
Journal of Mammary Gland Biology and Neoplasia, Vol. 10, No. 1, January 2005 ( C© 2005)
DOI: 10.1007/s10911-005-2542-5

Survival of Mammary Stem Cells in Suspension Culture:
Implications for Stem Cell Biology and Neoplasia

Gabriela Dontu1,2 and Max S. Wicha1

There is increasing evidence that a variety of neoplasms including breast cancer may result
from transformation of normal stem and progenitor cells. In the past, isolation and character-
ization of mammary stem cells has been limited by the lack of suitable culture systems able to
maintain these cells in an undifferentiated state in vitro. We have recently described a culture
system in which human mammary stem and progenitor cells are able to survive in suspension
and produce spherical colonies composed of both stem and progenitor cells. Recent obser-
vation that adult stem cells from other tissues may also retain the capacity for growth under
anchorage independent conditions suggests a common underlying mechanism. We propose
that this mechanism involves the interaction between the canonical Wnt signal pathway and
E-cadherin. The Wnt pathway has been implicated in normal stem cell self-renewal in vivo.
Furthermore, there is evidence that deregulation of this pathway in the mammary gland and
other organs may play a key role in carcinogenesis. Thus, the development of in vitro suspen-
sion culture systems not only provides an important new tool for the study of mammary cell
biology, but also may have important implications for understanding key molecular pathways
in both normal and neoplastic stem cells.

KEY WORDS: stem cells; cancer stem cells; breast cancer; mammary gland development; Wnt signaling;
self-renewal; differentiation.

INTRODUCTION

The isolation and characterization of tissue spe-
cific stem and progenitor cells has gained impetus
due to the important insights that their study can
provide into normal development and carcinogen-
esis. Adult stem cells are defined by their capacity
for self-renewal and differentiation into cell lineages
present in a specific tissue (1,2). Self-renewal ensures
the propagation of the stem cell compartment, which
in turn sustains morphogenesis, tissue repair and
maintenance. Differentiation generates the special-
ized cells that form each organ and ensure its normal
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functioning. In many organs, slowly dividing stem
cells give rise to a transit, amplifying population of
progenitor cells that proliferate actively in response
to specific signals. These undifferentiated cells are
multipotent and generate the lineage-restricted pro-
genitors that subsequently undergo terminal differ-
entiation (3). Whereas mammary stem cells have not
yet been isolated and characterized, their existence
in vivo in mice was unequivocally demonstrated by
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serial transplantation studies (4,5). Evidence for the
existence of adult mammary stem cells and the strate-
gies employed for their isolation and characterization
were thoroughly reviewed in several recent papers
(6,7). The focus of this review will be on the devel-
opment of methods for the cultivation of adult mam-
mary stem/progenitor cells and the potential applica-
tion of these systems in stem cell biology.

IN VITRO PROPAGATION OF NORMAL
STEM CELLS IN SUSPENSION CULTURE

Ideally stem cells are purified by isolation di-
rectly from tissue to avoid any artifacts introduced
by in vitro manipulation (2). Purification of the
stem cells is based on finding a number of mor-
phological and molecular traits, including surface
antigens, that distinguish them from all the other
cells in the tissue of interest (8). Most stem cell en-
richment/purification protocols rely on fluorescence-
activated cell sorting (FACS) or magnetic im-
munosorting and use sets of antibodies against cell
surface proteins. When the molecular signature is not
known, which is the case for mammary stem cells, the
task of isolating the stem cells involves a tedious pro-
cess of screening large numbers of putative markers
to identify the ones that co-segregate with functional
attributes of stemness. As a minimal working defini-
tion, these attributes include self-renewal and abil-
ity to generate differentiated progeny. In vivo gen-
eration of a functional tissue is the ultimate proof
of “stemness” of any candidate marker. However,
screening large numbers of candidate markers in
in vivo transplantation assays in order to find the
stem cell signature is impractical. On the other hand,
until recently, the lack of a cultivation system that al-
lows for the propagation of mammary progenitors in
an undifferentiated state has precluded the testing of
self-renewal in vitro.

We have developed a culture system, based on
previous work in neural stem cell biology, which
overcomes this inability of previous systems to main-
tain and propagate mammary stem and progenitor
cells. In 1992 Reynolds and Weis published a study
in which they showed that neural cells isolated from
the subventricular zone of rat embryos can prolifer-
ate in suspension culture, clonally generating spher-
ical colonies, which they termed neurospheres (9).
A clonal analysis of neurospheres demonstrated that
20% of these cells, proliferating in vitro in response
to EGF and bFGF stimulation, were capable of both

self-renewal and differentiation along multiple lin-
eages, the defining characteristics of stem cells (10).
Two years later the same group showed that neu-
ral stem/progenitor cells from adult animals have the
same ability to propagate in vitro as neurospheres
(11). Since then, numerous studies utilizing cells de-
rived from either the central or peripheral nervous
system, from embryonic and adult tissue showed that
the ability to generate neurospheres in vitro corre-
lates with the number of stem cells in the tissue of
origin (12–14). Implanted into the nervous system of
an animal host, neurospheres generate cells that self-
renew as well as differentiate and contribute to the
various cellular compartments of the recipient ani-
mal’s brain (12,13). Therefore, these cells are capa-
ble of self-renewal and multilineage differentiation,
both in vitro and in vivo. This experimental system
has been an extremely useful tool in neural stem cell
biology. It was used as an in vitro model for early de-
velopment (15,16), to identify factors involved in cell
fate determination and to unravel signaling pathways
active in stem and early progenitor cells (17–19). A
series of studies utilized this system for compara-
tive transcriptional profiling in order to identify gene
expression changes underlying self renewal or lin-
eage specific differentiation (20–23). Moreover, neu-
rospheres were utilized in a number of in vivo studies
to repair neuronal loss in mice with spinal cord and
sciatic nerve injuries and in rat models with ischemic
cerebral cortex (24), partial Parkinson’s disease (25)
and Huntington’s disease (26). These studies demon-
strated successful engraftment, migration to the site
of the lesion and differentiation of sphere-derived
cells into functional neurons with variable degrees
of behavioral and anatomical recovery. These results
make the case for the potential use of these progen-
itor cells, propagated in vitro in suspension culture,
in repairing damaged tissue in vivo. The neurosphere
culture is also routinely used now to assess the en-
richment of stem cells in experiments using cell sort-
ing for identifying markers of stem cells (12,13). Neu-
rosphere formation was also used to assess the size
of the stem cell population in neural tissue of genet-
ically manipulated mice in experiments aiming to in-
vestigate the role of genes such as BMI (23), PTEN
(27), LIF and Notch (28,29) in self-renewal.

NONADHERENT MAMMOSPHERES

Recently we adopted the suspension culture as a
strategy for the in vitro enrichment and propagation
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of human mammary stem/progenitor cells (30).
Based on the model of neurospheres, we hypothe-
sized that a small population of mammary cells with
stem cell properties would be able to survive and
proliferate in the absence of attachment to an exo-
genous substratum. We developed a culture system
in which human mammary epithelial cells, isolated
from reduction mammoplasties, are cultured on a
non-adhesive substratum in serum-free medium in
the presence of EGF and/or bFGF. Under these con-
ditions the vast majority of cells undergo “anoikis.”
This term specifically applies to the apoptosis of non-
transformed cells which occurs in the absence of
anchorage to a substratum. We hypothesized that
anoikis was a property of differentiated cells, but
that stem cells could survive anchorage independent

conditions. Consistent with this hypothesis, we found
that approximately four in 1000 freshly isolated cells
are able to survive and proliferate, and form multicel-
lular spheroids. We termed these spheroids “mam-
mospheres” by virtue of their resemblance to neuro-
spheres cultured from primary neural cells. As is the
case for neurospheres, we demonstrated that mam-
mospheres are highly enriched in undifferentiated
cells, as demonstrated by the ability of single cells
isolated from mammospheres to generate multilin-
eage colonies when cultured in the presence of serum
on a collagen substratum which promotes their dif-
ferentiation (Fig. 1(a)). Primary mammospheres con-
tain eight times more bi-lineage progenitor cells than
freshly cultured human mammary cells. Secondary
and later passaged mammospheres consist of virtu-

Fig. 1. Mammospheres are composed of stem/progenitor cells. Mammosphere-derived cells plated at clonogenic densities can: (a) self
renew, (b) generate mixed colonies containing cells of all the three mammary lineage types (immunostained with lineage specific markers,
ductal epithelial—ESA, brown; myoepithelial—CD10, purple; alveolar, beta-casein—red) (c) generate complex structures in 3D Matrigel
culture, (d) generate ductal—alveolar outgrowths in vivo.
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ally 100% bipotent progenitors. Furthermore, the
majority of bipotent progenitors are able to gener-
ate colonies that contain all three lineages of the
adult mammary gland, myoepithelial, ductal epithe-
lial, and alveolar epithelial cells. We have also shown
that mammospheres contain cells capable of clonally
generating complex functional structures in recon-
stituted 3-D culture systems in Matrigel (Figs. 1(c)
and 2).

Self-renewal of a cell population within mam-
mospheres was demonstrated utilizing an assay in
which single cells from mammospheres are able
to generate second and later generation spheres
(Fig. 1(b)). We demonstrated that mammospheres
were clonally generated using retroviral marking.
Furthermore, we demonstrated that mammospheres
derived from these passaged cells also have multi-
potent differentiation potential. These results resem-
ble those reported for neurospheres (10,31) and are
consistent with a model in which the mammosphere-
forming cell represents a mammary stem cell which
undergoes limited self renewal and then gives rise to
mammary progenitors still capable of multi-lineage
differentiation (32). Clonal experiments in which
spheres were grown from single cells and single mam-
mospheres were passaged, suggest that one or two
self-renewal divisions are involved in the formation
of a single mammosphere. This limited number of
self-renewal divisions is in agreement with the ma-
jority of studies involving adult stem cells, which indi-
cate that expansion of the adult stem population does
not readily occur ex vivo, presumably due to asym-
metric cell kinetic divisions that result in a large num-
ber of progenitors and differentiated cells and a small
fixed number of stem cells. Our findings indicate that
mammary stem cells are contained in the small pop-
ulation of cells that are anchorage independent and
survive suspension culture to proliferate and differ-
entiate into mammary progenitor cells (30).

To determine if the ability of cells to form
mammospheres correlates with enrichment in pro-
genitor cells, we tested the sphere formation capabil-
ity of the side population (SP) of mammary epithe-
lial cells (30). SP represents a subpopulation of cells
capable of excluding dyes, such as Rhodamine and
Hoechst, due to the expression of transporter pro-
teins, such as BCRP (breast cancer resistance pro-
tein) and P-glycoproteins (33). It has been shown
that the SP fraction of hematopoietic and neural cells
contains the long-term repopulating stem cells (34).
This phenomenon has also recently been demon-
strated for mouse mammary cells with SP properties,

which can regenerate the gland upon transplantation
(35). In our study SP and non-SP staining population
from uncultured cells were separated by FACS and
placed in suspension culture. Only cells contained in
the SP fraction were capable of mammosphere for-
mation in suspension culture as well as generation of
multilineage colonies on collagen substrata (30). In
order to assess the cellular composition of mammo-
spheres we used immunostaining with markers spe-
cific for the differentiated mammary cells of luminal
epithelial (ESA, Muc1, cytokeratin 18) and myoep-
ithelial lineages (CD10, ASMA, cytokeratin 14, al-
pha 6 integrin). Some of these markers were iden-
tified in previous studies as being associated with
bi-potent progenitor cells (ESA, alpha 6 integrin)
(36,37) or mammary stem/progenitor cells (cytoker-
atin 5). Mammospheres contained cells positive for
alpha 6 integrin, cytokeratin 5 and CD10, ESA and
cytokertain 14 (30). ER and PR expression was also
detectable by immunostaining in mammospheres and
in colonies generated from mammospheres plated on
a collagen substratum. A subpopulation of the ER
positive cells was also positive for the Ki67 prolifer-
ation marker, indicating that these cells can divide
in vitro. After 5–7 days of cultivation on a collagen
substratum ER expression was no longer detected,
suggesting that it is downregulated during differenti-
ation in vitro (unpublished observations).

We have recently found that, when transplanted
in the cleared mammary fat pad of NOD/SCID
mice, mammospheres generated limited outgrowths
with the morphological and cellular characteristics
of a human mammary ductal alveolar structure
(Figs. 1(d) and 2). As few as 500 transplanted
mammospheres (10,000–25,000 cells) generated out-
growths, in the absence of human fibroblasts.
Improved engraftment was obtained by using mam-
mospheres combined with human mammary fibrob-
lasts, as described by Kuperwasser et al. (38). Titra-
tion experiments will be required to determine the
absolute enrichment in gland reconstituting activity
of mammosphere derived cells.

We have utilized the mammosphere cultivation
system to delineate signaling pathways involved in
cell fate specification of mammary stem/progenitor
cells, such as Notch and Sonic Hedgehog (32). Us-
ing assays for in vitro self-renewal and differentia-
tion that we developed with this system, we showed
that Notch signaling regulates cell fate decisions
in the mammary gland at several distinct devel-
opmental stages. Notch activation increases self-
renewal of mammary stem cells, as well as acting on
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Fig. 2. (a) Fully developed ductal-alveolar structure grown in Matrigel from a secondary mammosphere, immunostained with lineage
specific markers (myoepithelial cells are stained red with CD10-Texas red and ductal epithelial cells are stained green with ESA-FITC)
(b) Same as a, higher magnification. (c-k)Mammospheres generate outgrowths in the cleared mammary fat pad. Whole mount staining
(carmine-red) and H&E tissue sections through a mouse mammary fat pad: not cleared [(c) and (f)], cleared, non-implanted [(d), (g)],
cleared and implanted with mammospheres derived from human mammary epithelial cells [(e), (h), (k)]. Immunostaining utilizing human
specific ESA antibody - tissue section through a mouse mammary gland (i), human mammary gland (j), mouse cleared fat-pad implanted
with human mammospheres (k).
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progenitor cells to promote the adoption of the my-
oepithelial cell fate at a later step, during differ-
entiation. Sonic hedgehog pathway also appears to
have a role in regulating self-renewal of mammary
stem cells, probably also interacting with the Notch
pathway.

Based on the observations that embryonic stem
cells, as well as at least two types of stem/progenitor
cells from neural tissue and mammary tissue, have
the ability to survive and proliferate in an anchorage
independent manner, we speculated that suspension
culture might be utilized as a method for isolating
adult stem/progenitor cells from other tissues. Indeed
this was recently confirmed in the case of skin (39),
cardiac (40), and inner ear stem cells (41) that gen-
erated the same type of floating spherical colonies in
suspension cultures, composed of cells with stem and
progenitor functional properties.

CANCER STEM CELLS AND
TUMOR SPHERES

We and others have recently proposed a model
in which mammary carcinogenesis is driven by tu-
mor stem cells derived from mutated adult stem or
progenitor cells (7,42). This model is based on the
widely accepted concept that cancer arises through a
series of mutations that may occur over many years.
Since adult stem cells are slowly dividing, long-lived
cells with a high proliferative capacity, they are able
to accumulate the multiple mutations that occur dur-
ing carcinogenesis (1,42). Being exposed to damaging
agents over long periods of time, they can accumulate
and propagate the mutations induced by the geno-
toxic agents. These transformed stem or progenitor
cells can in turn become “cancer stem cells,” which
maintain or acquire functional properties present in
normal stem cells, including the capacity for self-
renewal and differentiation. Mutations accumulated
in the “cancer stem cell” disrupt the tight control of
these stem cell functions, ultimately leading to dereg-
ulation of self-renewal, which drives the process of
tumorigenesis, and to aberrant differentiation, which
generates the cellular heterogeneity found in tumors.
The existence of cancer stem cells was first demon-
strated in hematologic malignancies and, more re-
cently, in solid tumors (43–46). In a previous review
we analyzed in more detail the functional character-
istics shared by normal stem cells and cancer cells,
such as capacity for self-renewal, ability to differen-
tiate, active telomerase, activation of antiapoptotic

pathways, increased membrane transporter activity,
anchorage independence and ability to migrate (4).
Comparing the transcriptional profile of stem/early
progenitor cells with that of more differentiated cells
of the mammary epithelium, we proposed that the
former more closely resembles that of cancer cells
than the latter. This observation suggests an under-
lying molecular circuitry that makes stem cells more
readily transformed than differentiated cells. A key
event in transformation may be the deregulation of
pathways such as self-renewal, which are already ac-
tive in stem cells.

Direct evidence for the existence of cancer
stem cells was first provided by the work of John
Dick’s group in hematological malignancies (43).
They demonstrated the presence of a cancer stem
cell population in human leukemias, representing a
very small fraction of the total leukemic popula-
tion, which was capable of transferring the disease
to immunosuppressed mice. Furthermore, leukemic
stem cells shared the expression of phenotypic mark-
ers with normal hematopoietic stem cells. Based on
these studies, they proposed that different leukemic
phenotypes resulted from particular mutations in
hematopoietic stem cell populations, which resulted
in aberrant differentiation of these cells (43,47).

In collaboration with Clarke’s group we re-
cently presented evidence for the existence of hu-
man breast cancer stem cells (45). Flow cytometry
was utilized to separate subpopulations of cells based
on their surface marker expression. A subpopulation
of tumor cells, with the phenotype CD44+ CD24−

lineage-, which possesses highly tumorigenic charac-
teristics, was thus identified. The tumorigenic subset,
representing a minority of the total cellular popula-
tion within a tumor, was defined by the same markers
in the majority of tumors examined. As few as 200 of
these cells consistently formed tumors in NOD/SCID
mice. In contrast, the bulk of the tumor, which con-
tained cells with different cell surface phenotypes,
failed to form tumors even when tens of thousands
of cells were injected. In order to determine whether
this experimental system merely selected for a highly
tumorigenic subset of cells, the phenotype of tumors
produced in NOD/SCID mice by the prospectively
isolated tumorigenic cells was analyzed. The results
showed that the small population of tumorigenic cells
was able to regenerate the entire phenotypic het-
erogeneity found in the initial tumor. These find-
ings support a stem cell model of carcinogenesis, in
which a small population of tumorigenic cells, with
definable phenotype, is able to give rise to more
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tumorigenic cells as well as the bulk tumor popu-
lation, without tumorigenic properties. Hence, the
tumorigenic stem cells, like their normal counter-
parts, are able to undergo both self-renewal and
differentiation.

The existence of a cancer stem cell phenotype in
brain tumors has also been suggested by two groups
that utilized in vitro cultivation of brain tumor cells
in suspension, as neurospheres (46,48). Singh and
coworkers used this experimental system to identify
cancer stem cells from various human brain tumors
(46). Their study showed a correlation between the
self-renewal capacity of cancer stem cells, demon-
strated by sphere formation, and the clinical aggres-
siveness of the brain tumors from which these cells
were derived. They also demonstrated that these can-
cer stem cells from brain tumors had the ability to
generate differentiated progeny in vitro, similar to
the tumor from which the cells were isolated. Most
recently, they have shown that brain cancer stem
cells, expressing the neural stem cell marker CD 133
are able to form tumors in NOD/scid mice, whereas
CD 133 negative cells are not (47). Moreover, when
injected into animals, CD 133+ cells generated het-
erogeneous tumors composed of both CD 133+ and
CD133− cells. Interestingly, only CD 133+ cells were
capable of forming neurospheres.

Thus, as we have previously demonstrated for
breast cancer, the stem cell model of carcinogenesis
also applies to brain cancers.

HOW DO STEM CELLS AVOID
“ANOIKIS”—A THEORETICAL MODEL

A fundamental question is whether the anchor-
age independence of normal stem cells is merely an
in vitro phenomenon. Does the molecular mecha-
nism responsible for this property also play a role in
stem cell behavior in vivo? We will further speculate
on this latter possibility and propose a mechanism
that might coordinate proliferation and survival dur-
ing stem/progenitor cell differentiation with cell–cell
adhesion and integration into mature tissue architec-
ture. Survival of single cells in suspension culture in-
volves survival in the absence of cell-matrix interac-
tion and cell–cell interactions.

Cell–Matrix Interactions

Our analysis of mammosphere showed the pres-
ence of matrix molecules including tenascin, decorin

and laminin (30). Interestingly, decorin and tenascin
are present in the embryonic mammary gland, while
laminin is also present in the basement membrane
of the adult gland, suggesting that mammosphere
formation may recapitulate some of the events that
occur during embryonic and early mammary de-
velopment in vivo. It appears that the cells that
escape anoikis, represented mainly by stem cells
and possibly early progenitor cells, synthesize and
deposit extracellular matrix, creating an in vitro
niche that supports their survival and proliferation
in suspension. Undoubtedly, stromal-epithelial inter-
actions are also involved in the generation of the
stem cell developmental niche in vivo. Recent ob-
servations by Weinberg’s group (38), as well as our
own, demonstrate that mammary stroma greatly po-
tentiates the growth and differentiation of human
mammary epithelium (from epithelial fragments and
mammospheres) in NOD/scid mice. Interactions be-
tween the mammosphere-initaiting cells and their
progeny and between the cellular and extracellu-
lar components of the spheres, dictate the types
of divisions (self renewal vs. differentiation) and
the cell fate adopted by the cells (lineage commit-
ment). It remains to be determined to what extent
this behavior recapitulates events occurring in vivo.
One might speculate that signaling initiated by the
matrix molecules engages specific sets of integrins
expressed by mammary progenitor cells, promot-
ing their survival. Signaling through growth factor
receptors present in these cells probably also plays an
important role in cell survival. The survival of can-
cer cells at sites of metastasis may employ similar
mechanisms. One important caveat of extrapolating
in vitro data to in vivo events has been recently illus-
trated in the neurosphere system. In vitro conditions
altered the potential and fate specification of neural
progenitor cells, generating tripotent cells, not seen
in vivo (49).

Cell–Cell Interactions

Cell–cell interactions are crucial for the sur-
vival of epithelial cells both in vitro and in vivo. An
important component of this process is E-cadherin
(50). Loss of this mechanism of adhesion is prob-
ably involved in the massive apoptosis that oc-
curs during mammary involution, following lacta-
tion (51). Interestingly, the resistance of mammary
stem/progenitor cells to apoptosis during involution
preserves the populations which regenerate the gland
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during subsequent pregnancies. E-cadherin is a mem-
ber of a family of single-pass transmembrane glyco-
proteins that plays a role in establishing cell polar-
ity and tissue morphology (50). The extracellular do-
main of E-cadherin interacts homotypically with an
E-cadherin molecule on an adjacent cell. The cyto-
plasmic domain of E-cadherin is linked to the cy-
toskeleton via interaction with catenins. An impor-
tant interaction is with beta-catenin, a molecule in
the canonical Wnt signaling pathway. The connec-
tion between E-cadherin and Wnt signaling and its
role in normal breast development and carcinogen-
esis was the subject of an excellent recent review
(52). We will discuss this connection from the per-
spective of carcinogenesis which results from dereg-
ulated self-renewal of stem cells or acquired self-
renewal by early progenitor cells. Beta-catenin is
present in two cellular locations. In association with
E-cadherin, it forms the adherens junctions. In the
cytoplasm, beta-catenin is present in a complex with
proteins such as adenomatous polyposis coli (APC)
and axin. In the absence of Wnt signaling, beta-
catenin is phosphorylated and targeted for degra-
dation (53). When Wnt is activated, unphosphory-
lated beta-atenin translocates to the nucleus, where
it binds and activates the transcription factors TCF-
LEF, which then activates a variety of downstream
target genes, including c-Myc and cyclin D1 (54,55).
It has been recently proposed that the balance be-
tween the beta-catenin present in the adherens junc-
tions and that involved in transcriptional activity is
controlled by the pool of intracellular APC (56).
Furthermore, evidence from Drosophila studies in-
dicates that APC regulates spindle orientation and
asymmetric cell division (57). An inverse correla-
tion between E-cadherin and Wnt signalling has been
noted in various tissues and organs, during devel-
opment, as well as in cancers (58). In some human
epithelial cancers, E-cadherin gene mutations pro-
mote Wnt signalling, as judged by the detection of
nuclear beta-catenin in the tumor tissue (58). It has
also been shown that E-cadherin can mediate growth
suppression by inhibition of beta-catenin signaling,
in an adhesion dependent manner (59). In cultured
mammary epithelial cells, inhibition of E-cadherin-
dependent cell aggregation predisposes to cell death.
In vivo studies, utilizing transgenic mice and the
Cre/lox recombinase system, demonstrated that alve-
olar differentiation during lactation is dependent on
the expression of E-cadherin (60). Moreover, as in-
dicated above, disruption of E-cadherin-dependent
cell adhesion probably initiates the apoptotic pro-

gram during mammary involution. The interaction
of E-cadherin with beta-catenin appears to medi-
ate these processes. Furthermore, recent studies pro-
vided evidence for a converse mechanism, namely
nuclear beta-catenin/Lef1 mediated suppression of
E-cadherin expression during normal development
of hair follicles in mice (61). The authors propose
that the downregulation of E-cadherin may in turn
perpetuate the Wnt signalling pathway, by increasing
the pool of transcriptionally competent beta-catenin.

The shifting balance between the levels of
E-cadherin and cytoplasmic beta-catenin, under the
control of Wnt signaling, could remodel cellular junc-
tions, coordinating cell proliferation with cell adhe-
sion during differentiation. We speculate that stem
cells and early progenitors, unlike their more differ-
entiated progeny, are not dependent on cell–cell in-
teractions for survival. In support for this hypothe-
sis is the ability of a variety of stem/progenitor cells
to survive in suspension culture, as discussed above.
Moreover, the mammary small light cells (SLC), de-
scribed by Smith and Chepko (62), thought to be
stem or very early progenitor cells, lack polarity
and specialized membrane contacts with neighboring
cells. The absence of gap junction proteins, includ-
ing connexins, in mammary progenitor cells was de-
scribed by Trosko et al. (63). Utilizing, transcriptional
profiling of mammospheres as well as differentiated
cells derived from mammospheres, we found that
E-cadherin expression level increases threefold dur-
ing differentiation, while repressors of E-cadherin
Snail and Slug are downregulated three- and twofold
respectively (30). In the absence of adherens
junctions and E-cadherin, most of the beta-catenin
will be localized in the cytoplasm. Signaling through
the Wnt pathway results in beta-catenin-mediated
transcriptional activity that activates different sets of
genes, ultimately resulting in self-renewal or differ-
entiation. The outcome probably depends on signals
that modulate the Wnt pathway response and the in-
teractions with other pathways involved in fate speci-
fication. While differentiation occurs, E-cadherin ex-
pression progressively increases, adherens junctions
form and the antiapoptotic mechanisms are down-
regulated. Nuclear beta-catenin and its transcrip-
tional activity decrease (Fig. 3). Consequently, dif-
ferentiated cells are not able to migrate, depend
on cell-cell adhesion for their survival, and prolif-
erate less. In favor of this scenario gene expres-
sion changes induced by beta-catenin transactivation
show upregulation of c-Myc, Cyclin D1 (prolifera-
tion), stromlysin-1, MMP7 and Twist (migration) and



Survival of Mammary Stem Cells in Suspension Culture 83

F
ig

.
3.

W
nt

–E
-c

ad
he

ri
n

co
nn

ec
ti

on
in

st
em

ce
ll

se
lf

-r
en

ew
al

,
di

ff
er

en
ti

at
io

n
an

d
ca

rc
in

og
en

es
is

.
L

ev
el

s
of

tr
an

sc
ri

pt
io

na
lly

ac
ti

ve
be

ta
-c

at
en

in
an

d
m

em
br

an
e

E
-c

ad
he

ri
n

ar
e

in
ve

rs
el

y
co

rr
el

at
ed

an
d

ch
an

ge
pr

og
re

ss
iv

el
y

du
ri

ng
di

ff
er

en
ti

at
io

n.
In

re
sp

on
se

to
W

nt
si

gn
al

in
g,

st
em

/p
ro

ge
ni

to
r

ce
ll

E
-c

ad
he

ri
n

is
do

w
nr

eg
ul

at
ed

,t
he

ne
w

ly
sy

nt
he

si
ze

d
be

ta
-

ca
te

ni
n

is
di

re
ct

ed
to

w
ar

ds
th

e
cy

to
pl

as
m

ic
po

ol
an

d
tr

an
sl

oc
at

es
to

th
e

nu
cl

eu
s,

w
he

re
it

re
gu

la
te

s
se

lf
-r

en
ew

al
.

D
ur

in
g

di
ff

er
en

ti
at

io
n,

ex
pr

es
si

on
of

E
-c

ad
he

ri
n

pr
og

re
ss

iv
el

y
in

cr
ea

se
s

an
d

be
ta

-c
at

en
in

is
re

cr
ui

te
d

to
th

e
ad

he
re

ns
ju

nc
ti

on
s

si
te

,d
ec

re
as

in
g

th
e

po
ol

of
cy

to
pl

as
m

ic
be

ta
-c

at
en

in
av

ai
la

bl
e

fo
r

tr
an

sc
ri

pt
io

na
la

ct
iv

it
y.

A
bn

or
m

al
ac

ti
va

ti
on

of
W

nt
si

gn
al

in
g

re
su

lt
s

in
an

in
cr

ea
se

in
se

lf
-r

en
ew

al
of

st
em

ce
lls

or
ea

rl
y

pr
og

en
it

or
ce

lls
.S

ub
se

qu
en

tm
ut

at
io

ns
m

ay
le

ad
to

ca
nc

er
in

it
ia

ti
on

an
d

pr
og

re
ss

io
n.



84 Dontu and Wicha

down regulation of E-cadherin, Ephrin, and BMP4.
Furthermore, Fujita et al. reported that these events
are under hormonal regulation, and involve the es-
trogen receptor (64). They showed that in the mam-
mary gland E-cadherin expression is regulated by
the estrogen receptor through MTA3, a component
of the Mi-2/NuRD transcriptional repressor complex
which is an ER regulated inhibitor of Snail, a repres-
sor of E-cadherin (64).

During carcinogenesis a key event may be rep-
resented by an abnormal activation of Wnt signal-
ing, resulting in an increase in self-renewal of stem
cells or early progenitor cells. The Wnt pathway has
been associated with both normal development of
the mammary gland, from the very early stages of for-
mation of anlage to terminal differentiation during
lactation (65–68). Also, increasing evidence points
to a link between Wnt signaling and mammary neo-
plasia (69–71). Moreover, it appears that the role of
Wnt activation in self-renewal of stem cells might
be the basis of its oncogenic potential (72). A num-
ber of studies have recently provided evidence for
a direct role of Wnt signaling in the self-renewal of
normal hematopoietic, epidermal, and gut stem cells
(73–76). A role for Wnt signaling in self-renewal of
mammary stem cells was suggested by recent stud-
ies of Alexander et al. who utilized transgenic mice
to demonstrate that overexpression of Wnt ligands in
mammary stroma or activated beta-catenin in mam-
mary epithelium leads to increased numbers of mam-
mary stem cells (77). A direct link between self-
renewal of stem/progenitor cells and carcinogenesis
was suggested by the study of Li et al. who demon-
strated in a mouse model that expression of the
components of Wnt-signaling pathway preferentially
induces mammary cancers derived from mammary
progenitor cells (70).

Subsequent mutations favored by the increased
proliferative activity may occur during cancer initi-
ation and progression. However, some of the traits
that confer selective growth advantage to the cancer
cells and contribute to local invasion and metastasis
are normal attributes of stem cells. The observation
that epigenetic mechanisms may be responsible for
alterations such as the loss of E-cadherin, during car-
cinogenesis is consistent with this hypothesis.

CONCLUSIONS

In this article, we have reviewed the develop-
ment of suspension-based culture systems for the

propagation of stem and progenitor cells from the
mammary gland, as well as from other organs. The
ability of normal stem cells, as well as their malig-
nant counterparts, to survive in suspension culture
suggests a common molecular mechanism that may
also have significance for the behavior of stem cells
in vivo. We discuss evidence suggesting that the Wnt
signal pathway and the E-Cadherin–beta-catenin in-
teraction may play a key role in normal stem cell self-
renewal and differentiation, as well as survival. Fur-
thermore, there is accumulating evidence that dereg-
ulation of this pathway plays an important role in a
variety of neoplasms, including breast cancer. These
neoplasms, in turn, may be driven by a small stem cell
component within tumors. This stem cell component,
resistant to conventional treatments, may contribute
to relapse following therapy. Inhibition of pathways,
such as Wnt signaling, may thus prove to be a novel
therapeutic strategy for selectively targeting this re-
sistant cell population.
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