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Cancer stem cells (CSCs) possess the capacity to
self-renew and to generate heterogeneous lineages
of cancer cells that comprise tumors. A substantial
body of evidence supports a model in which CSCs
play a major role in the initiation, maintenance,
and clinical outcome of cancers. In contrast, analy-
sis of the role of CSCs in metastasis has been mainly
conceptual and speculative. This review summarizes
recent data that support the theory of CSCs as the
source of metastatic lesions in breast cancer, with a
focus on the key role of the microenvironment in the
stemness-metastasis link. (4m J Pathol 2011, 179:2-11;
DOI: 10.1016/j.ajpath.2011.03.005)

Cancer stem cells (CSCs) are tumor cells that possess
the capacity to divide asymmetrically, producing one
stem cell (self-renewal) and one progenitor cell that is
able to generate heterogeneous lineages of the cancer
cells that comprise tumors. CSCs in human breast tumors
were initially identified in 2003 by Al-Hajj et al,’ who
discovered a cellular population characterized by the
cell-surface markers CD44*/CD24~/°"/ESA* and lack of
expression of CD2, CD3, CD10, CD16, CD18, CD31,
CD64, and CD140b (lineage ™). As few as 200 of these
cells were able to form tumors when xenotransplanted
into NOD/SCID mice, whereas tens of thousands of other
cells could not.” The tumors generated recapitulated the
phenotypic heterogeneity of the parental tumor, contain-
ing a minority of CD44%/CD24"°%/lineage~ cells that
can be serially passaged to form new tumors.’ The
CD44%/CD24~ phenotype has been used extensively to
identify and isolate breast cancer cells with increased
tumorigenicity.
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Putative breast CSCs have also been isolated from pa-
tient samples after in vitro propagation and from breast
cancer cell lines, through their ability to proliferate in sus-
pension as nonadherent spheres (mammospheres).’*
Because the capacity to form mammospheres is in-
creased in early progenitor/stem cells, this system has
been widely used as an indirect measurement of the
number of cells with self-renewal capability.>® In accord
with in vivo data, mammospheres from breast cancer
cells are enriched in cells with the CD44%/CD24~ /%
phenotype,®® and these cells retain tumor-initiating ca-
pability when injected into NOD/SCID mice; however,
only a fraction of CD44%/CD24~/°" cells isolated from
mammospheres are able to form secondary mammo-
spheres.? Consistent with these findings, cancer cell
lines that are enriched in CD44*/CD24~/°" cells are not
more tumorigenic than cell lines that contain only 5% of
cells with that phenotype,® indicating that only a sub-
group of CD44"/CD24~"°% cells are self-renewing.

Because only a subpopulation of CD44%/CD24~ retain
self-renewal capability, other markers for human breast
CSCs have been investigated. Activity of the aldehyde de-
hydrogenase (ALDH) family of cytosolic isoenzymes is in-
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creased in human hematopoietic stem cells, as well as in
cancer stem cells of multiple tissues.”® ALDH has been
identified as a breast CSC marker. Breast tumor cells pos-
itive for ALDH activity were able to generate tumors in NOD/
SCID mice with phenotypic characteristics resembling the
parental tumor, suggesting that the ALDH" pool contains
the CSC population.® " Breast cancer cells with the
CD44*/CD24~/ALDH™ phenotype were more tumorigenic
than CD44%/CD24~ or ALDH™ cells, with as few as 20 cells
being sufficient to generate tumors in mice.®

In murine models, other cell markers have been used
to identify breast CSCs, including CD24,'>~'* CD133,*
and stem cell antigen-1 (SCA-1)."2"® For example, in
MMTV-Neu oncogene-induced mammary tumors, CSCs
were found exclusively in either CD24"/Scal™ or CD24%/
Scal™ populations.'® In MMTV-Wnt7 mammary tumors,
CD24™*[Thy™ fraction was highly enriched for cells capa-
ble of regenerating new tumors,'® whereas the CD24"/
CD29™ fraction was enriched for CSCs in tumors from
Brcai-deficient mice. One possibility is that these cells
with different immunophenotypes represent different ori-
gins of breast cancer stem cells. The CD44%/CD24~
population most likely represents basal breast cancer
stem cells, and cells with the CD24*/CD29* signature
most likely originate from the mammary luminal progeni-
tor cells. Accordingly, human breast cancer cell lines with
high CD447/CD24~ cell numbers display a basal/mes-
enchymal phenotype, but noninvasive luminal cell lines
lack this population.'®

The finding that a subset of cells from breast tumors are
more tumorigenic than the other cells and that these cells
express stem cells markers and divide asymmetrically sup-
ports the existence of CSCs. Nonetheless, different types of
experimental data are hard to reconcile with the CSC hy-
pothesis as the sole mechanism involved in tumor progres-
sion and therapy resistance.'” Substantial bodies of evi-
dence in support of major roles of CSCs in the initiation,
maintenance, resistance to therapeutic regimens, and
clinical outcome of breast tumors have been reviewed
recently.’®'° In contrast, although several authors have
proposed the hypothesis that CSCs may be responsible
for the development of secondary tumors,?°~22 the anal-
ysis of the role of CSCs in breast cancer metastasis has
been mainly conceptual and speculative. Because most
deaths of breast cancer patients are from metastasis, a
better understanding of the mechanisms of tumor metas-
tasis is important for developing more effective therapeu-
tic strategies.

In this review, we summarize recent reports providing
support for the idea that CSCs are key players in metas-
tasis; we also point out and discuss the consequent ther-
apeutic implications.

Are CSCs the Source of Metastatic Lesions in
Breast Cancer?

Only 0.02% to 0.1% of the cancer cells that reach the
circulation can develop macrometastases.?® However,
the identification of the small subset of cancer cells that
can complete the metastatic cascade has remained elu-
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sive. CSCs are candidates for the subset of cancer cells
that give rise to metastases because, according to the
CSC hypothesis, only CSCs will initiate and sustain tumor
growth. Consequently, several authors have proposed a
model in which CSCs appear as the active source of
metastatic spread.?°~22 Originally, such a model was sup-
ported only by indirect evidence. For example, many of the
factors known to govern hematopoietic stem cell migration
also play an important role in metastasis (reviewed by Li
et al®"), and a minor population of cancer cells pro-
grammed to metastasize to specific organs was iden-
tified by functional genomics.®* At present, several
lines of evidence support a model in which CSCs con-
tribute to the metastatic dissemination of solid tumors.
In the case of breast cancer, both clinical and basic
studies have shown correlative as well as direct evi-
dence for the role of CSCs in metastasis. Clinical evi-
dence that suggest a relationship between CSCs and
metastasis includes the following observations:

1. A high percentage of CD44*/CD24~"°" tumor cells
in breast primary tumors correlated with the pres-
ence of distant metastases, particularly osseous
metastases.?®

2. A subpopulation of circulating tumor cells from met-
astatic breast cancer patients expressed stem cell
markers.?®2”

3. The majority (71%) of tumor cells in early bone
marrow metastases expressed the CD44%/CD24~
phenotype.?®

4. Pleural metastases from breast cancer patients
were highly enriched for a CD44%/CD24~/°% sub-
population.?® All of the patients who were studied
had already received chemotherapy, which high-
lights the link between chemoresistance of CSCs
(reviewed by Liu and Wicha, ™ Dean,*° and Lacerda
et al®') and metastasis.

5. A gene signature of invasiveness, generated by
comparing the gene expression profile of CD44™"/
CD24 "™ tumorigenic breast cancer cells with that
of normal breast epithelium, was strongly associ-
ated with metastasis-free survival.®?

6. Expression of the stem cell marker ALDH in sam-
ples of inflammatory breast cancer correlated with
the development of distant metastases and de-
creased survival.'' In other studies, however, ALDH
prevalence was not a strong predictor of cancer
stage or metastasis.®**3° This discrepancy can be
explained on the basis of ALDH isoforms. The
ALDH isoform usually thought to be responsible for
the ALDH activity in CSCs is ALDH1A1. Recently,
however, it was reported that ALDH1A3 is the main
isoform responsible for ALDH activity in breast
CSCs and that its expression can be used as a
specific marker for breast CSCs.®® ALDH1A3 ex-
pression in human breast cancer samples corre-
lated significantly with tumor grade, metastasis, and
cancer stage, showing that CSC prevalence is di-
rectly associated with metastasis.®®

The clinical association between phenotypic charac-
teristics of CSCs and the formation of breast cancer me-
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tastases has led to studies using mouse metastasis mod-
els to investigate whether CSCs have the ability to invade,
home to specific organs, and proliferate at metastatic
sites. These models, in which cancer cells are allowed to
adhere, invade, and proliferate at multiple sites with dif-
ferent microenvironments, have provided direct evidence
of the metastatic potential of breast CSCs and have indi-
rectly suggested the mechanisms involved.

In experimental metastasis assays, cancer cells are
directly injected into the circulation of immunodeficient
mice. The number of metastases directly correlates with
the metastatic ability of the injected cells.?*3® Intracar-
diac injection of 100,000 tumorigenic ALDH™ cells from
breast cancer cell lines into NOD/SCID mice generated
multiple metastases at distinct organs (bone, muscle,
lung, and soft tissue) that recapitulated the heterogeneity
of the initial tumor.’"" In contrast, the injection of un-
separated cells or ALDH™ cells produced, respectively,
only one metastasis per mouse or occasional metastases
limited to lymph nodes.'®'" In these studies, only the
ALDH™ and the unseparated populations were tumori-
genic when injected into mammary fat pads, indicating
that the metastatic ability is predominantly mediated by
CSCs contained in the ALDH™ population.

Bloodstream injections do not fully recapitulate human
breast cancer progression, however. To further study the
role of breast CSCs in metastasis, Liu et al®” used tumor
xenograft models that develop spontaneous metastases.
In their study, fresh specimens from various types of
human breast cancer were collected. The cancer cells
were separated into defined subsets (ie, CSCs versus
non-stem cancer cells), transduced with lentiviral vectors
encoding optical reporter fusion genes, and implanted
into mice. The reporter genes expressed bioluminescent
and fluorescent proteins, allowing the detection of as few
as 10 cells under in vivo bioluminescent imaging, as well
as ex vivo isolation for further analysis or profiling. In this
way, early tumor growth and the activities of defined
subsets of human breast cancer cells could be moni-
tored. CSCs were isolated based on the expression of the
CD44%/CD24~"°" phenotype; in accord with previous
reports,” CD44%/CD24~/°" cells were tumorigenic,
whereas CD44~/CD24~ cells were not.®” Mammary fat
pad implantation of CSCs from triple-negative human
breast tumor samples produced spontaneous lung me-
tastasis in 100% (73/73) of mice. The lung metastatic
cells shared a similar CD44 expression profile with the
parental cell line (17% to 30%), regenerated tumors on
implantation into mammary fat pads, and produced me-
tastases at multiple sites (liver, bone, and spleen) after
intravenous injection.®”

Tumorigenic assays with sorted CD44%/CD24~"1°% or
CD44~/CD24~"°" populations from lung metastases
showed that only CD44%/CD24~"°% cells could grow tu-
mors that can be serially passaged.®” In accord with
these results is the report of Croker et al,®® who found that
inoculations of breast cancer cells with a stem cell phe-
notype (ALDHMS"/CD44*/CD24~ or ALDHMSN/CD44%/
CD133") displayed increased tumorigenicity and pro-
duced more experimental and spontaneous metastases
than the non-stem cancer cells. Although both subpopu-

lations of cells were found in the lung, only CSCs were able
to grow into larger metastases and had the ability to spon-
taneously metastasize to extrapulmonary organs such as
pancreas and liver.®® Taken together, these results demon-
strate the existence of a subset of cells from metastases that
are tumorigenic, can differentiate, are self-renewing, and
can form new metastatic lesions.

Because breast CSCs have increased metastatic prop-
erties, they should display increased motility and invasive-
ness, which are prerequisites for metastasis. In vivo chemo-
tactic assays showed that invasive tumor cells from human
breast tumors were significantly enriched with CD44*/
CD24 "% cells (41% of the invading tumor cells, versus
17% of the primary tumor cells).3” In vitro studies have
yielded similar results. In breast cancer cell lines expressing
basal/mesenchymal markers, the CD44*/CD24~ pheno-
type was associated with enhanced invasive properties and
elevated expression of genes involved in invasion (encod-
ing for IL-1a, IL-6, IL-8, CXCR4, MMP-1, and uPA)."® Simi-
larly, CD44%/CD24~ breast cancer cells that express the
cell surface receptor PROCR (protein C receptor, CD201)
were enriched for genes involved in cell motility, che-
motaxis, and angiogenesis.®® ALDH" cells isolated from
breast cancer cell lines were more migratory and invasive
than ALDH™ cells."®3® ALDH™ cells had higher expression
of the IL-8 receptor CXCR1,'® which plays a role in che-
motaxis. Finally, Bonuccelli et al*® recently showed that in
breast cancer cells the P132L mutation of the protein caveo-
lin-1 exhibits gain-of-function activity in migration and inva-
sion. Caveolin-1 P132L mutation generated a specific
expression signature that contains signaling pathways
involved in both migration and invasion, as well as stem
cell signaling and the induction of epithelial-mesenchy-
mal transition.*°

The above evidence gives strong support to the hypoth-
esis that the metastatic population of breast cancer cells is
contained within the CSCs. It remains to be determined,
however, whether the CSC population can be further
subdivided and whether such subsets have unique inva-
sion/metastasis properties. Furthermore, the possibility
that cancer cells other than CSCs can form metastases in
vivo or in experimental models cannot be excluded. Nev-
ertheless, non-stem cancer cells display low plating effi-
ciency in vitro,'® have limited proliferative capacity in
vivo,®” and do not produce macrometastases even when
found at metastatic sites.®® This suggests that non-stem
cancer cells may be not able to escape dormancy at
metastatic sites and therefore may not constitute a threat
to the patient’s life.

The Niche of Metastatic CSCs

Tumorigenicity depends critically on the microenvironment,
as well as on properties inherent to the cancer cells. CSCs
require a highly specific and discrete microenvironment
(the niche) that provides a physical anchoring site via ad-
hesion molecules and supplies extrinsic factors.*' For the
establishment of metastatic lesions, a permissive niche is
fundamental at distant sites, just as at the primary tumor
site. It has therefore been hypothesized that, when dormant



CSCs are in the metastatic sites, their survival, proliferation,
and/or differentiation can be activated by deregulated sig-
naling from the niche.*'=*® The precise mechanisms by
which the metastatic niche affects CSC fate are unknown;
however, two types of molecules have shown importance
both in the establishment of a metastatic niche and in CSC
biology: extracellular matrix (ECM) components and factors
secreted by stromal cells.

Signals from the ECM

Molecules in the ECM activate specific adhesion recep-
tors expressed on CSCs and generate signals that affect
CSC fate. For example, in MCF-7 breast carcinoma cells,
interaction of hyaluronic acid (HA) with CD44 causes the
recruitment of Nanog into the CD44-HA complex.**
Nanog recruitment to this complex supports the activa-
tion of Nanog and the expression of pluripotent stem cell
regulators such as Rex1 and Sox2.** Additionally, Nanog
regulates the transcriptional activity of STAT-3, promoting
the expression of the ATP-binding cassette (ABC) trans-
porter MDR1.#* Consequently, HA-treated MCF-7 cells
display a reduced intracellular retention of cytotoxic
drugs and exhibit multidrug resistance.** Both HA and
CD44 are overexpressed at metastatic sites,*> suggest-
ing that, under the influence of an HA-enriched environ-
ment, either CD44-expressing tumor cells are repro-
grammed to acquire certain stem cell properties or
circulating CSCs find an appropriate environment for
their expansion.

CD44-HA interactions may cooperate with HER2
(ErbB2/neu) signaling to promote malignancy. The HER2
gene (ERBB?2) is amplified in 20% to 30% of human
breast cancers and is associated with the metastatic
phenotype.®® The role of HER2 amplification in CSC ex-
pansion is supported by multiple lines of evidence: i)
HER2 overexpression correlated with the expression of
the stem cell marker ALDH in breast cancer patients,® ii)
increased HER2 transgene expression in mice increased
self-renewal and replicative potential of CSCs,*” and iii)
HER2 overexpression in breast cancer cell lines in-
creased the CSC population, as demonstrated by in-
creased ALDH activity, mammosphere formation, tumor-
igenesis, and expression of stem cell related genes.*®
ErbB2-induced mammary tumor progression and breast
cancer stem cell expansion is at least in part mediated
via the canonical NF-kB pathway.*® In addition, CD44
and HER2 can be physically linked via interchain disul-
fide bonds in ovarian cancer cells.®® The crosstalk be-
tween these receptors was corroborated by assays in
which HA binding to CD44 activated the tyrosine kinase
activity of HER2.%° The HER2 agonist heregulin promotes
HA synthesis and the consequent downstream activation
of CD44.5" CD44-mediated signaling may contribute sig-
nificantly both to the cytoskeletal regulation needed for
invasion®? and to CSC expansion.**

Integrin family members modulate the survival and
proliferation of CSCs. The expression of the a6 integrin
subunit (CD49f) increases with serial passages of mam-
mospheres generated from individual MCF-7 cells.®® This
phenotype correlates with the enrichment of a subpopu-
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lation with stem cell characteristics (ie, a lineage™ phe-
notype and enriched long-term culture-initiating cells)
that displays increased proliferation and greater resis-
tance to drug-induced apoptosis.>® Of note, inhibition of
a6 integrin by antibodies or small interfering RNA (siRNA)
induces the complete loss of mammosphere-forming
ability and inhibits tumorigenicity.>® The expression of a6
integrin correlates with reduced survival in breast cancer
patients and increased metastatic potential and survival
of breast carcinoma cells. Together, these data indicate
that a6 integrin is necessary for survival and/or prolifera-
tion of CSCs and suggest that ligands of a6 integrin may
be important for the growth of metastatic tumors in a
manner similar to the fate of CD44.

Signals from Stromal Cells

In addition to ECM components, the different types of cells
in the metastatic niche include fibroblasts, infiltrating cells
from the immune system, and endothelial cells.®* All of
these cells are able to secrete factors that promote metas-
tasis. For example, the chemokine CXCL12 is expressed by
stromal fibroblasts and endothelial cells and, through the
activation of its receptor CXCR4, has a prominent role in the
homing of tumor cells to particular organs. CXCR4 is com-
monly overexpressed in human breast cancers, and its
expression level correlates with tumor aggressiveness and
presence of lung metastasis in mouse models.®® Accord-
ingly, treatment of breast cancer cells with CXCR4-neutral-
izing antibodies or down-regulation of the receptor by
siRNA reduced experimental lung metastasis.®®*” CXCR4
expression has also been associated with the detection of
disseminated tumor cells in bone marrow in breast cancer
patients.®® Even though it is not clear whether these cells
are tumorigenic, the majority are CD44%/CD24~,%® sug-
gesting that CSCs are sensitive to chemokine-induced
homing.

In addition to differentiated stromal cells, pluripotent
cells also can provide signals that promote metastasis.
Hematopoietic progenitor cells express the CXCR4 re-
ceptor and are thereby attracted to the metastatic site by
CXCL12.%° However, hematopoietic progenitor cells are
present in expected metastatic sites (eg, axillary lymph
nodes) without any evidence of micrometastasis,®® sug-
gesting that these cells participate in the creation of a
receptive microenvironment (a pre-metastatic niche).

Mesenchymal stem cells (MSCs) may also increase
metastatic potential by producing signals at both primary
and metastatic sites. MSCs accumulate in the tumor and
lung on intravenous injection in osteosarcoma-bearing
mice.®® MSCs increase the rate of osteosarcoma lung
metastasis via secretion of CCL5.°° Human MSCs also
stimulate breast cancer cell migration, invasion, and me-
tastasis through the secretion of CXCL12,°" IL-6,52 and
CCL5.%3 The secretion of CCL5 from MSCs is dependent
on the presence of cancer cells®® or their conditioned
medium,®* indicating that the interaction between cancer
cells and their niche is reciprocal.
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Signals That Promote the Metastatic CSC
Phenotype

The cellular programs and the specific mechanisms by
which cancer cells affect their primary and metastatic
niches sites are currently under investigation. Recent ev-
idence indicates that these pathways regulate both inva-
siveness and CSC features (Figure 1). The pathways
discussed below constitute novel examples of these pro-
grams and could therefore become targets for develop-
ment of antimetastatic therapies.

The Proto-Oncogene JUN

A major component of the activator protein 1 (AP-1) tran-
scription factor is encoded by the JUN proto-oncogene
(alias c-Jun), which regulates diverse biological func-
tions. JUN induces cyclin D1 expression®® and JUN over-
expression correlates with breast cancer tumorigenesis
and metastasis.®® Forced JUN overexpression in MCF-7
breast cancer cells increased tumor formation in nude
mice and cell motility and invasiveness in vitro.6” Recent
studies provided evidence for a link between breast
CSCs and cellular invasion. Using bitransgenic mice en-
coding a floxed JUN allele and mammary targeted
ErbB2, investigators examined the biological importance
of endogenous JUN in breast tumor progression. In
ErbB2* mammary tumor cells, JUN controlled the tran-
scriptional expression of stem cell factor (SCF) and
CCL5.%8 Reduction in SCF decreased the proportion of
cells expressing breast CSC markers and CSC self-re-
newal. JUN-mediated expression of CCL5 played an es-
sential role in the autocrine control of the migration and
invasion of breast cancer cells.®® These studies demon-
strated that a single cellular oncogene is necessary both
to activate the signaling pathways that promote features
of CSCs and to maintain the invasive phenotype of mam-
mary tumors.

CXCR4' CXCL12

. N
~

MICROENVIRONMENT

Figure 1. Signals that contribute to invasiveness
and homing in breast cancer stem cells. Tumor
cells secrete IL-8 because DACH1 and miR-17/20,
negative regulators of IL-8 expression, are com-
monly lost in breast cancer cells. CCL5 can also be
secreted by tumor cells, in which it is under the
transcriptional control of the oncogene JUN (c-Jun)
or by of nonmalignant stromal cells. In addition,
stromal cells can produce IL-6 and CXCL12. Other
signals from the microenvironment include hyal-
uronic acid (HA) and other extracellular matrix
(ECM) components. Through the activation of
their corresponding receptors, all of these signals
cooperate to induce a metastatic phenotype in
breast CSCs.

The Cell Fate Determination Factor DACH1

DACHT1 is the human homolog of the Drosophila melano-
gaster dachshund gene (dac). In Drosophila, dac is a key
member of the retinal determination gene network re-
quired for eye and leg development; dac is expressed in
progenitor cells and neurons of mushroom bodies, the
insect brain structures that are required for fly learning
and memory.®® In mammals, DACH1 has been impli-
cated in breast, prostate, ovarian, and endometrial tu-
morigenesis.”°~"? The function of endogenous DACH1
to inhibit tumorigenesis may be mediated by its ability to
directly bind DNA in the context of local chromatin and to
compete with oncogenic transcription factors for the reg-
ulation of gene transcription.”®> DACH1 is lost in poor-
prognosis invasive breast cancer.”®’* Recent studies
demonstrated that endogenous DACH1 controls stem
cell gene expression.”® Induction of DACH1 expression
in vivo reduced the proportion of CD24~"°% cells in mam-
mary tumors by ~50%. DACH1 expression decreased
the number of mammospheres by ~60%, and the relative
proportion of CD44"9"/CD24'°Y cells in vitro. Conversely,
short hairpin RNA (shRNA) to DACH1 enhanced mam-
mosphere formation. DACH1 repressed the expression of
Sox2 and Nanog by directly binding their promoters.”®
Earlier, it was shown that DACH1 inhibits cellular migra-
tion, invasion, and metastatic capability of breast cancer
cells by binding and repressing the IL-8 gene.”® Thus,
DACH1 is an example of an endogenous cell-fate deter-
mination factor that controls the expression of key genes
that affect breast cancer cell stemness and alter the
heterotypic signaling required for metastasis.

NF-kB

The NF-kB family of transcription factors includes c-Rel,
RelB, RelA (p65), NF-kB1, and NF-kB2. These proteins
regulate a wide variety of genes involved in the response



to inflammatory cytokine signaling, infectious agents, and
DNA damage.”” The canonical pathway of regulation of
NF-kB involves activation of IkB kinase (IKK) complex.
Active IKK phosphorylate IkBe, resulting in its ubiquitina-
tion and proteasome-mediated degradation, with subse-
quent release of NF-kB dimers for nuclear transloca-
tion.”® NF-«B family members are overexpressed or
activated in breast cancer cell lines and primary human
breast tumors.”® Inhibition of NF-«kB pathway through the
expression of a stabilized form of the IkBa (IkBaSR)
blocked the growth and caused regression of human mam-
mary tumor cell xenografts in mice.8° NF-kB activity en-
hanced ErbB2-mediated mammary tumorigenesis in vivo
by promoting growth and survival signaling via the het-
erotypic secretion of vascular endothelial growth factor
(VEGF) and the induction of tumor vasculogenesis.?' The
tumorigenic function of NF-«B in the normally developed
adult mammary gland of immunocompetent mice was
recently analyzed.*® In vivo inducible expression of
IkBaSR in the adult mammary epithelium delayed the
onset and number of new tumors. Tumor infiltration of
macrophages, tumor neoangiogenesis, and the expres-
sion of VEGF and several other secreted factors (Acrp30,
Mip2, CCL5, K6, MMP-3, and MMP-9) were reduced on
induction of the /kBaSR transgene.*® Suppression of NF-«xB
activation reduced the CD44"/CD24~ population in trans-
genic tumors, reduced stem cell expansion in vitro, and
repressed expression of Nanog and Sox2 in vivo and in
vitro.4°

The NF-«B pathway promotes invasion by breast can-
cer cells by inducing the expression of secreted factors
and enzymes. NF-kB and AP-1 controlled the expression
of urokinase-type plasminogen activator (UPA) and its
receptor (UPAR), and expression of both uPA and uPAR
correlated with invasive cancer cell phenotype and poor
prognosis.®? The inhibition of NF-«kB and AP-1 sup-
pressed the secretion of uPA, resulting in the inhibition of
motility of highly invasive breast cancer cells.®? Further-
more, the NF-«B pathway, but not the Raf pathway, stim-
ulates the invasion of breast cancer cells by controlling
the expression of the proteases MMP-1 and MMP-2.83

MicroRNAs

MicroRNAs (miRNAs) are small noncoding RNAs that
regulate the translation and stability of mRNAs, and
miRNAs are important for the coordination of cell
growth, cell cycle control, and self-renewal in both normal
stem cells and CSCs.8* Recently, several miRNAs known
to contribute to the CSC phenotype have been associ-
ated with the development of metastasis (reviewed by
Valastyan and Weinberg®® and Shi et al®?).

The miR-17/20 cluster, which has been shown to reg-
ulate breast cancer cell growth,®” was recently noted to
have potential to govern cellular migration and invasion.
Comparison of miRNAs in human mammary primary tu-
mors with lymph node-positive versus lymph node-neg-
ative status identified the miR-17/20 cluster as inversely
correlated with the presence of lymph node metastasis.®®
Expression of miR-17 and miR-20 was increased in non-
invasive breast cancer cell lines, compared with highly

Breast Cancer Stem Cells in Metastasis 7
AJP July 2011, Vol. 179, No. 1

invasive cell lines.®8 Furthermore, the miR-17/20 cluster
repressed the expression and secretion of promigratory
chemokines (CXCL1, IL-8, and IL-10), plasminogen acti-
vators (cytokeratin-8 and a-enolase), and fibronectin in
breast cancer cell lines.®® Accordingly, conditioned me-
dium from miR-17/20-overexpressing MCF-7 breast can-
cer cells was able to inhibit migration and invasion of
MDA-MB-231 cells.®8 The authors also showed that alter-
ations in the cancer cell microenvironment from reduction
of the abundance of specific secreted proteins produce
an antimetastatic phenotype and that this phenotype can
be transmitted to other cell types.®®

The miR-17/20 cluster is also important in the regula-
tion of pluripotentiality; miR-17/20 targets cell cycle reg-
ulators, including the cyclin D7 gene via its 3'UTR.®” The
importance of cyclin D1 in normal and cancer stem cell
biology was recently reviewed.®* Important new findings
link cyclin D1 to stem cell function via Notch. Cyclin D1
expression during development was shown to correlate
with the expression of Notch, and cyclin D1 was required
for Notch1-mediated transformation and contact-inde-
pendent growth.®® Subsequent studies in breast cancer
cells demonstrated that cyclin D1 enhances Notch1 ac-
tivity by inhibiting the expression of its negative regulator,
Numb.®° Consistent with these findings, cyclin D1 knock-
out mice showed resistance to Notch1-induced mam-
mary tumorigenesis.®' In addition, cyclin D1 promotes
cellular migration by different mechanisms.®? The regu-
latory loop that exists between miR-17/20 and cyclin D1
may therefore be important both in the acquisition of
metastatic potential and in the stem cell phenotype.

Other miRNAs involved in metastasis of breast cancer
promote epithelial-mesenchymal transition (character-
ized by the loss of E-cadherin and increase in vimentin
and N-cadherin), rather than altering the microenviron-
ment. The miR-141, miR-200a, miR-200b, miR-200c, and
miR-429 molecules (all of which are members of the
miRNA-200 family) promote epithelial differentiation by
inhibiting mRNA translation of ZEB1 and ZEB2, two acti-
vators of epithelial-mesenchymal transition.®*:°* ZEB1 in
turn suppresses the expression of the miR-200 family
members miR-183 and miR-203.95°¢ The shRNA-medi-
ated inhibition of ZEB1 allowed miR-183 and miR-203 to
suppress the expression of the stem cell factors Bmift,
Sox2, and KLF4, the tumorsphere-forming capacity, the
tumorigenicity, and the metastatic ability of pancreatic
cancer cells.®® It has been proposed that ZEB1 and its
activity as a repressor of miRNAs expression are neces-
sary not only to drive epithelial-mesenchymal transition,
but also to maintain a stemness phenotype and, conse-
quently, a metastasis-initiating capacity.®®

How To Eradicate CSC-Driven Metastases?

An efficient cure for metastatic cancer will involve either
the eradication of the subset of cancer cells that have the
potential to metastasize or the blockage of their estab-
lishment/growth at metastatic sites. For example, deple-
tion of the CSC pool reduced the metastatic phenotype of
pancreatic tumors.®” Different strategies may be applica-
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ble in the eradication of breast CSCs. First, once the
precise phenotype of the metastatic breast CSCs has
been determined, targeting specific phenotypic markers
may be useful. This approach was partially successful in
acute myeloid leukemia.®® Second, modulation of ABC
transporters can help to overcome drug resistance in
CSCs.®° Unfortunately, clinical trials with compounds that
block ABC transporters have revealed serious side ef-
fects.®® The ionophore salinomycin, however, which in-
duces a conformational change of the ABC transporter
MDR1/ABCB1 that reduces its activity,'°° has been iden-
tified as toxic to breast CSCs by high-throughput screen-
ing."®" Of note, salinomycin has also been shown to
reduce experimental metastases in breast cancer mod-
els.’®" Third, the molecules that participate in self-renewal
and cell fate are also potential targets in breast CSC ther-
apy. The therapeutic potential of HER2, Notch, Wnt, and
Hedgehog pathways is currently being investigated (re-
viewed by Kakarala and Wicha'®). Inhibition of Hedgehog
signaling in xenografts established from pancreatic cancer
cell lines reduced the number of ALDH-overexpressing
cancer cells.’® In that same study, inhibition of Hedgehog
signaling blocked systemic metastases, but had minimal
effect on primary tumor volume.'® Finally, CSC-specific
miRNAs can be targeted by using antisense miRNA. Block-
ing the prometastatic miR-10b with a chemically modified
antisense oligonucleotide markedly suppressed pulmonary
metastases in murine breast cancer models.'%®

Interruption of signals generated in the CSC niche may
be also useful in blocking metastasis formation and/or
improving therapeutic responses.®* Blocking cell adhe-
sion receptors such as CD44 or «6 integrin with antibod-
ies or soluble ligands disrupts CSC-matrix interac-
tions.’™®* A monoclonal antibody against CD44 induced
terminal differentiation and apoptosis of AML cells in en-
grafted mice.'® Inhibition of CXCR4 with antibodies or an
18-amino-acid specific inhibitor reduced experimental
metastasis to lung in breast cancer models,®® suggesting
that CXCR-4 inhibitors are effective in blocking cancer
cell homing. Administration of anti-CCL5 neutralizing an-
tibody blocked the enhanced metastatic capability of
breast cancer cells caused by coinjection with MSCs.®3
Similarly, a neutralizing antibody against IL-8 blocked
breast tumor metastasis.”® Repertaxin, an inhibitor of the
IL-8 receptor CXCR1, reduced the breast CSC popula-
tion and led to apoptosis in the tumor population and
decreased metastasis.'®® These promising data indicate
that targeting the paracrine/autocrine signals in the mi-
croenvironment may reduce the survival and metastatic
capability of CSCs.

Conclusions

Cancer stem cells have a central role in breast cancer
progression because they are involved in tumorigenesis
and resistance to therapeutic regimens. Several clinical
studies have found a correlation between the increase in
CSC number and the presence of metastasis. Evidence
from in vivo models of metastasis and from in vitro assays
shows that CSCs exhibit increased invasiveness and

metastatic ability, indicating that breast CSCs also play a
key role in the formation of secondary tumors.

The microenvironment is a critical regulator of CSC-
driven metastasis. Signals from the ECM or stromal cells
can act as chemoattractants or may regulate dormancy
at metastatic sites. Furthermore, specific cellular pro-
grams allow cancer cells to modify their microenviron-
ment through the secretion of autocrine/paracrine signals
that increase invasiveness. Because some of these pro-
grams also promote CSC features, they may constitute
the molecular basis of the stemness-metastasis link. All of
these signals provide potential targets for the modulation
of CSC fate, the response to therapeutic agents, and the
eradication of metastatic CSCs. Novel approaches that
target the breast CSC microenvironment may thus be-
come the basis for generation of effective and clinically
applicable therapies that prevent disease relapse and
metastasis and enhance patient survival.
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