








indistinguishable, suggesting that Runx2 contributes to ductal
morphogenesis in puberty but is not essential at this time.
Moreover, the ducts of Runx2f/f;MMTV-cre mammary glands
seemed normal, containing both the outer myoepithelial (p63-
positive) and inner luminal epithelial (keratin-8 positive) cells
(Supplementary Fig. S3B).

During pregnancy, Runx2f/f;MMTV-cre mammary glands
exhibited developmental defects consistent with Runx2�/�-
transplanted mammary glands. Significantly less of the
Runx2f/f;MMTV-cre fat pad was filled with alveoli at day
14.5 of pregnancy, compared with glands from Runx2f/þ mice
(Fig. 3A–C). Lineage analysis of different mammary cell popu-
lations has provided mechanistic insight into the function of a
number of transcriptional regulators ofmammary gland devel-
opment (6–11). To further investigate cellular changes in the
Runx2-deficient model, we used flow cytometry to isolate
mammary epithelial subpopulations (25). The overall propor-
tions of basal (CD29hiCD24þ) and luminal (CD29loCD24þ) cell
populations were unchanged at mid-pregnancy between
Runx2f/þ and Runx2f/f;MMTV-cre mammary glands (Fig.
3D). Next, CD14 and ckit were used to discriminate the luminal
progenitor and alveolar progenitor populations (25). We
observed an increase in the CD14þckit�/lo alveolar progenitor
population in Runx2f/f;MMTV-cre mammary glands at 14.5
days of pregnancy compared with controls at the same time
point (Fig. 3E). Similarly, we found that Runx2�/� luminal cells
at 18.5 days of pregnancy in the Runx2 transplant model
demonstrated the same shift from luminal (CD14þckitþ) to
alveolar (CD14þckit�/lo) progenitors comparedwith Runx2þ/þ

controls (Supplementary Fig. S4). Therefore, these data dem-
onstrate that loss of Runx2 results in deregulation of the

luminal lineage during alveolar maturation in mid to late
pregnancy and suggest that Runx2 is involved in the specifi-
cation of alveolar cell maturation.

Aberrant Runx2 expression blocks differentiation and
induces EMT-like changes in mammary epithelial cells

To further investigate the role of Runx2 in mammary epi-
thelial cell fate control, we examined the functional signifi-
cance of the Runx2 inhibition during late pregnancy. To this
end, we used themammary epithelial cell line HC11, whichwas
originally derived from mammary glands of mid-pregnant
mice, as a model of differentiation (32). To demonstrate their
suitability as a model to study Runx2 function during differ-
entiation, we examined Runx2 expression in response to
prolactin stimulation and found that Runx2 mRNA expression
was significantly downregulated to less than half its regular
expression at 24, 48, and 72 hours following prolactin treat-
ment (Fig. 4A). This change in Runx2 level is similar to that
observed in vivo toward the end of pregnancy (Fig. 1A) and
demonstrated that Runx2 expression levels decreased concur-
rent with the induction of lactational differentiation.

To test the hypothesis that this decrease inRunx2 expression
is required for differentiation to occur, we generatedHC11 cells
stably overexpressing Runx2 and examined b-casein expres-
sion in response to prolactin. In control HC11 cells, b-casein
expression was induced after 24 hours treatment with prolac-
tin and continued to increase up to 72 hours (Fig. 4B). However,
b-casein expression was significantly reduced in HC11-Runx2
cells at all time points. Analysis of Stat5 activation following
prolactin stimulation in the same cells (Supplementary Fig. S5)
showed no difference in the level of pStat5 between control
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and Runx2-overexpressing cells, suggesting that the Runx2-
mediated impairment of differentiation occurs independently
of Stat5. To examine whether the block in differentiation was
due to altered cell type specification or just inhibition of milk
production, we examined expression of the luminal epithelial
cell marker cytokeratin-18 (CK18). In control HC11 cells, we
found populations of CK18-positive cells, although the major-
ity of cells were CK18-negative (Fig. 4C). This is consistent with
HC11 cells being a heterogeneous population. In Runx2-over-
expressing cells, CK18 expression was not detected, either by

immunofluorescence or Western blotting (Fig. 4C). Notch1
regulates the specification of luminal progenitors, with expres-
sion of activated Notch1 (NICD) inducing luminal progenitor
differentiation (9, 33); therefore, we next investigated whether
Notch1 signaling is regulated by Runx2. Forced expression of
Runx2 in HC11 cells suppressed Notch1 activation, inhibiting
both Notch1 and NICD protein levels (Fig. 4D) and reducing
expression of hey1 (Fig. 4E), a downstream target of Notch
signaling. Together, these data demonstrate that sustaining
Runx2 expression in mammary epithelial cells perturbs
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differentiation and maintains HC11 cells in a less-differenti-
ated state, potentially through inhibition of Notch1 activation.
Given that previous studies have indicated a potential role

for Runx2 in breast cancer progression, we examined whether
Runx2 overexpression in HC11 cells induced a more cancer-
like phenotype. There was a small but significant increase in
the growth rate of HC11-Runx2 cells compared with controls
(Fig. 4F). Consistent with Runx2 inducing EMT-like changes,
HC11-Runx2 cells showed decreased E-cadherin expression,
increased levels of phospho-FAK, and significantly increased
migration rates compared with controls (Fig. 4G and H). In
agreement with previous work, Runx2 overexpression induced
morphologic changes in normal human breast (MCF10A) cells
and Runx2 siRNA reduced migration of human breast cancer
(MDA-MD-231) cells (Fig. 4I and J; ref. 34). Runx2 induced
upregulation of cyclin D1 in MCF10A cells, as well as altered
cadherin expression expected in cells undergoing EMT (i.e.,
decreased E-Cadherin and increased N-Cadherin; Fig. 4I).
Thus, manipulating Runx2 expression drove cell phenotypes
consistent with Runx2 promoting tumorigenesis in normal
mammary cells.

Runx2 deletion delays breast cancer development and
prolongs survival
Runx2 has an established role in determining the osteolytic

activity of breast cancer cells; however, its role in the initiation
ofmammary tumorigenesis is largely unknown. To address this
question, we deleted Runx2 in the MMTV-PyMT mouse model
by crossing Runx2þ/� and PyMT mice together to generate
either PyMT;Runx2�/� or PyMT;Runx2þ/þ embryos. The dis-
sected embryonic mammary buds were then transplanted to
Rag1�/� hosts and tumor incidence and survival analyzed in
recipientmice. Therewas a significant increase in time to tumor
detection in Rag1�/� recipients of PyMT;Runx2�/� mammary
epithelium compared with recipients of PyMT;Runx2þ/þ epi-
thelium (HR, 0.21; P, 0.0017; Fig. 5A). There was an even more
significant increase in overall survival in the absence of Runx2
(HR, 0.12; P, 0.0002; Fig. 5B). Metastases were not detected in
Rag1�/� immunocompromised mice transplanted with either
PyMT;Runx2þ/þ or PyMT;Runx2�/� epithelium, probably
because of the established role the immune system has in
mediating metastasis, thus precluding our evaluation of a
potential role for Runx2 in metastasis within this system.
To examine the mechanism of prolonged survival in the

absence of Runx2, we performed a cross-sectional analysis at
13 weeks after transplantation, before detection of palpable
tumors. Morphologically, the PyMT;Runx2�/� glands were
consistently less neoplastic than the PyMT;Runx2þ/þ tissues
(Fig. 5C). Indeed, proliferation levels were significantly lower in
the hyperplastic regions of PyMT;Runx2�/� epithelium (Fig. 5C

and D). Furthermore, cyclin D1 expression was also reduced in
the absence of Runx2 (Fig. 5E and F). Together, these data
demonstrate that Runx2 functions to promote tumor progres-
sion in vivo by facilitating increased proliferation rates, leading
to decreased survival.

Discussion
This is the first study to use geneticmodels to demonstrate a

role for Runx2 in breast development and tumorigenesis in
vivo. Runx2 expression exhibits tight temporal regulation
during pregnancy, which corresponds to the time at which
expansion of the luminal progenitor population occurs (31).
Runx2 protein and mRNA levels then fall significantly at late
pregnancy for the final stages of differentiation to occur. The
importance of developmental stage-specific regulation of
Runx2 is also evident in osteoblasts where Runx2 deficiency
causes a failure in osteoblast development (18). However,
maintaining Runx2 expression in osteoblasts disrupts their
final maturation, similar to our finding in HC11 cells, where
differentiation is blocked by forced expression of Runx2 (35).

Themammary epithelial cell hierarchy is currently an area of
intense interest due to providing insight into the cells of origin
in breast cancer. We show here that Runx2 is necessary for the
specification of luminal progenitor cells. Without Runx2, the
proportion of progenitors shifts toward a more alveolar-com-
mitted population that have a more differentiated phenotype
(31). Interestingly, expression of Notch1 intracellular domain
in the developing mammary gland increases the mature lumi-
nal cell population, suggesting that Notch1 promotes luminal
cell differentiation (33). We observed decreased Notch1 acti-
vation in HC11 cells overexpressing Runx2, raising the possi-
bility that inhibitory cross-talk between Runx2 and Notch1
controls luminal cell lineage specification, similar to the inter-
action between Runx2 and Notch1 during osteoblast differen-
tiation (36, 37). Disrupting progenitor populations in the
primary setting perturbs normal breast development and
although the precise contributions of the different luminal
progenitor subsets to development are not currently known,
lineage tracing studies, preferably with a doxycycline-inducible
system, as recently described (38), will help define the role of
different cell lineages during mammopoiesis.

TheRunx2�/� andRunx2f/f;MMTV-cremice result in deletion
of Runx2 in all and the majority of mammary epithelial cells,
respectively. We observe no difference in the proportions of
basal and luminal cells during development, although micro-
arrays have identified Runx2 mRNA in both basal
(CD29hiCD24þ) and luminal (CD29þCD24þ) cell populations
(21). Runx2 expression in estrogen receptor–negative luminal
cellsmay act in a cell-autonomousmanner to control progenitor

(Continued.) F, growth rates of pMIG and pMIGRunx2 HC11 cells were determined using live-cell imaging and quantifying cell confluence using phase-
contrast image mask (n ¼ 3, performed in triplicate, 4 image positions per well, error bars represent SEM). G, Western blot of whole-cell lysates from
pMIG and pMIGRunx2 HC11 cells in growth media. H, migration of pMIG and pMIGRunx2 HC11 cells was analyzed in real-time by xCelligence, using
10%FCS as chemoattractant or blankmedia as a control (n¼ 3, error bars represent SEM). I, MCF10A cells expressing pMIG and pMIGRunx2 were selected
by FACS. Phase-contrast images show amore fibroblastic morphology in pMIGRunx2-expressing cells (left). Expression of EMTmarkers was determined by
Western blotting (right). J, MDA-MB-231 cells were treated with Runx2 shRNA or nontarget control shRNA and 48 hours later subjected to migration
analysis on Excelligence using 10% FCS as chemoattractant. In all experiments: ���, P < 0.01.
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populations during pregnancy. The use of lineage-specific or
temporally restricted Cre-recombinase driven by promoters,
such as p63 (basal epithelial cells) or WAP (luminal cells during
pregnancy), to delete Runx2 in the Runx2f/f mice will enable the
requirement of Runx2 in specific cell-types to be characterized.

In the PyMT breast cancer model, we demonstrate a reduc-
tion in proliferative cells and cyclin D1 levels in the absence of
Runx2. The percent and distribution of cyclin D1 cells in
Runx2þ/þ;PyMT mice at the early stage of tumorigenesis is
consistent with prior observations (30). There is much debate
on the role of Runx2 in proliferation, with cell-type, temporal,
and levels of expression all expected to play a role (39). How
removal of Runx2 reduces cyclinD1 expression is not known, in
fact cyclin D1 has been shown to induce downregulation of
Runx2 in other systems (40), potentially indicating a negative
feedbackmechanism or Runx2might be required for paracrine
signals to induce cyclin D1. For instance, inMDA-MB-231 cells,
TGFb-induced cyclin D1 expression is attenuated upon Runx2
knockdown by siRNA (34).

Cyclin D1 is an established oncogene in a number of tissues;
however, correlation of cyclin D1 expression with patient
prognosis provides varying results (41–43). Well known for its
requirement for cells to transition from G1 to S-phase of the
cell cycle, cyclin D1 is also required for activation of many
estrogen-responsive genes (44). Furthermore, the kinase activ-
ity of cyclin D1 is necessary for maintenance of pregnancy-
induced mammary epithelial cell progenitors (45). Recently,
Notch3-inducedmouse breast tumorswere attributed to cyclin
D1–dependent expansion of luminal progenitors (46). Thus,
in addition to regulating cell proliferation, Runx2 regulation of
cyclin D1 may also control other aspects of tumor phenotype,
and we aim to examine this further in the future.

EMT is associatedwith cancer cells acquiring characteristics
that support metastasis, such as increased migration and
invasion. Our findings of the effects of Runx2 expression on
EMT are consistent with previously reported data. Runx2
overexpression in MCF7 breast cancer cells induced EMT
and promoted cancer cell invasion through Matrigel (24).
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Conversely, blocking Runx2 function by inhibiting Runx2
subnuclear trafficking reduced MDA-MB-231 cell invasion in
culture assays (28). Runx2 drives EMT through downstream
targets such as TGFb, Wnt, and Snai2, which are also associ-
ated with driving breast cancer metastasis.
Metastases were not observed in the Rag1�/� recipients of

PyMT epithelium, precluding us from examining more
advanced stages of tumorigenesis. However, studies suggest
that in addition to EMT, Runx2 may contribute to several
further stages of the metastatic process. Upregulation of VEGF
by Runx2 could stimulate the growth of tumor vasculature,
whereas Runx2-mediated expression of the antiapoptotic pro-
tein Bcl-2 may aid tumor cell survival as they pass through the
circulatory system to distant sites around the body (25, 28).
Breast cancer commonly metastasizes to bone, and xenotrans-
plantation studies support a role for Runx2 in metastatic bone
disease. For example, knockdown of Runx2 in MDA-MB-231
cells reduced osteolysis when the cancer cells were injected
into the tibia of recipient mice (34). Recently, Runx2 was
demonstrated to be upregulated by serotonin, which is asso-
ciated with breast cancer progression and bone deminerali-
zation and may indicate a mechanism by which Runx2-depen-
dent osteolysis is activated (47). Ultimately the delineation of
Runx2 function in breast cancer metastasis will require the
development of models in which Runx2 expression in tumor
cells can be manipulated in an immune-competent host.
Progenitor cells are prime candidates for cells of origin in

several breast tumor subtypes. Parity-identified mammary
epithelial cell progenitors are thought to be the cell of origin
in MMTV-ErbB2/neu/HER2-driven tumors (45, 48). Although,
subtyped as basal, Brca1-mutant basal-like breast cancers are
derived from luminal progenitors (49). Furthermore, luminal
progenitors have also recently been shown to contribute to
tumor progression in the MMTV-PyMT breast cancer model
(50). Interestingly, a Runx2 metagene dataset was enriched in
the basal-like tumor subtype, as well as some of the HER2
subtype (17). Using our conditional Runx2 knockout mice
crossed onto basal (SV40) and Neu (MMTV-Neu) tumor mod-
els will help delineate the role of Runx2 in these aggressive
tumor subtypes.
In summary, we have identified a new regulator of normal

and transformed mammary epithelial cells in vivo. It will now

be of significant interest to delineate relationships between
Runx2 and other established cancer-driving transcription fac-
tors and examine the potential of Runx2 as a therapeutic target
in breast cancer.

Disclosure of Potential Conflicts of Interest
No potential conflicts of interest were disclosed.

Authors' Contributions
Conception and design: T.W. Owens, R.L. Rogers, P. Shore, A. Swarbrick,
C.J. Ormandy, J.E. Visvader, M.J. Naylor
Development of methodology: T.W. Owens, R.L. Rogers, A. Ferguson,
J.E. Visvader, M.J. Naylor
Acquisition of data (provided animals, acquired and managed patients,
provided facilities, etc.): T.W. Owens, R.L. Rogers, S.A. Best, A. Ledger,
A.-M. Mooney, A. Swarbrick, C.J. Ormandy, J.S. Carroll, J.E. Visvader, M.J. Naylor
Analysis and interpretation of data (e.g., statistical analysis, biostatistics,
computational analysis): T.W. Owens, R.L. Rogers, S.A. Best, J.S. Carroll,
J.E. Visvader, M.J. Naylor
Writing, review, and/or revision of the manuscript: T.W. Owens, R.L.
Rogers, S.A. Best, P. Shore, C.J. Ormandy, P.T. Simpson, J.E. Visvader, M.J. Naylor
Administrative, technical, or material support (i.e., reporting or orga-
nizing data, constructing databases): R.L. Rogers, A. Ledger, A.-M. Mooney

Acknowledgments
The authors thank Gillian Lehrbach at the Tissue Culture Facility of the

Garvan Institute of Medical Research and the Animal, Flow Cytometry (FACS)
and Histology facilities at the Walter and Eliza Hall Institute of Medical
Research. They also acknowledge the support received from the Bosch
Institute's Molecular Biology, Advanced Microscopy and Rodent facilities
and the expert help of Facility staff, especially Donna Lai and Louise Cole. We
are also grateful to Francois Vaillant and Nai Yang Fu for assistance and
advice on mouse models.

Grant Support
This work was supported by the Australian National Health and Medical

Research Council (NHMRC), Cancer Council NSW, Australian Research Council,
the Victorian State Government through the Victorian Breast Cancer Research
Consortium and Operational Infrastructure Support, and the Australian Cancer
Research Foundation. M.J. Naylor and A. Swarbrick were supported by the
NHMRC Career Development Fellowships, M.J. Naylor and P.T. Simpson by the
National Breast Cancer Foundation of Australia Fellowships, S.A. Best by an
NHMRC Postgraduate Scholarship (1017256), C.J. Ormandy by an NHMRC
Research Fellowship, and J.E. Visvader by an NHMRC Australia Fellowship.

The costs of publication of this article were defrayed in part by the payment of
page charges. This article must therefore be hereby marked advertisement in
accordance with 18 U.S.C. Section 1734 solely to indicate this fact.

Received January 13, 2014; revised May 12, 2014; accepted June 30, 2014;
published OnlineFirst July 23, 2014.

References
1. Hennighausen L, Robinson GW. Signaling pathways in mammary

gland development. Dev Cell 2001;1:467–75.
2. Stingl J, Eirew P, Ricketson I, Shackleton M, Vaillant F, Choi D, et al.

Purification and unique properties of mammary epithelial stem cells.
Nature 2006;439:993–7.

3. Shackleton M, Vaillant F, Simpson KJ, Stingl J, Smyth GK, Asselin-
Labat M-L, et al. Generation of a functional mammary gland from a
single stem cell. Nature 2006;439:84–8.

4. Visvader JE, Smith GH. Murine mammary epithelial stem cells: dis-
covery, function, and current status. Cold Spring Harbor Perspect Biol
2011;3:pii: a004879.

5. �Sale S, Lafkas D, Artavanis-Tsakonas S. Notch2 genetic fate mapping
reveals two previously unrecognizedmammary epithelial lineages. Nat
Cell Biol 2013;15:451–60.

6. Sheta M, Teschendorff A, Sharp G, Novcic N, Russell A, Avril S,
et al. Phenotypic and functional characterisation of the luminal
cell hierarchy of the mammary gland. Breast Cancer Res 2012;
14:R134.

7. Asselin-LabatML, Sutherland KD, Barker H, ThomasR, ShackletonM,
Forrest NC, et al. Gata-3 is an essential regulator of mammary-gland
morphogenesis and luminal-cell differentiation. Nat Cell Biol 2007;
9:201–9.

8. Oakes SR, Naylor MJ, Asselin-Labat ML, Blazek KD, Gardiner-Garden
M,HiltonHN, et al. The Ets transcription factor Elf5 specifiesmammary
alveolar cell fate. Genes Dev 2008;22:581–6.

9. Bouras T, Pal B, Vaillant F, Harburg G, Asselin-Labat ML, Oakes SR,
et al. Notch signaling regulates mammary stem cell function and
luminal cell-fate commitment. Cell Stem Cell 2008;3:429–41.

www.aacrjournals.org Cancer Res; 74(18) September 15, 2014 5285

Runx2 in Epithelial Cell Fate

on October 15, 2014. © 2014 American Association for Cancer Research. cancerres.aacrjournals.org Downloaded from 

Published OnlineFirst July 23, 2014; DOI: 10.1158/0008-5472.CAN-14-0053 

http://cancerres.aacrjournals.org/


10. Buono KD, Robinson GW, Martin C, Shi S, Stanley P, Tanigaki K, et al.
The canonical Notch/RBP-J signaling pathway controls the balance of
cell lineages in mammary epithelium during pregnancy. Dev Biol
2006;293:565–80.

11. Kouros-Mehr H, Slorach EM, Sternlicht MD, Werb Z. GATA-3 main-
tains the differentiation of the luminal cell fate in the mammary gland.
Cell 2006;127:1041–55.

12. Kouros-Mehr H, Bechis SK, Slorach EM, Littlepage LE, Egeblad M,
Ewald AJ, et al. GATA-3 links tumor differentiation and dissemination
in a luminal breast cancer model. Cancer Cell 2008;13:141–52.

13. Harrison H, Farnie G, Howell SJ, Rock RE, Stylianou S, Brennan KR,
et al. Regulation of breast cancer stemcell activity by signaling through
the Notch4 receptor. Cancer Res 2010;70:709–18.

14. Kalyuga M, Gallego-Ortega D, Lee HJ, Roden DL, Cowley MJ, Caldon
CE, et al. ELF5 suppresses estrogen sensitivity and underpins the
acquisition of antiestrogen resistance in luminal breast cancer. PLoS
Biol 2012;10:e1001461.

15. Owens TW, Naylor MJ. Breast cancer stem cells. Front Physiol 2013;
4:225.

16. Cohen MMJr. Perspectives on RUNX genes: an update. Am J Med
Genet Part A. 2009;149A:2629–46.

17. ChimgeNO, Frenkel B. TheRUNX family in breast cancer: relationships
with estrogen signaling. Oncogene 2013;32:2121–30.

18. Komori T, Yagi H, Nomura S, Yamaguchi A, Sasaki K, Deguchi K, et al.
Targeted disruption of Cbfa1 results in a complete lack of bone
formation owing to maturational arrest of osteoblasts. Cell 1997;89:
755–64.

19. Otto F, Thornell AP, Crompton T, Denzel A, Gilmour KC, Rosewell IR,
et al. Cbfa1, a candidate gene for cleidocranial dysplasia syndrome, is
essential for osteoblast differentiation and bone development. Cell
1997;89:765–71.

20. Kouros-Mehr H,Werb Z. Candidate regulators of mammary branching
morphogenesis identified by genome-wide transcript analysis. Dev
Dynamics 2006;235:3404–12.

21. Kendrick H, Regan JL, Magnay FA, Grigoriadis A, Mitsopoulos C,
Zvelebil M, et al. Transcriptome analysis of mammary epithelial sub-
populations identifies novel determinants of lineage commitment and
cell fate. BMC Genomics 2008;9:591.

22. Inman CK, Shore P. The osteoblast transcription factor Runx2 is
expressed in mammary epithelial cells and mediates osteopontin
expression. J Biol Chem 2003;278:48684–9.

23. Barnes GL, Javed A, Waller SM, Kamal MH, Hebert KE, Hassan MQ,
et al. Osteoblast-related transcription factors Runx2 (Cbfa1/AML3)
and MSX2 mediate the expression of bone sialoprotein in human
metastatic breast cancer cells. Cancer Res 2003;63:2631–7.

24. ChimgeNO, Baniwal SK, Little GH, Chen YB, KahnM, Tripathy D, et al.
Regulation of breast cancer metastasis by Runx2 and estrogen sig-
naling: the role of SNAI2. Breast Cancer Res 2011;13:R127.

25. Pratap J, Imbalzano KM, Underwood JM, Cohet N, Gokul K, Akech J,
et al. Ectopic runx2 expression in mammary epithelial cells disrupts
formation of normal acini structure: implications for breast cancer
progression. Cancer Res 2009;69:6807–14.

26. Mendoza-Villanueva D, Zeef L, Shore P.Metastatic breast cancer cells
inhibit osteoblast differentiation through the Runx2/CBFbeta-depen-
dent expression of the Wnt antagonist, sclerostin. Breast Cancer Res
2011;13:R106.

27. Pratap J, Javed A, Languino LR, van Wijnen AJ, Stein JL, Stein GS,
et al. The Runx2 osteogenic transcription factor regulates matrix
metalloproteinase 9 in bone metastatic cancer cells and controls cell
invasion. Mol Cell Biol 2005;25:8581–91.

28. JavedA,BarnesGL,Pratap J,Antkowiak T,Gerstenfeld LC, vanWijnen
AJ, et al. Impaired intranuclear trafficking of Runx2 (AML3/CBFA1)
transcription factors in breast cancer cells inhibits osteolysis in vivo.
Proc Natl Acad Sci U S A 2005;102:1454–9.

29. Wagner K-U, Wall RJ, St-Onge L, Gruss P, Wynshaw-Boris A, Garrett
L, et al. Cre-mediated gene deletion in the mammary gland. Nucleic
Acids Res 1997;25:4323–30.

30. Lin EY, Jones JG, Li P, Zhu L,WhitneyKD,MullerWJ, et al. Progression
to malignancy in the polyoma middle T oncoprotein mouse breast

cancer model provides a reliable model for human diseases. Am
J Pathol 2003;163:2113–26.

31. Asselin-LabatML, SutherlandKD, Vaillant F, Gyorki DE,WuD, Holroyd
S, et al. Gata-3 negatively regulates the tumor-initiating capacity of
mammary luminal progenitor cells and targets the putative tumor
suppressor caspase-14. Mol Cell Biol 2011;31:4609–22.

32. Ball RK, Friis RR, Schoenenberger CA, Doppler W, Groner B. Prolactin
regulation of beta-casein gene expression and of a cytosolic 120-kd
protein in a cloned mouse mammary epithelial cell line. EMBO J
1988;7:2089–95.

33. Simmons MJ, Serra R, Hermance N, Kelliher MA. NOTCH1 inhibition
in vivo results in mammary tumor regression and reduced mam-
mary tumorsphere-forming activity in vitro. Breast Cancer Res 2012;
14:R126.

34. Pratap J, Wixted JJ, Gaur T, Zaidi SK, Dobson J, Gokul KD, et al.
Runx2 transcriptional activation of Indian Hedgehog and a down-
stream bone metastatic pathway in breast cancer cells. Cancer Res
2008;68:7795–802.

35. Liu W, Toyosawa S, Furuichi T, Kanatani N, Yoshida C, Liu Y, et al.
Overexpression of Cbfa1 in osteoblasts inhibits osteoblast maturation
and causes osteopenia with multiple fractures. J Cell Biol 2001;155:
157–66.

36. Ann EJ, Kim HY, Choi YH, Kim MY, Mo JS, Jung J, et al. Inhibition of
Notch1 signaling by Runx2 during osteoblast differentiation. J Bone
Miner Res 2011;26:317–30.

37. Xu N, Liu H, Qu F, Fan J, Mao K, Yin Y, et al. Hypoxia inhibits the
differentiation of mesenchymal stem cells into osteoblasts by activa-
tion of Notch signaling. Exp Mol Path 2013;94:33–9.

38. Rios AC, Fu NY, Lindeman GJ, Visvader JE. In situ identification of
bipotent stem cells in the mammary gland. Nature 2014:506:322–7.

39. Lucero CM, Vega OA, Osorio MM, Tapia JC, Antonelli M, Stein GS,
et al. The cancer-related transcription factor Runx2 modulates cell
proliferation in human osteosarcoma cell lines. J Cell Physiol 2013;
228:714–23.

40. Shen R, Wang X, Drissi H, Liu F, O'Keefe RJ, Chen D. Cyclin D1-cdk4
induce runx2 ubiquitination and degradation. J Biol Chem 2006;
281:16347–53.

41. Musgrove EA, Caldon CE, Barraclough J, Stone A, Sutherland RL.
Cyclin D as a therapeutic target in cancer. Nat Rev Cancer 2011;
11:558–72.

42. Peurala E, Koivunen P, Haapasaari KM, Bloigu R, Jukkola-Vuorinen A.
The prognostic significance and value of cyclin D1, CDK4 and p16 in
human breast cancer. Breast Cancer Res 2013;15:R5.

43. Xu XL, Chen SZ, Chen W, Zheng WH, Xia XH, Yang HJ, et al. The
impact of cyclin D1 overexpression on the prognosis of ER-positive
breast cancers: a meta-analysis. Breast Cancer Res Treat 2013;
139:329–39.

44. Casimiro MC, Wang C, Li Z, Di Sante G, Willmart NE, Addya S, et al.
Cyclin D1 determines estrogen signaling in themammary gland in vivo.
Mol Endocrinol 2013;27:1415–28.

45. Jeselsohn R, Brown NE, Arendt L, Klebba I, Hu MG, Kuperwasser C,
et al. Cyclin D1 kinase activity is required for the self-renewal of
mammary stem and progenitor cells that are targets of MMTV-ErbB2
tumorigenesis. Cancer Cell 2010;17:65–76.

46. Ling H, Sylvestre JR, Jolicoeur P. Cyclin D1-dependent induction of
luminal inflammatory breast tumors by activated notch3. Cancer Res
2013;73:5963–73.

47. Hernandez LL, Gregerson KA, Horseman ND. Mammary gland sero-
tonin regulates parathyroid hormone-related protein and other bone-
related signals. Am J Physiology Endo Metab 2012;302:E1009–15.

48. Wagner KU, Booth BW, Boulanger CA, Smith GH. Multipotent PI-
MECs are the true targets of MMTV-neu tumorigenesis. Oncogene
2013;32:1338.

49. Lim E, Vaillant F, Wu D, Forrest NC, Pal B, Hart AH, et al. Aberrant
luminal progenitors as the candidate target population for basal tumor
development in BRCA1 mutation carriers. Nat Med 2009;15:907–13.

50. Luo M, Zhao X, Chen S, Liu S, Wicha MS, Guan JL. Distinct FAK
activities determine progenitor and mammary stem cell characteris-
tics. Cancer Res 2013;73:5591–602.

Cancer Res; 74(18) September 15, 2014 Cancer Research5286

Owens et al.

on October 15, 2014. © 2014 American Association for Cancer Research. cancerres.aacrjournals.org Downloaded from 

Published OnlineFirst July 23, 2014; DOI: 10.1158/0008-5472.CAN-14-0053 

http://cancerres.aacrjournals.org/

