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ARTICLEINFORMATION ABSTRACT

Article Chronology: The phenotypic diversity of breast carcinoma may be explained by the existence of a sub-
Received 10 November 2009 population of breast cancer cells, endowed with stem cell-like properties and gene expression
Revised version received profiles, able to differentiate along different pathways. A stem cell-like population of
5 January 2010 CD447CD24~/"°Y breast cancer cells was originally identified using cells from metastatic pleural
Accepted 5 January 2010 effusions of breast carcinoma patients. We have previously reported that upon in vitro culture as

mammospheres under stem cell-like conditions, human MA-11 breast carcinoma cells acquired
increased tumorigenicity and lost CD24 expression compared with the parental cell line. We now

Keywords: report that upon passage of MA-11 mammospheres into serum-supplemented cultures, CD24
Breast cancer expression was restored; the rapid increase in CD24 expression was consistent with up-regulation
Cancer stem cells of the antigen, and not with in vitro selection of CD24™* cells. In tumors derived from subcutaneous
CD24 injection of MA-11 mammospheres in athymic nude mice, 76.1 £ 9.7% of cells expressed CD24, vs.
Microarray 0.5+ 1% in MA-11 cells dissociated from mammospheres before injection. The tumorigenicity of

sorted CD447CD24~ and CD44"CD24Me" MA-11 cells was equal. Single cell-sorted CD24~ and
CD24MeM MA-11 gave rise in vitro to cell populations with heterogeneous CD24 expression. Also,
subcutaneous tumors derived from sorted CD24~ sub-populations and single-cell clones had
levels of CD24 expression similar to the unsorted cells. To investigate whether the high expression
of CD24 contributed to the tumorigenic potential of MA-11 cells, we silenced CD24 by shRNA.
CD24 silencing (95%) resulted in no difference in tumorigenicity upon s.c. injection in athymic
nude mice compared with mock-transduced MA-11 cells. Since CD24 silencing was maintained in
vivo, our data suggest that the level of expression of CD24 is associated with but does not
contribute to tumorigenicity. We then compared the molecular profile of the mammospheres with
the adherent cell fraction. Gene expression profiling revealed that the increased tumorigenicity of
MA-11 mammospheres was associated with changes in 10 signal transduction pathways,
including MAP kinase, Notch and Wnt, and increased expression of aldehyde dehydrogenase, a
cancer-initiating cell-associated marker. Our data demonstrate that (i) the level of CD24
expression is neither a stable feature of mammosphere-forming cells nor confers tumorigenic
potential to MA-11 cells; (ii) cancer-initiating cell-enriched MA-11 mammospheres have
activated specific signal transduction pathways, potential targets for anti-breast cancer therapy.
© 2010 Elsevier Inc. All rights reserved.

* Corresponding author.
E-mail address: alorico@nvcancer.org (A. Lorico).

0014-4827/$ - see front matter © 2010 Elsevier Inc. All rights reserved.
doi:10.1016/j.yexcr.2010.01.012

Please cite this article as: G. Rappa, A. Lorico, Phenotypic characterization of mammosphere-forming cells from the human MA-11
breast carcinoma cell line, Exp. Cell. Res. (2010), doi:10.1016/j.yexcr.2010.01.012



mailto:alorico@nvcancer.org
http://dx.doi.org/10.1016/j.yexcr.2010.01.012
http://dx.doi.org/10.1016/j.yexcr.2010.01.012

2 EXPERIMENTAL CELLRESEARCH XX (2010) XXX-XXX

Introduction

Breast carcinomas are characterized by a great degree of
heterogeneity: they are composed of various histological subtypes,
have variable clinical manifestations and underlying molecular
signatures. Their diversity may be attributed, at least in part, to the
presence of a sub-population of stem cell-like cells, named cancer-
initiating cells (CIC) or cancer stem cells, able to differentiate along
different pathways. The term “CIC” does not imply stem cell origin,
but stem cell properties, like the capacity for self-renewal, that
position the cancer stem cell at the top of a neoplastic hierarchy,
giving rise to differentiated progeny that lack these same
properties. Their identification has important diagnostic, prognos-
tic and therapeutic implications. Thus, success of anti-neoplastic
therapy may require their complete elimination, in order to stop
the indefinite regeneration of the cancer cell population. Their
existence has been demonstrated in most types of malignant
tumors, including breast carcinoma [1-4].

CIC were thought to be extremely rare on the basis of
experiments showing that only a small fraction of cancer cells
can seed a tumor in an immune-compromised host. In a recent
melanoma study [5], using improved experimental transplanta-
tion conditions, the detectable frequency of cells with tumorigenic
potential increased by several orders of magnitude. Although cells
with tumorigenic potential are likely to be much more frequent in
most human cancers than originally estimated, available evidence
still supports the conclusion that most human cancers, including
breast carcinoma, follow a cancer stem cell model. The therapeutic
implications of CIC remain the same regardless of their absolute
frequency: these cells, which may have growth or therapeutic
resistance properties that differ from those of the bulk tumor, must
be effectively targeted to achieve definitive curative benefits.

A CIC population of CD447CD24~ /°% cells was originally
identified in breast carcinoma patients [2]. Subsequently, Ponti et
al. [6] reported that the large majority of cells (95-98%) of highly
tumorigenic mammospheres established from two primary and
one recurrent breast cancers were CD44CD24~ /°%,

The initial reports that only the CD44*CD24~ /°®" subpopula-
tion of human breast cancer cells contains BCIC have been
challenged by subsequent studies [7,8]. Honeth et al. [8] detected
a CD44*CD24~ /" sub-population in only 31% of 240 human
breast cancer samples analyzed, with a strong association with the
basal-like phenotype. In addition, contrasting results have been
reported by different groups in regard to the invasiveness of
(D44 CD24" compared with CD44*CD24~ /" cells [9-12]. CD24
is a heavily glycosylated, mucin-type protein linked to the cell
membrane via glycosyl-phosphatidylinositol [13]. It can bind P-
selectin, a lectin expressed by vascular endothelium and platelets.
The interaction of breast cancer cells with P-selectin via CD24 may
be an important adhesion pathway in the metastatic process
[9,14]. Although the design of therapies that eradicate CIC has the
potential to revolutionize the treatment of breast cancer [15], the
isolation and expansion of CIC from human primary or metastatic
breast lesions to identify molecular therapeutic targets are
extremely difficult tasks. Recent investigations suggest that most
putative CIC markers do not clearly define CIC populations [5,16].
While the phenotypic identification of CIC is at present uncertain,
recent studies from our laboratories and those of others [6,17-21],
show that spheroids formed under stem cell-like culture condi-

tions are highly enriched in CIC. In particular, we have recently
reported that spheroid-forming cells, derived from established
glioblastoma, mammary carcinoma and melanoma cell lines,
displayed increased tumorigenicity compared with their respec-
tive adherent parental cell lines, including the human MA-11
breast carcinoma cell line [22], opening the possibility to study CIC
in a readily available and abundant biological material. The MA-11
cell line, originated from bone marrow micrometastases of a breast
cancer patient [23], displays a heterogeneous level of expression of
CD24 on the cell surface. In the present study, we have employed
the MA-11 cell line as a model to phenotypically characterize CIC-
enriched mammosphere-forming cells and to investigate the
relationship between CD24 expression and tumorigenicity.

Materials and methods
Cell culture

Human MA-11 breast carcinoma cells were cultured in RPMI-1640
added with 10% fetal bovine serum. For mammosphere formation,
cells were enzymatically detached and plated at clonal density
(300-500/cm?) in serum-free medium (SFM), consisting of D-
MEM/F12 low osmolality medium (from Gibco, Grand Island, NY)
in the presence of B-27 supplement (Gibco) and growth factors
(1000 L.U./ml LIF + 10 ng /ml bFGF and 20 ng /ml EGF).

Flow cytometric analysis

Mouse anti-human CD24 (clone ML5) and anti-human CD44
(clone G44-26) monoclonal antibodies were from BD Biosciences
(San Jose, CA). Cell surface CD24 expression was quantitated using
the Quantum Simply Cellular System (Bangs Laboratories, Fishers,
IN), as previously described [24]. 5x10° cells/sample were
incubated with saturating concentrations (10 pg/ml) of antibodies
for 30 min at 4 °C. Standard curves of beads with fixed antibody-
binding capacity and samples were analyzed on a FACSVantage
flow cytometer (BD Biosciences, San Jose, CA). Antibody binding
capacity for each cell population was calculated using the QuickCal
v.2.3. software (Bangs Laboratories), employing median histogram
values and linear regression analyses.

Tumor implantation

Animal studies were done under a protocol approved by the
Institutional Animal Care and Use Committee. For s.c. injection,
cells were resuspended in 100 ul PBS, and injected subcutaneously
into the right flank of the animals.

Anti-CD24 short hairpin RNA-retroviral vectors

Control shRNA lentiviral particles (Santa Cruz Biotechnology, Santa
Cruz, CA, cat.N. 108080), encoding a scrambled shRNA sequence that
will not lead to the specific degradation of any cellular message, and
anti-CD24 shRNA lentiviral particles (Santa Cruz Biotechnologies,
cat. N. 29978-V), containing the following three expression
constructs each encoding human CD24-specific 21 nucleotides
(plus hairpin) shRNA, 869-CCGATATACTCTAGATGAATTC-
AAGAGATTCATCTAGAGTATATCGGTTTTT, 941-CCTGAGGCT-
TTGGATTTGATTCAAGAGATCAAATCCAAAGCCTCAGGTTTTT, and
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1136-CGGATTCCAAAGAGTAGAATTCAAGAGATTCTACTCTTTG-
GAATCCGTTTTT, were employed to knock-down CD24 expression in
MA-11 cells. For transduction of MA-11 cells, lentiviral supernatants
were preloaded onto recombinant fibronectin (Retronectin, Takara
Shuzo, Japan)-coated plates and centrifuged at 950xg for 30 min at
4 °C, thus largely avoiding serum contamination. The operation was
repeated a second time with fresh supernatant. The supernatant was
then removed and the plates were washed with PBS before addition
of cells. After transduction, a stable cell lines expressing the shRNA
was isolated via selection with 2 pug/ml puromycin.

Adhesion assay

CD24-knockdown, mock-transduced, mammospheres and paren-
tal control MA-11 cells were plated at 1.5x10° in serum-
additioned medium in 24-well plates pre-coated with Retronectin
and incubated at 37 °C in 5% CO, for 30 min. The plates were then
shaken for 15 s at 2000 rpm, washed with PBS+0.1% BSA twice,
fixed with 4% paraformaldehyde, and stained with 5 mg /ml crystal
violet in 2% ethanol. Upon addition of 2%SDS at room temperature
for 30 min, absorbance was measured at 550 nm, and compared
with the absorbance of control cells plated on Retronectin for 4 h,
fixed and stained under the same conditions omitting the shaking
step.

Microarray analysis

Total RNA was isolated from proliferating adherent and mammo-
sphere cultures using Trizol phenol-based extraction. The quality
of the RNA was assessed by gel electrophoresis and Aygo/Azgo ratio.
Microarray analyses were performed by Ocean Ridge Biosciences
(ORB, Palm Beach Gardens, FL) using human exonic evidence-
based oligonucleotide (HEEBO) microarrays (http://alizadehlab.
stanford.edu/) containing approximately 50,000 70-mer probes
complementary to constitutive exons of most human genes, as
well as alternatively spliced exons, ESTs, and control sequences.
Biotinylated UTP complementary RNA (cRNA) probes were
prepared, fragmented and hybridized to the microarrays for 16—
18 h with constant rotation. The microarray slides were washed
under stringent conditions, stained with Streptavidin-Alexa-647
(Invitrogen), and scanned using an Axon GenePix 4000B scanner.
For data analyses, the local background was subtracted and the
spot intensities were log,-transformed. The spot intensities were
then normalized by subtracting the 70th percentile of spot
intensity of the probes against human constitutive exons and
adding back a scaling factor (grand mean of 70th percentiles).
After removing data for low quality spots, control sequences, and
non-human probes, 41,987 human probe intensities remained.
The human probes intensities were filtered to identify all probes
with intensity above a normalized threshold (log, (3 x standard
deviation of raw local background) + mean of log,-transformed
negative controls), to arrive at 19,557 probes above threshold in
both samples from at least one group. For statistical analysis,
samples were binned in two groups (MA-11/adh and MA-11/Ms.).
The log,-transformed and normalized spot intensities for the
detectable probes were examined for differences between the
treatment groups by 1-way ANOVA using National Institute of
Aging (NIA) Array Analysis software. This ANOVA was conducted
using the Bayesian Error Model and 20 degrees of freedom. Gene
ontology analysis was performed using GenMAPP software

(Gladstone Institute, San Francisco, CA) for 8989 detectable probes
with current Entrez Gene IDs. Specifically, the MAPPfinder module
of GenMAPP was first used to map all detectable probes, based on
their gene targets, to GO and Local MAPP categories. Then
MAPPfinder compared the relative representation in each func-
tional group of genes associated with probes meeting one of 5
differential expression criteria to the relative representation of
genes associated with the full set of 19,557 detectable probes.
Significance was determined by permutation of Z scores with
correction for multiple comparisons as described in the GenMAPP
software manual. To shed light on the mammosphere-specific
signaling pathways, all 8989 genes linked to GO terms identified in
the microarray were subjected to pathway analysis using the
Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway
analysis.

Results
CD24 expression

Based on several reports of a CD44*CD24~ /°% breast CIC
population [2,6,11], in the present study we investigated the
expression of CD24 and CD44 in the human MA-11 breast
carcinoma cell line. We measured by flow cytometry, employing
phycoerythrin-conjugated anti-human CD24 monoclonal antibo-
dies and the Quantum Simply Cellular System, the number of CD24
molecules on the surface of MA-11 cells. CD24 expression ranged
from 0 to 1,120,000 molecules/cell, with an average number of
214,000 molecules/cell. All cells in the MA-11 line expressed CD44,
ranging from 900,000 to 8,800,000/cell, with an average number of
4,100,000 molecules/cell. Therefore, the MA-11 line is composed
of both CD447CD24~ /°" and CD44*CD24"2" sub-populations.
We have previously reported that upon in vitro culture as
mammospheres under stem cell-like conditions, MA-11 cells
acquired increased tumorigenicity and displayed reduced levels
of CD24 compared with parental adherent cells [22]. To investigate
whether MA-11 cells grown as mammospheres had irreversibly
lost CD24 expression, we dissociated the mammospheres into
single cells and cultured them on adherent plastic in serum-
supplemented medium. Fig. 1 shows the percentage of CD24™" cells
and the average number of CD24 molecules per cell upon growth
as mammospheres in serum-free medium and upon dissociation
(day 7) and re-plating in adherence in the presence of serum. Both
the percentage of CD24™ cells and the number of CD24 molecules
per cell decreased very rapidly during mammosphere culture, and
then rapidly increased in serum-supplemented cultures. Fig. 2
shows a representative flow cytometry experiment of CD24 re-
expression upon culture of cells dissociated from MA-11 mammo-
spheres in serum-supplemented medium. After 24 and 72 h, 10
and 88% MA-11 cells expressed CD24; the rapid increase in CD24
expression was consistent with up-regulation of the antigen, and
not with in vitro selection of CD24™" cells.

CD24~ MA-11 mammospheres generate CD24" tumors

When implanted s.c. in the flank of athymic nude mice, MA-11
mammospheres, that did not express CD24, generated tumors
with high expression of CD24, similar to the level of the parental
cell line growing under adherent conditions. Fig. 3 shows a
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Fig. 1 - Changes in CD24 expression upon culture of MA-11 cells
as mammospheres and subsequent re-plating under adherent
serum-supplemented culture conditions. MA-11 cells were
cultured in DMEM added with B27 supplement, EGF, bFGF and
LIF for 7 days on non-adherent plastic. On day 7 (arrows),
mammospheres were disaggregated by incubation with
Trypsin-EDTA and plated under adherent conditions in
serum-supplemented DMEM. CD24 expression was measured
after incubation with PE-conjugated anti-CD24 antibody by
flow cytometry. Data are expressed as percentage of CD24*
cells compared with isotype control (left panel) and mean
number of molecules per cell (right panel). CD24 molecules
were quantitated using the Quantum Simply Cellular System as
described in Materials and methods. Points are the mean of
three to four separate experiments; bars, SD.

representative flow cytometry experiment of cells dissociated
from s.c. tumors, employing the vital Hoechst 33342 DNA stain to
distinguish between hyperdiploid MA-11 cells, and contaminating
mouse diploid cells present in the tumor. An overview of CD24*
cells before and after in vivo growth of adherent MA-11 and of
mammospheres is reported in Table 1: the percentage of CD24*
cells did not vary for adherent cells, and increased dramatically for
mammospheres. Upon re-growth in adherent culture, CD24
expression remained constant, while in serum-free medium
CD24 expression was rapidly lost.

CD24*" and CD24~ sorted MA-11 cell sub-populations

We then stained MA-11 with PE-conjugated anti-CD24 antibodies,
and sorted by flow cytometry CD24"#" (highest 20%; mean number
of molecules/cell =744,000) and CD24~ /% cells (lowest 20%;
mean number of molecules/cell=0). At post-sort analysis, the

populations were over 99.5% pure. CD24"&" and CD24~ /°% were
cultured on adherent plastic in serum-supplemented medium.
After 48 h in culture, 25% of sorted CD24~ cells re-expressed CD24.
After 10 days, CD24Me" and CD24~ /% cells had 293,000 and
81,000 CD24 molecules/cell, respectively. A representative flow
cytometry experiment for CD24~ sorted MA-11 cells is shown in
Fig. 4. We then cloned by limiting dilution CD24" and CD24~
sorted cells, and selected three clones each with an average of
800,000 and 0 molecules/cell for CD24™ and CD24 ", respectively.
Also single CD24~ and CD24"#" cells cultured after sorting in
serum-supplemented medium under adherent conditions gave rise
to cell populations with heterogeneous CD24 expression (Fig. 5).
No difference in CD44 expression was observed between the sorted
populations (not shown). Both CD24" and CD24~ cells, when
grown under serum-free conditions, formed mammospheres with
similar efficiency (0.15 4 0.05 (SD) vs. 0.14 +0.03 (SD) for CD24™"
and CD24~, respectively) and had low or undetectable expression
of CD24 (Fig. 6).

Next, we investigated the relative contribution of CD24" and
(D24~ cells to tumorigenicity. Sorted CD24™~ cell populations and
single cell clones injected s.c. into athymic nude mice generated
CD24" tumors (Table 2), with expression levels similar to those of
the unsorted cells. The take rates and the growth rates of CD24™
and CD24~ cells were equal (Table 2). Thus, implant of 5x10°
CD24% and CD24~ bulk cell populations or of CD24" and CD24~
sorted clones resulted in 100% take rate, while implant of 5x 10*
CD24" and CD24~ bulk cell populations resulted in 43 and 46%
take rates, respectively (Wilcoxon two-tailed test, p>0.05).
Inocula of 5x10% cells in six mice per group did not result in
tumor formation during the 6 months-observation period (not
shown). Upon dissociation of MA-11 cells derived from a s.c. tumor
and simultaneous staining with PE-conjugated anti-CD24 and
Hoechst 33342 DNA stain, we observed that the cells with the
highest expression of CD24 were predominantly in the S and G2-M
phase of the cell cycle, while those with the lowest or no
expression of CD24 were predominantly in GO/G1 (Fig. 7). The
proportions of CD24™&" and CD24'°"/~ cells in GO/G1 phases were
51% and 89%, respectively. The proportions in S phase were 35%
and 9%, respectively. Finally, the proportions in G2/M phases were
14% and 2%, respectively. These results indicated that, compared to
CD24 cells, more of the CD24"#" cells were in the synthetic phase
and less were in growth arrest phases. However, after 3 days in
culture, the doubling time of CD24~ was the same as CD24 ™ cells,
their cell cycle distribution was similar to that of CD24" cells
(Fig. 7) and their capacity to grow as mammospheres (Fig. 6)
and their tumorigenicity were unchanged (Table 2).

CD24 down-regulation in MA-11 cells

To investigate whether CD24, rather than being a marker of CIC,
was positively associated with tumor growth, we knocked down
CD24 expression in MA-11 cells by transduction with anti-CD24
shRNA lentiviral particles, and with lentiviral particles encoding a
scrambled shRNA sequence as control. Transduced cells were
selected by puromycin. We employed the Quantum Simply
Cellular System and PE-labeled anti-CD24 mAb to quantitate the
number of CD24/cell: CD24 expression decreased by 95%, from
214,000 455,000 (SD)/cell to 11,000 + 5,000 (SD)/cell (p <0.001).
No apparent changes in CD44 levels of expression were observed
in CD24-knockdown cells (Supplementary Fig. 1). Upon s.c.
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Fig. 2 — CD24 re-expression upon culture of cells dissociated from MA-11 mammospheres in serum-supplemented medium. MA-11
cells were cultured under stem cell-like conditions for 7 days, then dissociated and analyzed by flow cytometry immediately (top
panels) or 24 and 72 h after plating under adherent conditions in serum-supplemented medium. FSC-A, forward scatter-amplitude.

injection of 5 x 10° cells in Balb/c athymic nude mice, no difference
in tumor growth rate was observed between control and CD24 -
knockdown cells (Fig. 8). A role of CD24 in cell adhesion processes
has been suggested by several studies. To investigate whether
CD24 knockdown resulted in changes in adhesion properties of
MA-11 cells, we plated control and CD24 knockdown cells on
recombinant fibronectin for 30 min at 37 °C, followed by shaking of
the plate at 2000 rpm for 15 s. After appropriate washing, fixation
of the cells and staining with crystal violet as described in
Materials and methods, the absorbance of the individual wells

was compared with that of control cells cultured on recombinant
fibronectin for 4 h, fixed and stained without the shaking step. The
adhesive capacity of CD24-knockdown MA-11 cells was un-
changed (Table 3). Instead, CD24-negative mammospheres had
decreased capacity of substrate adhesion compared with parental
adherent cells when plated upon dissociation on fibronectin in
serum-additioned medium (Table 3).

HEEBO gene expression array suggests genes and pathways
involved in the increased tumorigenicity of MA-11 mammo-
spheres. To identify the genes that are preferentially expressed in
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Fig. 3 - Expression of CD24 in MA-11 cells from a subcutaneous tumor growing in a Balb/c athymic nude mouse 30 days after local
implant of MA-11 cells. To distinguish the diploid normal cell population of the host from the hyperdiploid MA-11 cells, we
employed the supravital DNA stain Hoechst 33342 (HO-342-A). After mechanical dissociation of the excised tumor and passage
through a 70-pm filter, cells were stained with 5 pg/ml Hoechst, and with fluorescently conjugated anti-CD24 monoclonal antibody.
Cells were analyzed using a 3-laser FACSVantage. Five minutes before analysis, 5 pg/ml 7-AAD was added to each sample to exclude
non-viable cells (7-AAD positive). P4 gates include only the CD24"PE™ cells based on their respective isotype controls. Over 90% of

tumor cells were positive for CD24-PE.

Table 1-CD24 expression in adherent (adh) and

mammospheres (Ms.) cultures of MA-11 cells in vitro, in
vivo and ex-vivo.

Cell line Percent of CD24™" cells
In vitro In vivo Ex-vivo
(1 week)
MA-11/adh 75.8+10 73.6+15.5 75+8
(n=18) (n=18) (n=18)
MA-11/Ms. 0.5+1 76.1+£9.7 0.74+0.8
(n=10) (n=10) (n=10)

Upon culture for a week under adherent conditions in serum-
supplemented medium (adh) or as mammospheres under stem cell-
like conditions (Ms.), the percentage of CD24+ cells was assessed by
flow cytometry (mean+ SE). MA-11 cells were then implanted in the
flank of Balb/c athymic nude mice. The resulting tumors were
dissociated and analyzed by flow cytometry for percentage of CD24+
cells immediately upon dissociation or after culture under adh or Ms.
conditions for 1 week.

the mammospheres compared with the adherent cell population,
we performed microarray analysis of the gene expression profiles
of the two cell types, using the HEEBO array on RNA isolated from
two independent cultures. A total of 863 annotated genes showed
significant differences with > 2-fold differences and FDR (false
discovery rate) <0.05, including 663 up-regulated and 200 down-
regulated in MA-11/Ms vs. MA-11/adh (Supplementary Table 1).
In all cases where multiple probes were available for the 863
genes, the changes in expression were very similar. To shed light
on CIC-specific signaling pathways, all genes differentially
expressed in the microarray between mammospheres and
adherent cells were subjected to pathway analysis using the
KEGG database and assigned to pathway networks.

Ten signaling pathways, MAPK, Wnt, Notch, PPAR, TGFbeta, PIP,
Insulin, calcium, GnRH, and focal adhesion were identified
containing more than five differentially expressed genes with
FDR (false discovery rate)<0.05 (Supplementary Fig. 2). In
particular, 21 genes of the MAPK pathway were differentially
expressed (12 up-regulated and 9 down-regulated in mammo-
spheres), 5 genes of the Notch pathway and 7 genes of the Wnt
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Fig. 4 - Re-expression of CD24 in sorted CD24~ MA-11 cells upon culture under adherent conditions. After labeling of MA-11
cells with anti-CD24-PE antibody, CD24™ cells were sorted by flow cytometry, cultured up to 10 days on adherent plastic in
serum-supplemented medium, and re-analyzed by flow cytometry for CD24 expression at 2 and 10 days after sorting.

pathway were respectively up- and down-regulated in mammo-
spheres. An overview of the MAPK, Notch and Wnt pathways
derived from the KEGG database with the differentially regulated
genes on the microarray encircled is presented in Supplementary
Figs. 3-6. We also found higher expression of the CIC marker,
aldehyde dehydrogenase, in the mammosphere than in the
adherent population.

Discussion

Because of limited supply and difficult identification of breast CIC
from patient samples, in vitro models are critical for the study of
breast CIC biology and to design targeted therapeutic interven-
tions. We have previously reported that upon in vitro culture as
mammospheres under stem cell-like conditions, human MA-11
breast carcinoma cells acquired increased tumorigenicity and lost

800,000 T

CD24 expression compared with the parental cell line. In this
study, employing as CIC model the MA-11 cell line, we have
demonstrated that the level of CD24 expression was not a stable
feature of mammosphere-forming cells, and CD24 rather appeared
to be a marker that is down-regulated in the highly tumorigenic
MA-11 mammospheres. Our findings that CD24 is rapidly and
transiently down-regulated under certain culture conditions
reconcile the apparent discrepancy of the pro-malignant and
pro-invasiveness role of CD24 with the CD24~/low phenotype of
breast CIC[2,6-9,11,12]. The rapid changes in CD24 expression did
not allow to define a specific CD44*CD24~ sub-population
associated with increased tumorigenicity. Clonal studies on cells
sorted on the basis of CD24 expression revealed that CD24~/° are
generated from CD24™ and CD24" are generated from CD24~/°%
cells. The rapid up- and down-regulation of putative stem cell
markers is not novel: Monzani et al. [25] have recently shown that
after injecting CD133" melanoma cells in NOD-SCID mice, most of
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Fig. 5 - Changes in CD24 expression upon culture of CD24" and CD24~ MA-11 cells. MA-11 cells were sorted by flow cytometry on the
basis of CD24 expression and subsequently cultured in DMEM added with 10% fetal bovine serum for 15 days under adherent
conditions in serum-supplemented medium. CD24 expression was measured after incubation with PE-conjugated anti-CD24
antibody by flow cytometry. Data are expressed as mean number of molecules per cell. CD24 molecules were quantitated using the
Quantum Simply Cellular System as described in Materials and methods. Solid circles, sorted CD24* cells; solid squares, average of
three sorted CD24" cell clones; open circles, sorted CD24~ cells; open squares, average of three sorted CD24 cell clones. Bars, SD.
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were sorted and cultured under serum-free conditions. Representative mammospheres formed after 7 days of culture and their

level of CD24 expression, measured by flow cytometry, are shown.

the tumors became CD133-negative. Furthermore, growing these
cells in vitro after few passages re-expressed CD133. These data
support the hypothesis that individual cancer cells can recapitulate
the heterogeneity of the tumors from which they derive and that,
according to the cancer stem cell model, epigenetic differences in
tumorigenic potential among cancer cells have to be irreversible
[26].

CD44 in MA-11 cells are expressed in 100% of the cells at
homogeneous levels. Also, the observation that CD44 is almost
ubiquitously expressed, the report of CD44 antagonism to breast
cancer metastasis [27], and the existence of several CD44 variants
derived from alternative splicing suggest that CD44 is not an ideal
marker for breast CIC. Differently from other established human
breast carcinoma cell lines, such as MCF-7 and MDA-MB-231
(Rappa, G., unpublished data), MA-11 cells have a heterogeneous
level of expression of CD24 on their surface. This difference may be
due to the fact that MA-11 cells have been propagated in culture
for less than MCF-7 and MDA-MB-231 and may have undergone
less extensive clonal selection than the other cell lines. This
heterogeneity has been previously shown in glioblastoma cell lines
for another putative CIC marker, CD133 [28]. Our data are also in

agreement with the recent finding that the CD44TCD24~/°%
phenotype can be induced by epigenetic events, such as exposure
to TGF-beta, a factor secreted by tumor-associated stroma [29].

We observed high CD24 levels in mouse xenografts derived
from s.c. injection of CD44"CD24" as well as CD44"CD24~ cells,
suggesting an important role for CD24 in tumor growth. To
investigate whether CD24 expression was connected to tumor
growth rather than to differentiation of CIC, we studied the effects
of CD24 knock-down on MA-11 tumorigenicity. CD24 silencing did
not determine any change in the tumorigenic potential of MA-11
cells, suggesting that CD24 expression is associated with in vivo
tumor growth, but it is not a determinant of the tumorigenic
capacity of the cells. However, since CD24 silencing would have
little or no effect on CD44+CD24~"°" MA-11 cells, the in vivo
contribution of CD44"CD24 /"% cells to tumor growth could not
be established by this type of experiments. Interestingly, although
MA-11 cells dissociated from mammospheres displayed decreased
cell adhesion to fibronectin in vitro compared with parental cells,
CD24 silencing did not change cell adhesiveness to fibronectin,
suggesting that additional phenotypic changes are responsible for
the decreased adhesive properties of mammospheres.

Table 2 - Subcutaneous growth of sorted CD24" and CD24~ MA-11 breast carcinoma cells in athymic nude mice.

Parameter 5x10%* CD24" 5x10*CD24~ 5x10°CD24" 5x10°CD24~ 5x10° CD24" clone 5x10°> CD24-clone
(n=12) (n=28) (n=8) (n=8) (n=4) (n=6)

CD24/cell pre-implant 755,000 0 755,000 0 650,000 19,000

CD24/cell post-implant 310,000 + 70,000 150,000 + 55,000 290,000+ 53,000 165,000 + 40,000 350,000 4 50,000 170,000 + 30,000

Take rate (%) 42 50? 100 100 100 100

Time to 1 cm® tumor 43.2+9.2 46.2+5.7° 3048 29492 2942.6 29.54+11.4°

(days)

4 NS, not significant. Statistical significance between groups was determined by Wilcoxon two-tailed test. p<0.05 was considered significant.
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stained with the supravital DNA stain Hoechst 33342 for cell cycle analysis and analyzed by flow cytometry. After sorting, cells were
cultured for three additional days, detached, re-stained with Hoechst 33342 and analyzed by flow cytometry.

cDNA microarray analysis was performed to shed light on the
gene expression profile specific to breast CIC. Current cancer drugs,
which are developed extensively based on their activity to inhibit
bulk replicating cancer cells, may not effectively inhibit CIC (14-
16). It is conceivable that targeting CIC will be helpful in
eradicating tumors more efficiently (14-16). One promising
approach is to target CIC survival signaling pathways (14),
where leukemia stem cell research has already made some
progress (32). We found that several signal transduction path-
ways, potential targets for anti-breast cancer therapy, were
differentially expressed in the CIC-enriched mammosphere pop-
ulation vs. the adherent cell line. Microarray analysis of the
signaling pathway genes identified 10 pathways, including MAPK,
Notch, and Wnt/B-Catenin, altered in MA-11 mammospheres
compared with parental MA-11 cells.

That changes in some of these pathways are implicated in the
biological phenomena described in this study is suggested by

recent literature data: thus, several pieces of evidence suggest that
Notch is relevant to the survival of breast cancer stem cells [30,31];
Wnt signaling reportedly plays a critical role in regulating stem/
progenitor cells in the mammary gland as well as other tissue
compartments; and aberrant activation of Wnt signaling induces
mammary tumors from stem/progenitor cells [32]. Also, activation
of the classical MAPK pathway, leading to c-ras activation, has
been associated with breast cancer stem cells and breast tumor
epithelial-mesenchymal transition [33,34].

Conclusion

In this report, we show that the level of CD24 expression is not a
permanent feature of mammosphere-forming cells or of a cellular
subset; it depends on the in vitro growth conditions, and,
presumably, on the in vivo microenvironment (niche). Also, the
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Fig. 8 - Growth rate of tumors derived from s.c. implant of control and CD24-knockdown MA-11 cells. Cells were transduced
with anti-CD24 shRNA lentiviral particles ([]), containing three expression constructs each encoding human CD24-specific 21
nucleotides (plus hairpin) shRNA or with control shRNA lentiviral particles (o), encoding a scrambled shRNA sequence that will not
lead to the specific degradation of any cellular message, and selected by puromycin as described in Materials and methods.
Balb/c athymic nude mice were implanted s.c. in the flank with 5x 10° cells. Tumor volumes were calculated according to the
formula V=1/2(a x b?). Points, mean of six experimental mice; bars, SE. No significant difference between groups was observed

by Wilcoxon two-tailed test (considering p <0.05 as significant).

level of CD24 expression is not a determinant of tumorigenicity for
MA-11 cells. We are aware that this study has some limitations: (i)
MA-11 cells may not accurately reflect the behavior of human
breast cancer in patients; (ii) MA-11 mammospheres may be
heterogeneous, and this study may actually underestimate the
differences between breast CIC and bulk cancer. Further validation
of CIC isolated from breast cancer patient specimens and study of
the long-term tumorigenic potential of CD24" and CD24~ cells
isolated from mouse xenografts (e.g., in serial transplantation
experiments) is needed in future studies. We have also found that
CIC-enriched MA-11 mammospheres have activated specific signal
transduction pathways, potential targets for anti-breast cancer
therapy. These data suggest that, employing appropriate cell
models, short-term selection and propagation of breast CIC as
mammosphere cultures in a defined medium, coupled with gene
expression profiling, represents a suitable tool to study and

Table 3 - Adhesion of MA-11 cells to fibronectin in vitro.

Parameter Percent of plated
cells+SD
Mock-transduced 68.4+4.6
CD24-knockdown 65.1+£1.4"
Parental control MA-11 67.1+£2.0
Mammospheres 422443°

Cells were plated at 1.5x 10° in serum-additioned medium in 24-well
plates pre-coated with a recombinant fibronectin fragment
(Retronectin) and incubated at 37 °C in 5% CO, for 30 min before
measuring cell adhesion as described in Materials and methods.

Data are the mean of three independent experiments. SD, standard
deviation.

therapeutically target signal transduction pathways of CIC: the
notion of which pathways are activated by CIC may render them
specific therapeutic targets.
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