and
CD44-/CD24+ subpopulations of MCF-10A cells. Unlike previous studies using similar
subpopulations of epithelial cells from normal or cancerous breast, our study identified a
large number of genes that are differentially expressed between cells with these two
phenotypes. This could be partly due to MCF-10A cells being more homogenous, as well
as not having to amplify RNA before microarray analysis. Based on the claudin
expression pattern, CD44+/CD24- cells that were used in this study appear to more
closely resemble stem cells [20]. Several of the genes upregulated 10-fold or higher in
CD44+/CD24- cells were cell surface molecules, which can potentially be used to further
fractionate CD44+/CD24- cells into distinct subpopulations and assayed for
stem/progenitor status. These molecules/markers include EPHA4, EPHAS, ST-2, platelet
growth factor receptor-like-1, LRP-1/CD91, and Toll-like receptor 4.

Previous studies linking EMT to the CD44+/CD24- phenotype identified only a
few genes that may be involved in generating CD44+/CD24- cells. These genes included
TWISTI1, TWIST2, SNAIL, SLUG/SNAI2, FOXC2, and ZFHX1B/ZEB-2 [38].
TWIST2, SLUG, and ZEB-2 were also identified in our study to be elevated in
CD44+/CD24- cells (Table 1). We observed enhanced expression in CD44+/CD24- cells
of an additional 29 genes that have been associated with EMT. Pathway analysis
suggested that expression and/or activity of 27 of these genes may be linked (Figure 3A).
However, not all genes involved in EMT are likely to have the ability to induce the
CD44+/CD24- phenotype. We had previously demonstrated that MCF-10A cells

overexpressing constitutively active p65 undergo EMT, which is accompanied by
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upregulation of ZEB-1 and ZEB-2 [40]. However, MCF-10A cells overexpressing p65
displayed a CD44+/CD24+ phenotype, suggesting that ZEB-1 and ZEB-2-mediated EMT
did not involve generation of CD44+/CD24- cells. Nonetheless, p65 overexpressing
CD44+/CD24+ cells may have stem cell like properties similar to MCF-7-SLUG cells. In
this respect, it has recently been demonstrated that SRC-mediated transformation of
MCF-10A cells involves the NF-kB-Lin28B-let7-1L-6 axis and this signaling axis
generates cancer cells with stem cell like properties [55]. Thus, it is likely that cells with
the CD44+/CD24- and CD44+/CD24+ phenotype have stem cell like properties at least
based on the mammosphere assay. Clinical prognostic studies using CD44 and CD24 as
markers may have to consider both cell types. Since MCF-10A cells that have acquired
an EMT phenotype without co-expressing an oncogene such as SRC and Ras or the
cytokine IL-6 are not tumorigenic [55], we did not characterize MCF-10A-SLUG or
MCEF-10A-p65 cells in xenograft models for CSC behavior.

Although SLUG was thought to function in a redundant manner with SNAIL,
several recent studies suggest unique functions for SLUG. For the following reasons
SLUG appears to be much more relevant for generating breast cancer cells with a CSC
phenotype than SNAIL: 1) SLUG is downstream of Notchl and Jagged 1 and is essential
for Notchl:Jagged 1 mediated EMT, tumor growth, and metastasis [56]; 2) Jagged 1
expression in primary breast cancer correlates with SLUG but not SNAIL expression
[56]; 3) SLUG expression correlates with poor breast cancer prognosis [57]; 4) SLUG but
not SNAIL or TWIST is expressed in ES cells and is part of the ES cell signature
activated in several cancer cells [58, 59]; 5) SLUG contributes to the function of the stem

cell factor c-kit signaling pathways [60]; c-kit is overexpressed in basal breast cancers,
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which are also predominantly of CD44+/CD24- phenotype [21, 61]; 6) E-cadherin,
whose experimental depletion in mammary epithelial cells leads to generation of CSC-
like cells [62], represses SLUG but not SNAIL or TWIST expression [56]; 7) SLUG is a
potent repressor of the tumor suppressor pS3 and deregulation of pS3 activity is often
observed in breast cancers [63]; 8) SLUG-/- embryonic fibroblasts show reduced
expression of several genes linked to self-renewal and chromatin remodeling [64]; 9)
SLUG confers resistance to radiation, a characteristic of CD44+/CD24- cells [65, 66]; 10)
SLUG but not SNAIL expression, is linked to ductal development in the breast including
tubule maintenance or growth within invasive ductal carcinoma [67]; and 11) SLUG is
highly expressed in basal type breast cancers, which also tend to express higher levels of
stem cell-associated genes [20, 51, 68]. These observations along with the results of this
study highlight critical role of SLUG in breast cancer.

Gli-2, a hedgehog pathway mediator linked to EMT [69], failed to alter the CD44
and CD24 phenotype of MCF-10A cells. This is somewhat surprising considering
previous reports showing elevated expression of Gli-2 in primary mammary
stem/progenitor cells and its association with increased mammosphere-forming ability
[16]. Overall our results raise two important issues: 1) not all EMT associated genes can
induce the CD44+/CD24- phenotype when overexpressed; and 2) not all breast epithelial
subtypes (luminal versus basal) acquire a subpopulation of cells with the CD44+/CD24-
phenotype upon overexpression of EMT-associated genes. In this respect, our results
agree with the observation that primary breast cancers expressing EMT markers are

predominantly of basal-like phenotype [47, 51].
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The ability of only a few EMT-associated genes to induce the EMT phenotype
and upregulate the expression of genes linked to the CD44+/CD24- phenotype suggests
that genes with this dual capacity may have stronger transcriptional activity, and in
particular may target chromatin modifying genes. Several chromatin modifying genes
including HMGA?2, EPC2, CBX6, SMARCAI1, and SMARCA3 showed increased
expression in CD44+/CD24- cells (Additional file 2, Table S2). Future studies focusing
on these genes may help to identify drugs that target the CD44+/CD24- subpopulation of
cancer cells, as has been demonstrated recently using human mammary epithelial cells
depleted of E-cadherin or overexpressing TWIST [62].

Conclusions: In this study, we have demonstrated increased expression of 32 EMT-
associated genes in breast epithelial cells with a CD44+/CD24- phenotype compared to
CD44-/CD24+ phenotype. Among these genes, SLUG was able to convert CD44-
/CD24+ cells to CD44+/CD24- or CD44+4/CD24+ cells, depending upon the cell line.
Treatment with TNF also could induce the CD44+/CD24- phenotype, further supporting

a role for the microenvironment in generating cells with stem cell phenotype.

25



Acknowledgements: We thank Drs. E. R. Fearon and H. Sasaki for reagents, Drs. H. J.
Edenberg and Jeanette McClintick for microarray analysis, and Ms. S. E. Rice (IU Simon
Cancer Center flow cytometry core) for flow cytometry. This work is supported by IU
Simon Cancer Center Pilot grant and Susan G. Komen for Cure grant BCTR0601111 (to

HN). HN is Marian J. Morrison Professor of Breast Cancer Research.

Competing interests: HN, SB and Indiana University have submitted a patent
application for ANTXR1, which is expressed at higher levels in

CD44+/CD24- cells, as a marker and target for breast cancer stem cells.

Author contributions: PBN performed most of the experiments described in the
manuscript including generating cell lines and RT-PCR. HA did mammosphere assays
and RT-PCR. CB and EFS designed and performed several flow cytometry assays. PF
did RT-PCR studies, whereas SB did H&E analysis of 3D cultures and writing the
manuscript. RG provided primary tumor samples, which were analyzed as part of this
study and participated in the design of the study. HN was responsible for designing
experiments, flow cytometry, and writing the manuscript. All authors have read and

approved the final manuscript.

List of abbreviations:
ALDHI, Aldehyde dehydrogenase 1; aSMA, Alpha Smooth Muscle Actin; CSC, Cancer
stem cells; CTGF, Connective tissue growth factor; CDH1, E-cadherin; EMSA

Electrophoretic mobility shift assay; EMT, Epithelial to mesenchymal transition; FSH,

26



Follicular stimulating hormone; GEO, Gene Expression Omnibus; HGF, Hepatocyte
growth factor; MASS, MicroArray Suite 5; PDGF, Platelet derived growth factor, RT-
PCR, Reverse transcription polymerase chain reaction; SIP1; Smad-Interacting Protein;

TGFp, Transforming growth factor beta; TNF, Tumor necrosis factor.

27



References:

1.

2.

10.

1.

12.

13.

14.

15.

16.

Smalley M, Ashworth A: Stem cells and breast cancer: A field in transit. Nat
Rev Cancer 2003, 3(11):832-844.

Dontu G, El-Ashry D, Wicha MS: Breast cancer, stem/progenitor cells and the
estrogen receptor. Trends Endocrinol Metab 2004, 15(5):193-197.

Reya T, Morrison SJ, Clarke MF, Weissman IL: Stem cells, cancer, and cancer
stem cells. Nature 2001, 414(6859):105-111.

Behbod F, Rosen JM: Will cancer stem cells provide new therapeutic targets?
Carcinogenesis 2005, 26(4):703-711.

Santisteban M, Reiman JM, Asiedu MK, Behrens MD, Nassar A, Kalli KR,
Haluska P, Ingle JN, Hartmann LC, Manjili MH, Radisky DC, Ferrone S,
Knutson KL: Immune-induced epithelial to mesenchymal transition in vivo
generates breast cancer stem cells. Cancer Res 2009, 69(7):2887-2895.

Gupta PB, Chaffer CL, Weinberg RA: Cancer stem cells: mirage or reality?
Nat Med 2009, 15(9):1010-1012.

Jordan CT, Guzman ML: Mechanisms controlling pathogenesis and survival of
leukemic stem cells. Oncogene 2004, 23(43):7178-7187.

Singh SK, Clarke ID, Hide T, Dirks PB: Cancer stem cells in nervous system
tumors. Oncogene 2004, 23(43):7267-7273.

Valk-Lingbeek ME, Bruggeman SW, van Lohuizen M: Stem cells and cancer;
the polycomb connection. Cel/l 2004, 118(4):409-418.

Al-Hajj M, Wicha MS, Benito-Hernandez A, Morrison SJ, Clarke MF:
Prospective identification of tumorigenic breast cancer cells. Proc Natl Acad
Sci U S A 2003, 100(7):3983-3988.

Ponti D, Costa A, Zaffaroni N, Pratesi G, Petrangolini G, Coradini D, Pilotti S,
Pierotti MA, Daidone MG: Isolation and in vitro propagation of tumorigenic
breast cancer cells with stem/progenitor cell properties. Cancer Res 2005,
65(13):5506-5511.

Balic M, Lin H, Young L, Hawes D, Giuliano A, McNamara G, Datar RH, Cote
RJ: Most early disseminated cancer cells detected in bone marrow of breast
cancer patients have a putative breast cancer stem cell phenotype. Clin
Cancer Res 2006, 12(19):5615-5621.

Liu R, Wang X, Chen GY, Dalerba P, Gurney A, Hoey T, Sherlock G, Lewicki J,
Shedden K, Clarke MF: The prognostic role of a gene signature from
tumorigenic breast-cancer cells. N Engl J Med 2007, 356(3):217-226.

Honeth G, Bendahl PO, Ringner M, Saal LH, Gruvberger-Saal SK, Lovgren K,
Grabau D, Ferno M, Borg A, Hegardt C: The CD44+/CD24- phenotype is
enriched in basal-like breast tumors. Breast Cancer Res 2008, 10(3):R53.

Liu S, Dontu G, Wicha MS: Mammary stem cells, self-renewal pathways, and
carcinogenesis. Breast Cancer Res 2005, 7(3):86-95.

Liu S, Dontu G, Mantle ID, Patel S, Ahn NS, Jackson KW, Suri P, Wicha MS:
Hedgehog signaling and Bmi-1 regulate self-renewal of normal and
malignant human mammary stem cells. Cancer Res 2006, 66(12):6063-6071.

28



17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

Woodward WA, Chen MS, Behbod F, Alfaro MP, Buchholz TA, Rosen JM:
WNT/beta-catenin mediates radiation resistance of mouse mammary
progenitor cells. Proc Natl Acad Sci U S A 2007, 104(2):618-623.

Sansone P, Storci G, Tavolari S, Guarnieri T, Giovannini C, Taffurelli M,
Ceccarelli C, Santini D, Paterini P, Marcu KB, Chieco P, Bonafe M: IL-6
triggers malignant features in mammospheres from human ductal breast
carcinoma and normal mammary gland. J Clin Invest 2007, 117(12):3988-
4002.

Shipitsin M, Campbell LL, Argani P, Weremowicz S, Bloushtain-Qimron N, Yao
J, Nikolskaya T, Serebryiskaya T, Beroukhim R, Hu M, Halushka MK, Sukumar
S, Parker LM, Anderson KS, Harris LN, Garber JE, Richardson AL, Schnitt SJ,
Nikolsky Y, Gelman RS, Polyak K: Molecular definition of breast tumor
heterogeneity. Cancer Cell 2007, 11(3):259-273.

Lim E, Vaillant F, Wu D, Forrest NC, Pal B, Hart AH, Asselin-Labat ML, Gyorki
DE, Ward T, Partanen A Feleppa F, Huschtscha LI, Thorne HJ, kConFab, Fox
SB, Yan M, French JD, Brown MA, Smyth GK, Visvader JE, Lindeman ClJ:
Aberrant luminal progenitors as the candidate target population for basal
tumor development in BRCA1 mutation carriers. Nat Med 2009, 15(8):907-
913.

Sheridan C, Kishimoto H, Fuchs RK, Mehrotra S, Bhat-Nakshatri P, Turner CH,
Goulet R, Jr., Badve S, Nakshatri H: CD44+4/CD24- breast cancer cells exhibit
enhanced invasive properties: an early step necessary for metastasis. Breast
Cancer Res 2006, 8(5):R59.

Ginestier C, Hur MH, Charafe-Jauffret E, Monville F, Dutcher J, Brown M,
Jacquemier J, Viens P, Kleer CG, Liu S, Schott A, Hayes D, Birnbaum D, Wicha
MS, Dontu G: ALDH1 Is a Marker of Normal and Malignant Human
Mammary Stem Cells and a Predictor of Poor Clinical Outcome. Cell Stem
Cell 2007, 1(5):555-567.

Pece S, Tosoni D, Confalonieri S, Mazzarol G, Vecchi M, Ronzoni S, Bernard L,
Viale G, Pelicci PG, Di Fiore PP: Biological and molecular heterogeneity of
breast cancers correlates with their cancer stem cell content. Cell, 140(1):62-
73.

Grunert S, Jechlinger M, Beug H: Diverse cellular and molecular mechanisms
contribute to epithelial plasticity and metastasis. Nat Rev Mol Cell Biol 2003,
4(8):657-665.

Fujita N, Jaye DL, Kajita M, Geigerman C, Moreno CS, Wade PA: MTA3, a Mi-
2/NuRD complex subunit, regulates an invasive growth pathway in breast
cancer. Cell 2003, 113(2):207-219.

Fearon ER: Connecting estrogen receptor function, transcriptional
repression, and E-cadherin expression in breast cancer. Cancer Cell 2003,
3(4):307-310.

Sarrio D, Perez-Mies B, Hardisson D, Moreno-Bueno G, Suarez A, Cano A,
Martin-Perez J, Gamallo C, Palacios J: Cytoplasmic localization of p120ctn and
E-cadherin loss characterize lobular breast carcinoma from preinvasive to
metastatic lesions. Oncogene 2004, 23(19):3272-3283.

29



28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

Boyer B, Valles AM, Edme N: Induction and regulation of epithelial-
mesenchymal transitions. Biochem Pharmacol 2000, 60(8):1091-1099.

Nieto MA: The SNAIL superfamily of zinc-finger transcription factors. Nat
Rev Mol Cell Biol 2002, 3(3):155-166.

Cano A, Perez-Moreno MA, Rodrigo I, Locascio A, Blanco MJ, del Barrio MG,
Portillo F, Nieto MA: The transcription factor SNAIL controls epithelial-
mesenchymal transitions by repressing E-cadherin expression. Nat Cell Biol
2000, 2(2):76-83.

Batlle E, Sancho E, Franci C, Dominguez D, Monfar M, Baulida J, Garcia De
Herreros A: The transcription factor SNAIL is a repressor of E-cadherin gene
expression in epithelial tumour cells. Nat Cell Biol 2000, 2(2):84-89.

Savagner P, Yamada KM, Thiery JP: The zinc-finger protein SLUG causes
desmosome dissociation, an initial and necessary step for growth factor-
induced epithelial-mesenchymal transition. J Cell Biol 1997, 137(6):1403-
1419.

Hajra KM, Chen DY, Fearon ER: The SLUG zinc-finger protein represses E-
cadherin in breast cancer. Cancer Res 2002, 62(6):1613-1618.

Perez-Moreno MA, Locascio A, Rodrigo I, Dhondt G, Portillo F, Nieto MA, Cano
A: A new role for E12/E47 in the repression of E-cadherin expression and
epithelial-mesenchymal transitions. J Biol Chem 2001, 276(29):27424-27431.
Guaita S, Puig I, Franci C, Garrido M, Dominguez D, Batlle E, Sancho E, Dedhar
S, De Herreros AG, Baulida J: SNAIL induction of epithelial to mesenchymal
transition in tumor cells is accompanied by MUC1 repression and ZEB1
expression. J Biol Chem 2002, 277(42):39209-39216.

Comijn J, Berx G, Vermassen P, Verschueren K, van Grunsven L, Bruyneel E,
Mareel M, Huylebroeck D, van Roy F: The two-handed E box binding zinc
finger protein SIP1 downregulates E-cadherin and induces invasion. Mol Cell
2001, 7(6):1267-1278.

Morel AP, Lievre M, Thomas C, Hinkal G, Ansieau S, Puisieux A: Generation of
breast cancer stem cells through epithelial-mesenchymal transition. PLoS
ONE 2008, 3(8):e2888.

Mani SA, Guo W, Liao MJ, Eaton EN, Ayyanan A, Zhou AY, Brooks M,
Reinhard F, Zhang CC, Shipitsin M, Campbell LL, Polyak K, Brisken C, Yang J,
Weinberg RA: The epithelial-mesenchymal transition generates cells with
properties of stem cells. Cell 2008, 133(4):704-715.

Neve RM, Chin K, Fridlyand J, Yeh J, Baehner FL, Fevr T, Clark L, Bayani N,
Coppe JP, Tong F, Speed T, Spellman PT, DeVries S, Lapuk A, Wang NJ, Kuo
WL, Stilwell JL, Pinkel D, Albertson DG, Waldman FM, McCormick F, Dickson
RB, Johnson MD, Lippman M, Ethier S, Gazdar A, Gray JW: A collection of
breast cancer cell lines for the study of functionally distinct cancer subtypes.
Cancer Cell 2006, 10(6):515-527.

Chua HL, Bhat-Nakshatri P, Clare SE, Morimiya A, Badve S, Nakshatri H: NF-
kappaB represses E-cadherin expression and enhances epithelial to
mesenchymal transition of mammary epithelial cells: potential involvement
of ZEB-1 and ZEB-2. Oncogene 2007, 26(5):711-724.

30



41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

Bhat-Nakshatri P, Wang G, Appaiah H, Luktuke N, Carroll JS, Geistlinger TR,
Brown M, Badve S, Liu Y, Nakshatri H: AKT alters genome-wide estrogen
receptor alpha binding and impacts estrogen signaling in breast cancer. Mol
Cell Biol 2008, 28(24):7487-7503.

Sasaki H, Nishizaki Y, Hui C, Nakafuku M, Kondoh H: Regulation of Gli-2 and
Gli3 activities by an amino-terminal repression domain: implication of Gli-2
and Gli3 as primary mediators of Shh signaling. Development 1999,
126(17):3915-3924.

Bhat-Nakshatri P, Sweeney CJ, Nakshatri H: Identification of signal
transduction pathways involved in constitutive NF-kappaB activation in
breast cancer cells. Oncogene 2002, 21(13):2066-2078.

Sheridan C, Sadaria M, Bhat-Nakshatri P, Goulet R, Jr., Edenberg HJ, McCarthy
BP, Chang CH, Srour EF, Nakshatri H: Negative regulation of MHC class 11
gene expression by CXCR4. Exp Hematol 2006, 34(8):1085-1092.

Soule HD, Maloney TM, Wolman SR, Peterson WD, Jr., Brenz R, McGrath CM,
Russo J, Pauley RJ, Jones RF, Brooks SC: Isolation and characterization of a
spontaneously immortalized human breast epithelial cell line, MCF-10.
Cancer Res 1990, 50(18):6075-6086.

Gordon LA, Mulligan KT, Maxwell-Jones H, Adams M, Walker RA, Jones JL:
Breast cell invasive potential relates to the myoepithelial phenotype. Int J
Cancer 2003, 106(1):8-16.

Sarrio D, Rodriguez-Pinilla SM, Hardisson D, Cano A, Moreno-Bueno G,
Palacios J: Epithelial-mesenchymal transition in breast cancer relates to the
basal-like phenotype. Cancer Res 2008, 68(4):989-997.

Charafe-Jauffret E, Ginestier C, Iovino F, Wicinski J, Cervera N, Finetti P, Hur
MH, Diebel ME, Monville F, Dutcher J, Brown M, Viens P, Xerri L, Bertucci F,
Stassi G, Dontu G, Birnbaum D, Wicha MS : Breast cancer cell lines contain
functional cancer stem cells with metastatic capacity and a distinct molecular
signature. Cancer Res 2009, 69(4):1302-1313.

Han HJ, Russo J, Kohwi Y, Kohwi-Shigematsu T: SATB1 reprogrammes gene
expression to promote breast tumour growth and metastasis. Nature 2008,
452(7184):187-193.

Karin M: Nuclear factor-kappaB in cancer development and progression.
Nature 2006, 441(7092):431-436.

Storci G, Sansone P, Trere D, Tavolari S, Taffurelli M, Ceccarelli C, Guarnieri T,
Paterini P, Pariali M, Montanaro L, Santini D, Chieco P, Bonafe M: The basal-
like breast carcinoma phenotype is regulated by SLUG gene expression. ./
Pathol 2008, 214(1):25-37.

Lim E, Wu D, Pal B, Bouras T, Asselin-Labat ML, Vaillant F, Yagita H,
Lindeman GJ, Smyth GK, Visvader JE: Transcriptome analyses of mouse and
human mammary cell subpopulations reveal multiple conserved genes and
pathways. Breast Cancer Res, 12(2):R21.

Tripathi MK, Misra S, Khedkar SV, Hamilton N, Irvin-Wilson C, Sharan C, Sealy
L, Chaudhuri G: Regulation of BRCA2 gene expression by the SLUG
repressor protein in human breast cells. J Biol Chem 2005, 280(17):17163-
17171.

31



54.

55.

56.

57.

38.

59.

60.

61.

62.

63.

64.

65.

66.

Bloushtain-Qimron N, Yao J, Snyder EL, Shipitsin M, Campbell LL, Mani SA,
Hu M, Chen H, Ustyansky V, Antosiewicz JE, Argani P, Halushka MK, Thomson
JA, Pharoah P, Porgador A, Sukumar S, Parsons R, Richardson AL, Stampfer
MR, Gelman RS, Nikolskaya T, Nikolsky Y, Polyak K: Cell type-specific DNA
methylation patterns in the human breast. Proc Natl Acad Sci U S A 2008,
105(37):14076-14081.

Iliopoulos D, Hirsch HA, Struhl K: An epigenetic switch involving NF-kappaB,
Lin28, Let-7 MicroRNA, and IL6 links inflammation to cell transformation.
Cell 2009, 139(4):693-706.

Leong KG, Niessen K, Kulic I, Raouf A, Eaves C, Pollet I, Karsan A: Jagged1-
mediated Notch activation induces epithelial-to-mesenchymal transition
through SLUG-induced repression of E-cadherin. J Exp Med 2007,
204(12):2935-2948.

Martin TA, Goyal A, Watkins G, Jiang WG: Expression of the transcription
factors SNAIL, SLUG, and TWIST and their clinical significance in human
breast cancer. Ann Surg Oncol 2005, 12(6):488-496.

Ben-Porath I, Thomson MW, Carey VJ, Ge R, Bell GW, Regev A, Weinberg RA:
An embryonic stem cell-like gene expression signature in poorly
differentiated aggressive human tumors. Nat Genet 2008, 40(5):499-507.
Katoh M: Comparative genomics on SNAI1, SNAI2, and SNAI3 orthologs.
Oncol Rep 2005, 14(4):1083-1086.

Perez-Losada J, Sanchez-Martin M, Rodriguez-Garcia A, Sanchez ML, Orfao A,
Flores T, Sanchez-Garcia I: Zinc-finger transcription factor SLUG contributes
to the function of the stem cell factor c-kit signaling pathway. Blood 2002,
100(4):1274-1286.

Nalwoga H, Arnes JB, Wabinga H, Akslen LA: Expression of EGFR and c-kit
is associated with the basal-like phenotype in breast carcinomas of African
women. APMIS 2008, 116(6):515-525.

Gupta PB, Onder TT, Jiang G, Tao K, Kuperwasser C, Weinberg RA, Lander ES:
Identification of selective inhibitors of cancer stem cells by high-throughput
screening. Cell 2009, 138(4):645-659.

Wu WS, Heinrichs S, Xu D, Garrison SP, Zambetti GP, Adams JM, Look AT:
SLUG antagonizes p53-mediated apoptosis of hematopoietic progenitors by
repressing puma. Cell 2005, 123(4):641-653.

Bermejo-Rodriguez C, Perez-Caro M, Perez-Mancera PA, Sanchez-Beato M,
Piris MA, Sanchez-Garcia I: Mouse cDNA microarray analysis uncovers
SLUG targets in mouse embryonic fibroblasts. Genomics 2006, 87(1):113-118.
Inoue A, Seidel MG, Wu W, Kamizono S, Ferrando AA, Bronson RT, Iwasaki H,
Akashi K, Morimoto A, Hitzler JK, Pestina T1, Jackson CW, Tanaka R, Chong
MIJ, McKinnon PJ, Inukai T, Grosveld GC, Look AT: SLUG, a highly conserved
zinc finger transcriptional repressor, protects hematopoietic progenitor cells
from radiation-induced apoptosis in vivo. Cancer Cell 2002, 2(4):279-288.
Phillips TM, McBride WH, Pajonk F: The response of CD24(-/low)/CD44+
breast cancer-initiating cells to radiation. J Natl Cancer Inst 2006,
98(24):1777-1785.

32



67.

68.

69.

Come C, Magnino F, Bibeau F, De Santa Barbara P, Becker KF, Theillet C,
Savagner P: SNAIL and SLUG play distinct roles during breast carcinoma
progression. Clin Cancer Res 2006, 12(18):5395-5402.

Prat A, Perou CM: Mammary development meets cancer genomics. Nat Med
2009, 15(8):842-844.

Choi SS, Omenetti A, Witek RP, Moylan CA, Syn WK, Jung Y, Yang L, Sudan
DL, Sicklick JK, Michelotti GA, Rojkind M, Diehl AM : Hedgehog pathway
activation and epithelial-to-mesenchymal transitions during myofibroblastic
transformation of rat hepatic cells in culture and cirrhosis. Am J Physiol
Gastrointest Liver Physiol 2009, 297(6):G1093-106.

33



Figure legends:

Figure 1: Growth properties of the CD44+/CD24- and CD44-/CD24+ subpopulations of
MCEF-10A cells. A) Flow cytometric analysis of MCF-10A cells labeled with CD44-FITC
and CD24-PE antibodies. Total MCF-10A cells can be divided into three distinct
subpopulations: CD44+/CD24-, CD44-/CD24+, and CD44+/CD24+. B) Representative
growth characteristics of CD44+/CD24- and CD44-/CD24+ cells in 2D culture (top
panel) and 3D-matrigel cultures. Hematoxylin & Eosin staining was performed to
characterize cells grown in matrigel. C) Proliferation rate of CD44+/CD24-, CD44-
/CD24+, and CD44+/CD24+ cells. Proliferation rate was measured using
bromodeoxyuridine incorporation assay. Representative data from two experiments, both

done in duplicate with eight wells per cell type, are shown.

Figure 2: Western blot and RT-PCR analysis of genes differentially expressed in
CD44+/CD24-, CD44-/CD24+ and CD44+/CD24+ cellsjo]. A) CD44+/CD24- cells
express higher levels of ST-2, N-cadherin, ETVS, FHL-1, Wnt5B, FOXC2, SATB-1,
SLUG, and Gli-2, whereas CD44-/CD24+ cells express higher levels of E-cadherin,
ST14, ESE1, and KLK7. Western blotting or RT-PCR was performed to measure protein
(left panel) or RNA (central panel) from two independent samples (labeled 1 and 2). B)
Cell lines with CD44+/CD24- subpopulation express higher levels of SLUG and Gli-2.
C) Expression levels of EMT markers and few additional genes in unsorted MCF-10A,
CD44+/CD24-, CD44-/CD24+, and CD44+/CD24+ cells. RT-PCR was used to measure
SLUG, Gli-2, ESE1, and Bmi-1, whereas western blotting was used to measure E-

cadherin, N-cadherin, vimentin, and aSMA.
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Figure 3: A) Ingenuity pathway analysis of EMT-associated genes upregulated in
CD44+/CD24- cells compared to CD44-/CD24+ cells. Genes in shaded shapes
correspond to genes that are upregulated in CD44+/CD24- cells compared to CD44-
/CD24+ cells. B) NF-kB:DNA complexes in unsorted MCF-10A, CD44+/CD24-, and
CD44-/CD24+ subpopulation of cells. CD44+/CD24- cells contained higher levels of
p65:p50 heterodimers compared to other cell types. SS= supershift. EMSAs with Oct-1

and SP-1 probes are shown as controls.

Figure 4: A) The effects of Ras or p65 overexpression and TNF treatment on CD44 and
CD24 expression status in MCF-10A cells. Activated H-Ras oncogene or the
constitutively active p65 subunit of NF-kB was overexpressed by retroviral vector
mediated gene transfer. Expression level of Ras in MCF-10A-Ras cells as measured by
western blotting is shown (right panel, top) along with number of CD44+/CD24- cells in
untreated and TNF treated MCF-10A cells from four experiments (p=0.03, right bottom
panel). MCF-10A-p65 cells have already been described [40]. Cells were treated with 10
ng/ml of TNF for 10 days. B) The effect of Ras overexpression or TNF treatment on the
expression of EMT markers in MCF-10A cells. Ras reduced E-cadherin expression,
whereas TNF reduced E-cadherin but increased vimentin and aSMA. C) Assay
demonstrating the effects of Ras overexpression on mammosphere formation. Cells were
plated for 10-days in mammosphere media. Ras increased both the number and the size

of mammospheres.
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Figure 5: SLUG overexpression leads to changes in CD44 and CD24 expression pattern.
A) SLUG expression in CD44+/CD24- cells of primary breast cancer compared to
normal breast epithelium. These results were generated from the study in Ref 13 with a
GEO accession number GDS2617. B) RT-PCR (MCF-7 cells) or gRT-PCR (MCF-10A
cells) analysis of overexpressed genes. C) Flow cytometric analysis of different cell types
for CD44 and CD24. A subpopulation of MCF-7-SLUG cells acquired the
CD44+/CD24+ phenotype, whereas a subpopulation of MCF-10A-SLUG cells acquired

the CD44+/CD24- phenotype.

Figure 6: The effect of SLUG overexpression on the expression of EMT markers. MCF-
10A-SLUG cells showed lower levels of E-cadherin and higher levels of vimentin
compared to MCF-10A-pQXIN cells. MCF-7-SLUG cells showed elevated vimentin
compared to MCF-7-pQXIN cells. B) Mammosphere forming ability of MCF-7pQXIN,
MCEF-7-SLUG, MCF-10A-pQXIN, and MCF-10A-SLUG cells. Mammospheres are
shown on left, whereas quantitative differences in number of mammospheres formed in

two experiments are shown on right panel.
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Table 1: EMT-associated genes overexpressed in CD44+/CD24- cells compared to

CD44-/CD24+ cells.

Gene Symbol ~ Gene name GenBank Fold-
number change
AKT3 V-AKT murine thymoma oncogene NM_005465 2.0
homolog 3
BDNF Brain-derived neurotropic factor NM_001709 28.8
CDH2 Cadherin-2 (N-cadherin) NM_001792 29.8
CTGF Connective tissue growth factor NM_001901 33.5
DAB2 Disabled homolog 2 NM_001343 24
FGFR1 Fibroblast growth factor receptor 1 NM_023105 2.6
FYN FYN oncogene related to SRC, FGR, YES  NM_002037 10.1
HMGA?2 High mobility AT-hook 2 NM_003483 244
IL8 Interleukin 8 NM_000584 4.8
ILK Integrin-linked kinase NM_004517 2.1
ITF2/TCF4 Transcription factor 4 NM_003199 2.1
JAGI1 Jagged 1 NM_000214 2.6
JAK2 Janus kinase 2 NM_004972 2.0
MAP4K4 Mitogen activated protein kinase kinase NM_017792 2.0
kinase kinase
MMP-2 Matrix metalloproteinase 2 NM_004530 14.5
NR2F1/COUP- Nuclear receptor subfamily 2, group F, NM_005654 17.9
TF1 member 1
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Periostin
PIK3R1
PRKC alpha
S100A4
SMAD3
SMAD7

SMURF2

SNAI2/SLUG

SPARC
TGFB1
TGFB2
TWIST2

Wnt5A

Wnt5B

ZEB-1/TCF8

ZEB-

2/ZFHX1B

Periostin, osteoblast specific factor

PI3 kinase regulatory subunit (p85)
Protein kinase C alpha

S100, calcium binding protein A4
SMAD, mother against DPP homolog 3
SMAD, mother against DPP homolog 7
SMAD-specific E3 ubiquitin ligase 2
SNAIL homolog 2

Secreted protein cysteine-rich (osteonectin)
Transforming growth factor beta 1
Transforming growth factor beta 2
TWIST homology 2

Wingless type, MMTYV integration family
member, type SA

Wingless type, MMTYV integration family
member, type 5B

Transcription factor 8

Zinc finger E-box binding homeobox 2

NM_006475
NM_181523
NM_002737
NM_002961
NM_005902
NM_005904
NM_022739
NM_003068
NM_003118

NM_011577
NM_003238

NM_057179

NM_003392

NM_030775

NM_024285

NM_014795

81.7

2.7

6.8

7.0

2.0
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2.3

107.7

4.6

34

4.8

6.9

60.1

27.8

8.3
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ADDITIONAL FILES:
Additional file 1
Title: Table 1, List of primers used for RT-PCR

Description: This file contains sequence of primers used for polymerase chain reactions.

Additional file 2

Title: Table 2: List of genes differentially expressed in CD44+/CD24- and CD44-/CD24+
subpopulation of MCF-10A cells.

Description: This files contains list of genes that showed statistically significant
difference in expression (p<0.001, >2-fold change) between CD44+/CD24- and CD44-
/CD24+ cells. Fold change in negative value corresponds to genes expressed at higher

levels in CD44+/CD24- cells and in positive values corresponds to genes expressed at

higher levels in CD44-/CD24+ cells.

Additional file 3

Title: Figure S1: Ingenuity pathway analysis of genes expressed at higher levels in
CD44+/CD24- cells.

Description: The majority of genes in this pathway are linked to signaling by follicular
stimulating hormone (FSH). Shaded symbols indicate genes that are expressed at higher

levels.

Additional file 4
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Title: Figure S2: Ingenuity pathway analysis of genes expressed at higher levels in
CD44+/CD24- cells.
Description: The second signaling network links highly expressed genes in

CD44+/CD24- cells to ERK and human chorionic gonadotropin (hCG) signaling.

Additional file 5

Title: Figure S3: Ingenuity pathway analysis of genes expressed at higher levels in
CD44+/CD24- cells.

Description: The third signaling network links highly expressed genes in CD44+/CD24-

cells to p38, JNK and interferon alpha.

Additional file 6

Title: Figure S4: Ingenuity pathway analysis of genes expressed at higher levels in
CD44+/CD24- cells.

Description: The fourth signaling pathway links highly expressed genes in CD44+4/CD24-

cells to NF-xB.

Additional file 7

Title: Figure S5: Ingenuity pathway analysis of genes expressed at higher levels in
CD44+/CD24- cells.

Description: The fifth signaling pathway links highly expressed genes in CD44+/CD24-

cells to BRCAT1 and estrogen receptor (ESR1).
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Additional file 8
Title: Figure S6: Ingenuity pathway analysis of genes expressed at lower levels in
CD44+/CD24- cells compared to CD44-/CD24+ cells.

Description: Genes in this network are linked to hCG and FSH

Additional file 9
Title: Figure S7: Ingenuity pathway analysis of genes expressed at lower levels in
CD44+/CD24- cells compared to CD44-/CD24+ cells.

Description: Genes in this network are linked to NF-xB and IL-12

Additional file 10
Title: Figure S8: Ingenuity pathway analysis of genes expressed at lower levels in
CD44+/CD24- cells compared to CD44-/CD24+ cells.

Description: Genes in this network are linked to PI3 kinase/AKT

Additional file 11

Title: Figure S9: Ingenuity pathway analysis of genes expressed at lower levels in
CD44+/CD24- cells compared to CD44-/CD24+ cells.

Description: Genes in this network are linked multiple signaling molecules including

growth hormone (GH1) and GRB2

Additional file 12
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Title: Figure S10: Ingenuity pathway analysis of genes expressed at lower levels in
CD44+/CD24- cells compared to CD44-/CD24+ cells.

Description: Genes in this network are linked to ERBB2 and TGFf1.

Additional file 13

Title: Figure S11: The effect of Gli-2 and SATB1 overexpression on CD44 and CD24
cell surface expression.

Description: This figure shows the inability of Gli-2 and SATB-1 to alter cell surface
CD44 and CD24 expression profile, mammosphere formation, and EMT-associated gene

expression.

Additional file 14
Title: Legend for figures and table in additional files.

Description: This file provides detailed legend for all figures and tables, particularly

Figure S11.
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