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Abstract

Regulators of differentiated cell fate can offer targets for managing cancer development and

progression. Here we identify Runx2 as a new regulator of epithelial cell fate in mammary gland

development and breast cancer. Runx2 is expressed in the epithelium of pregnant mice in a strict

temporally and hormonally-regulated manner. During pregnancy, Runx2 genetic deletion impaired

alveolar differentiation in a manner that disrupted alveolar progenitor cell populations.

Conversely, exogenous transgenic expression of Runx2 in mammary epithelial cells blocked milk

production, suggesting that the decrease in endogenous Runx2 observed late in pregnancy is

necessary for full differentiation. In addition, overexpression of Runx2 drove EMT-like changes in

normal mammary epithelial cells, while Runx2 deletion in basal breast cancer cells inhibited

cellular phenotypes associated with tumorigenesis. Notably, loss of Runx2 expression increased

tumor latency and enhanced overall survival in a mouse model of breast cancer, with Runx2-

deficient tumors exhibiting reduced cell proliferation. Together, our results establish a novel
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function for Runx2 in breast cancer that may offer a novel generalized route for therapeutic

interventions.
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Introduction

Identifying new regulators of breast cancer progression is critical to enable the discovery of

novel therapies that will improve patient survival. To this end, how cell fate is controlled in

the breast is an area of intense interest. The mammary gland is a hierarchically organized

epithelial tissue within a stromal fat pad consisting of adipocytes, fibroblasts and

endothelium (1). The epithelial compartment contains stem cells capable of reconstituting an

entire functional gland, with the two main epithelial lineages (luminal and basal) then

arising through a series of progenitors (2-4). The complexity of the mammary epithelial

hierarchy is continuing to expand with much still to be determined (5, 6).

As direct regulators of gene expression, transcription factors are commonly involved in cell

fate decisions. Transcription factors, such as Gata3, Elf5 and Notch have established roles in

controlling mammary epithelial cell fate during development (7-11). Significantly, many of

the transcription factors that regulate normal organogenesis also contribute to breast cancer

phenotype. For example, Gata3, Elf5 and Notch influence tumor aggressiveness, subtype

and cancer stem cells (12-15). Thus, understanding the mechanisms that control cell fate

during normal development will also provide insight into breast tumorigenesis, where these

signaling networks are disrupted.

Runx transcription factors are evolutionarily conserved regulators of cell fate, with 3 family

members present in mammals (Runx1-3). The Runx proteins have well-established roles in

hematopoietic (Runx1), bone (Runx2) and gastrointestinal/neuronal (Runx3) development,

although their expression is not restricted to these tissues (16). All 3 family members are

associated with cancer progression, acting as tumour suppressors or oncogenes in a context

dependent manner (17). Runx2 is essential for bone development and homeostasis in the

mouse, with Runx2−/− mice dying perinatally due to failed osteoblast differentiation (18,

19). Referred to as the master regulator of bone development, relatively few studies have

examined Runx2 function in other developmental contexts. In the mammary gland, Runx2 is

expressed in embryonic mammary buds, and both basal and luminal cell lineages in the adult

(19-21), where it directly regulates the expression of a number of genes associated with

mammary gland development (22). Runx2 is also highly expressed in breast cancer cell

lines, compared to normal epithelial cells (23), with Runx2 target gene expression inversely

correlating with estrogen receptor expression (24). In vitro studies suggest Runx2 functions

in epithelial tumorigenesis by inducing aberrant proliferation and inhibiting apoptosis (25).

Moreover, Runx2 may contribute to aspects of breast cancer metastasis, such as epithelial-

to-mesenchymal transition (EMT), disruption of acini morphology, colonisation of distal

sites or bone osteolysis (24, 26), potentially through the regulation of genes such as estrogen
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receptor, matrix metalloproteinase 9 & 13, transforming growth factor beta receptor and

vascular endothelial growth factor, that are associated with a metastatic phenotype (27, 28).

Despite the evidence that Runx2 can influence mammary cell function in vitro, the role of

Runx2 in normal mammary gland development and breast cancer has not been examined in

vivo.

We used two genetic methods of Runx2-deletion to test Runx2 function in normal mammary

gland development and breast tumor progression. Conditional Runx2 deletion in mammary

epithelial cells using MMTV-cre (Runx2f/f;MMTV-cre) impaired ductal outgrowth during

puberty and disrupted progenitor cell differentiation in pregnancy. Runx2−/− mammary

epithelium transplanted into fat pads of immunodeficient recipients also exhibited a marked

developmental defect during pregnancy, with the same alterations in the proportion of

progenitor cells observed in Runx2f/f;MMTV-cre mice. Exogenous Runx2 expression

impaired differentiation in HC11 mammary epithelial cells, with concurrent phenotypic

changes consistent with EMT. In a mouse model of luminal breast cancer, Runx2 deletion

significantly increased animal survival and was associated with reduced proliferation and

cyclin D1 expression. Together our data demonstrate that Runx2 is a novel regulator of

mammary progenitors and breast tumorigenesis.

Methods

Mice were housed in Bosch Rodent Facility and Walter and Eliza Hall Institute Animal

Facility in accordance with ethics approvals K00/6-11/3/5545 and Walter and Eliza Hall

Institute Animal Ethics Committee 2011.002. Mammary glands of Balb/c mice were

collected at virgin, pregnancy, lactation and involution time points (V, P, L and I,

respectively), snap frozen and homogenised in Trizol, followed by extraction of RNA and

protein. Lymph nodes were removed from mammary glands prior to freezing. RT-PCR was

performed with SuperscriptIII (Life Technologies) and qPCR performed on ABI7900HT

with taqman probes (Applied Biosystems).

Mammary placodes dissected from Runx2+/+ and Runx2−/− (19) E14.5 embryos were

transplanted into cleared 4th inguinal mammary fat pads of 3-week-old Rag1−/−recipients

(Animal Resource Centre, Perth, Australia) as previously described (8). Time matings were

performed overnight with the following day termed day 0.5 of pregnancy. The floxed

Runx-2 construct and mice were generated by OzGene (Perth, Australia). Targeted mice

were crossed with MMTV-cre (line A) mice (a kind gift from K.-U. Wagner, Omaha, NE

(29)) to generate Runx2f/f;MMTV-cre animals. Longitudinal and cross-sectional analysis of

Runx2 deletion in the Polyoma Middle T transgenic (PyMT) breast cancer model (30) was

performed by crossing Runx2+/− mice with MMTV-PyMTtg/+ (PyMT) mice (30) and back

crossing to Runx2+/− mice, to produce Runx2+/+;PyMT and Runx2−/−;PyMT embryos that

were transplanted to 3-week-old Rag1−/− mice as previously described. The cross-sectional

analyses of Runx2+/+;PyMT and Runx2−/−;PyMT transplants were performed 13 weeks

post-transplantation. Mammary glands were fixed in 10% NBF overnight and stained with

carmine. Following imaging of whole mounts, mammary glands were paraffin embedded

and 5 μm sections cut for hematoxylin and eosin (H&E) and immunostaining analyses

(SMA (Sigma), ZO1 (Life Technologies), cytokeratin-8 (Progen), p63 (Abcam), Ki67
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(Thermo Scientific), Cyclin D1 (Abcam), Runx2 – D130.3 (MBL) β-casein (generous gift

from Professor Charles Streuli, University of Manchester)). Flow cytometry analyses of

progenitor cell populations were performed as previously described (31). Briefly, single cell

suspensions of inguinal and thoracic mammary glands were incubated with antibody (CD31,

CD45, TER119 (BD Biosciences), CD24, CD29 (Biolegend), CD14 (eBioscience) and ckit

(in-house)) and analysed in the following combinations: lineage negative (lin−:

CD31−CD45−TER119−), MaSC-enriched population (lin-CD29hiCD24+), luminal

population (lin-CD29loCD24+), luminal progenitor population

(lin−CD29loCD24+CD14+ckit+) and alveolar progenitor population

(lin−CD29loCD24+CD14+ckit−/lo). In the PyMT studies, tumor-free survival is the age when

tumors were first detected and overall survival was determined to be when the tumor

reached 10% of body weight (ethical end point). Cell lines were validated by the Tissue

Culture Facility, Garvan Institute of Medical Research. Culture media were as follows;

MDA-MB-231 (RPMI, 10% FBS), MCF10A-EcoR (DMEM/F12, 5% Horse Serum, 0.5

μg/ml hydrocortisone, 20 ng/ml EGF, 10 μg/ml insulin, 100 ng/ml Cholera toxin), HC11

(RPMI, 10% FBS, 10 ng/ml EGF, 5 μg/ml insulin). HC11 cells were differentiated by

addition of 100 nM dexamethasone, 5 ug/ml insulin and 5 ug/ml prolactin (DIP), in the

absence of EGF. Runx2 cDNA (NM_001024630; Origene) was subcloned into pMIG-IRES-

EGFP and retrovirus created by transfecting PLAT-E cells with pMIG or pMIGRunx2.

Viral-containing supernatant was added to cultures of HC11 and MCF10A-EcoR cells and

stably transfected cells isolated by FACS. MDA-MB-231 cells were transfected with 10 nM

Runx2 or non-target control siRNA (Ambion) using Lipofectamine 2000 and migration

assay performed 48 hours post-transfection. Real-time migration analyses were performed

on xCelligence (Roche) by measuring increasing electrical impedance as cells migrated

across electrodes. 10% FBS was used as the chemoattractant. Cell growth was analysed on

Incucyte Zoom using associated software (Essen Bioscience). For western blotting, cells

were lysed in RIPA buffer supplemented with protease inhibitor cocktail (Roche).

Antibodies (not already described) were Notch 1, Cleaved Notch 1 (NICD), pStat5

(Tyr694), Stat5a, Runx2 (Cell Signalling), pFak (Y397) (Biosource), E-Cadherin and N-

Cadherin (BD Transduction Laboratories) and β actin (Sigma).

For IHC analysis, antigen retrieval was performed in citrate buffer (pH 6.0). Cyclin D1 IHC

was performed without antigen retrieval. Metamorph software was used to quantify Ki67

positive cells, with equal image analysis parameters applied to at least 10 epithelial regions

of interest/gland. Cyclin D1 staining was quantified manually with ImageJ particle counter

of at least 4000 cells/gland.

Results

Developmentally-regulated expression of Runx2 in the mammary gland

Runx2 is expressed in both embryonic and adult mammary epithelium in the basal and

luminal cell linages (19-21), but its developmental profile is unknown. To examine the

developmental regulation of Runx2 expression during mammopoiesis, we examined Runx2

mRNA and protein levels at different stages of mouse mammary gland development.

Quantitative PCR analysis revealed that Runx2 expression remained relatively unchanged
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between adult virgins and mice in either early or mid-pregnancy, but fell significantly

towards the end of pregnancy and remained low in lactation (Figure 1A). Analyses of Runx2

protein levels also exhibited a similar trend with Runx2 levels lowest at late pregnancy and

early lactation (Figure 1B). Runx2 immunostaining confirmed previous microarray data (20,

21), with Runx2 expressed in both the ducts and terminal end buds of virgin mice (Figure

1C, Figure S2D). Together these data suggest that Runx2 plays a role during the early to

mid-phases of pregnancy but may not be required in late pregnancy or lactation.

Runx2 regulates epithelial progenitors during pregnancy

To determine the developmental role of Runx2 in the breast, we analysed the mammary

glands of Runx2 knockout (Runx2−/−) mice. As Runx2−/− mice die soon after birth due to

failed skeletal development, we transplanted embryonic mammary buds from Runx2−/− and

control (Runx2+/+) mice into the cleared fat pads of 3-4 week old immunocompromised

Rag1−/− recipients. This assay addresses phenotypes intrinsic to the transplanted mammary

epithelium. Runx2 deletion was confirmed by IHC (Figure 1C) and in virgin mice at 16

weeks post-transplantation, no differences were observed between the Runx2+/+ and

Runx2−/− mammary glands, indicating that Runx2 may not be required for branching

morphogenesis (Figure 2A-B). No developmental differences were observed at days 7 or 12

of pregnancy (Figure S1A, data not shown). However, it was apparent by day 18.5 of

pregnancy (P18.5) that Runx2−/− mammary glands were under-developed, with a lower

density of alveoli compared with Runx2+/+ glands (Figure 2C). The same phenotype was

observed on the first day postpartum (Figure S1B).

The alveoli in Runx2−/− glands did not have a discernable lumen, although

immunofluorescence staining for the polarity markers ZO1 and SMA indicated that the

alveoli were correctly polarized (Figure 2D-E & S1C). Thus, the lack of engorgement of the

Runx2−/− alveoli suggested a potential secretory differentiation defect. While some

epithelial areas showed no signs of secretory activation, other regions of the Runx2−/− gland

displayed alveoli containing fat globules, indicating that secretory activation had occurred.

Immunohistochemistry showed that milk proteins were detected in the Runx2−/− gland at

both P18.5 and L1 (Figures 2F and S1D). Quantitation of mRNA expression of several milk

protein genes in the P18.5 glands indicated that WAP and β casein levels were moderately

downregulated in Runx2−/− glands (Figure S1E). These data demonstrate that Runx2 is

required for alveolar development during late pregnancy, but that alveolar polarisation and

lactational differentiation still occur in the absence of Runx2.

To further investigate the function of Runx2 during mammary gland development, we

created mice in which loxP sites were engineered into the endogenous Runx2 locus to

enable conditional silencing of Runx2 expression. Mouse mammary tumor virus (MMTV)

promoter-driven Cre line A (29) expression facilitated tissue-specific deletion of Runx2 in

the mammary gland (Figure S2). In the mammary glands of Runx2f/f;MMTV-cre mice, we

observed a transient delay in ductal morphogenesis during puberty, with a mild reduction in

the percentage of fat pad filling compared to control littermates at 6 weeks of age (Figure

S3A). By 8 weeks the glands of Runx2f/f;MMTV-cre and control mice were

indistinguishable, suggesting that Runx2 contributes to ductal morphogenesis in puberty but
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is not essential at this time. Moreover, the ducts of Runx2f/f;MMTV-cre mammary glands

appeared normal, containing both the outer myoepithelial (p63-positive) and inner luminal

epithelial (keratin-8 positive) cells (Figure 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/+ mice (Figure 3A-C). Lineage analysis of different mammary cell

populations has provided mechanistic insight into the function of a number of transcriptional

regulators of mammary gland development (6-11). To further investigate cellular changes in

the Runx2-deficient model, we employed flow cytometry to isolate mammary epithelial

subpopulations (25). The overall proportions of basal (CD29hiCD24+) and luminal

(CD29loCD24+) cell populations were unchanged at mid-pregnancy between Runx2f/+ and

Runx2f/f;MMTV-cre mammary glands (Figure 3D). Next, CD14 and ckit were used to

discriminate the luminal progenitor and alveolar progenitor populations (25). We observed

an increase in the CD14+ckit−/lo alveolar progenitor population in Runx2f/f;MMTV-cre

mammary glands at 14.5 days of pregnancy compared to controls at the same time point

(Figure 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 (CD14+ckit+) to

alveolar (CD14+ckit−/lo) progenitors compared to Runx2+/+ controls (Figure S4). Therefore,

these data demonstrate 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 specification 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 epithelial cell fate control, we

examined the functional significance of the Runx2 inhibition during late pregnancy. To this

end, we utilised the mammary epithelial cell line HC11, which was 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 differentiation 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 hrs following prolactin treatment (Figure 4A). This change in Runx2 level is similar

to that observed in vivo towards the end of pregnancy (Figure 1A) and demonstrated that

Runx2 expression levels decreased concurrent with the induction of lactational

differentiation.

To test the hypothesis that this decrease in Runx2 expression is required for differentiation

to occur, we generated HC11 cells stably overexpressing Runx2 and examined β-casein

expression in response to prolactin. In control HC11 cells, β-casein expression was induced

after 24 hours treatment with prolactin and continued to increase up to 72 hours (Figure 4B).

However, β-casein expression was significantly reduced in HC11-Runx2 cells at all time

points. Analysis of Stat5 activation following prolactin stimulation in the same cells (Figure

S5), showed no difference in the level of pStat5 between control and Runx2 overexpressing
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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 majority of cells were CK18-negative

(Figure 4C). This is consistent with HC11 cells being a heterogeneous population. In Runx2

overexpressing cells, CK18 expression was not detected, either by immunofluorescence or

western blotting (Figure 4C). Notch1 regulates the specification of luminal progenitors,

while expression of activated Notch1 (NICD) induces 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 (Figure 4D) and reducing expression of hey1 (Figure 4E) a

downstream target of Notch signaling. Together, these data demonstrate that sustaining

Runx2 expression in mammary epithelial cells perturbs differentiation and maintains HC11

cells in a less differentiated 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 (Figure 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 (Figure

4G-H). In agreement with previous work, Runx2 overexpression induced morphological

changes in normal human breast (MCF10A) cells and Runx2 siRNA reduced migration of

human breast cancer (MDA-MD-231) cells (Figure 4I-J; (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; Figure 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 of mammary tumourigenesis is largely unknown. To

address this question, we deleted Runx2 in the MMTV-PyMT mouse model by crossing

Runx2+/− and PyMT mice together to generate either PyMT;Runx2−/− or PyMT;Runx2+/+

embryos. The dissected embryonic mammary buds were then transplanted to Rag1−/− hosts

and tumor incidence and survival analyzed in recipient mice. There was a significant

increase in time to tumor detection in Rag1−/− recipients of PyMT;Runx2−/− mammary

epithelium compared to recipients of PyMT;Runx2+/+ epithelium (HR=0.21; p=0.0017,

Figure 5A). There was an even more significant increase in overall survival in the absence

of Runx2 (HR=0.12; p=0.0002, Figure 5B). Metastases were not detected in Rag1−/−

immunocompromised mice transplanted with either PyMT;Runx2+/+ 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.
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To examine the mechanism of prolonged survival in the absence of Runx2 we performed a

cross-sectional analysis at 13 weeks post-transplantation, prior to detection of palpable

tumours. Morphologically, the PyMT;Runx2−/− glands were consistently less neoplastic

than the PyMT;Runx2+/+ tissues (Figure 5C). Indeed, proliferation levels were significantly

lower in the hyperplastic regions of PyMT;Runx2−/− epithelium (Figure 5C-D).

Furthermore, cyclin D1 expression was also reduced in the absence of Runx2 (Figure 5E-F).

Together, these data demonstrate that Runx2 functions to promote tumour progression in

vivo by facilitating increased proliferation rates, leading to decreased survival.

Discussion

This is the first study to use genetic models 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).

The mammary 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 towards a more alveolar-committed population that have a more

differentiated phenotype (31). Interestingly, expression of Notch1 intracellular domain in the

developing mammary gland increases the mature luminal cell population, suggesting that

Notch1 promotes luminal cell differentiation (33). We observed decreased Notch1 activation

in HC11 cells overexpressing Runx2, raising the possibility that inhibitory cross-talk

between Runx2 and Notch1 controls luminal cell lineage specification, similar to the

interaction between Runx2 and Notch1 during osteoblast differentiation (36, 37). Disrupting

progenitor populations in the primary setting perturbs normal breast development and while

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.

The Runx2−/− and Runx2f/f;MMTV-cre mice 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 microarrays have

identified Runx2 mRNA in both basal (CD29hiCD24+) and luminal (CD29+CD24+) cell

populations (21). Runx2 expression in ER negative luminal cells may act in a cell-

autonomous manner to control progenitor 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.
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In the PyMT breast cancer model, we demonstrate a reduction in proliferative cells and

cyclin D1 levels in the absence of Runx2. The percent and distribution of cyclin D1 cells in

Runx2+/+;PyMT mice at the early stage of tumorigenesis is consistent with prior

observations (30). There is much debate on the role of Runx2 has in proliferation, with cell-

type, temporal and levels of expression all expected to play a role (39). How removal of

Runx2 reduces cyclin D1 expression is not known, in fact cyclin D1 has been shown to

induce downregulation of Runx2 in other systems (40), potentially indicating a negative

feedback mechanism or Runx2 might be required for paracrine signals to induce cyclin D1.

For instance, in MDA-MB-231 cells, TGFβ-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 activity of cyclin D1 is necessary for maintenance of

pregnancy-induced mammary epithelial cell progenitors (PI-MECs) (45). Recently, Notch3-

induced mouse breast tumors were 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 tumour phenotype, and we aim to examine this

further in the future.

Epithelial-to-mesenchymal transition is associated with 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 over-

expression in MCF7 breast cancer cells induced EMT and promoted cancer cell-invasion

through matrigel (24). Conversely, blocking Runx2 function by inhibiting Runx2 sub-

nuclear trafficking reduced MDA-MB-231 cell invasion in culture assays (28). Runx2 drives

EMT through downstream targets such as TGFβ, Wnt and Snai2, which are also associated

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, while

Runx2-mediated expression of the anti-apoptotic protein 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 xenotransplantation 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 associated

with breast cancer progression and bone demineralization and may indicate a mechanism by

which Runx2-dependent 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 tumour 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 (PI-MEC) progenitors are thought to be the cell of
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origin in MMTV-ErbB2/neu/HER2 driven tumours (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 models 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 factors and examine the

potential of Runx2 as a therapeutic target in breast cancer.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Runx2 expression is developmentally regulated in the mammary gland.

A) Quantitative PCR of Runx2 expression across a developmental time course (n=3 mice at

each time point) P-pregnancy; L-lacation; I-involution (*** p<0.01).

B) Representative western blot of Runx2 expression of protein extracted from same tissue as

mRNA used in (A).

C) Runx2 immunohistochemistry of Runx2+/+ and Runx2−/− mammary glands generated by

transplantation of Runx2+/+ and Runx2−/− embryonic mammary tissue to Rag1−/− hosts.

Glands collected 16 weeks post-transplantation, from virgin Rag1−/− recipient mice with

cross-section of duct shown (Scale bar 50 μm).
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Figure 2.
Failed lobuloalveolar development in Runx2−/− mammary glands.

A) Whole mounts of transplanted Runx2+/+ and Runx2−/− mammary glands isolated from

virgin Rag1−/− recipients at 16 weeks post-transplantation (Scale bar 1 mm).

B) H&E stained section through epithelial duct of glands shown in (A) (Scale bar 12.5 μm).

C-D) Same as in (A-B), but transplanted mammary glands collected at day 18.5 of

pregnancy (P18.5) Arrows indicate lipid globules.

E) Sections of P18.5 Runx2+/+ and Runx2−/− mammary glands were analysed by

immunofluorescence for polarity markers ZO1 (apical) and smooth muscle actin (SMA:

basal).

F) Immunohistochemical analysis of β casein expression in Runx2+/+ and Runx2−/−

mammary glands at P18.5 (Scale bar 25 μm). Higher magnification image shown in (G).
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Figure 3.
Runx2 regulates alveolar progenitor populations.

A) Carmine stained mammary gland whole mounts from Runx2f/+ and MMTV-cre;Runx2f/f

at day 14.5 of pregnancy (P14.5) (Scale bar 1 mm).

B) Representative H&E stained sections of tissues shown in (A) (Scale bar 25 μm).

Quantification of area of fat pad occupied by epithelium is shown in graph alongside images

(p<0.001). Higher magnification images shown in (C).
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D) Flow cytometry analysis of Runx2f/+ and MMTV-cre;Runx2f/f mammary epithelial

populations. MaSC-enriched (lin-CD29hiCD24+) and luminal (lin-CD29loCD24+)

populations were analysed at P14.5.

E) Flow cytometry analysis of the luminal population (CD29loCD24+) by fractionating

progenitor CD14+ cells and then analysing ckit expression. Representative FACS plots are

shown. Data for MMTV-cre control mammary glands are included in the graph quantifying

luminal progenitor populations (** p<0.01 & *** p<0.001).
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Figure 4.
Maintaining Runx2 expression blocks differentiation and induces cancer-associated changes

in mammary epithelial cells

A) Runx2 expression by qPCR in HC11 cells, left untreated or treated with differentiation

media (dexamethasone, insulin and prolactin) for 24, 48 and 72 hrs (n=3, error bars

represent S.E.M.).
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B) HC11 cells stably over-expressing Runx2 or EGFP were treated with dexamethasone and

insulin, with and without prolactin to induce differentiation as indicated for the times shown

and β-casein expression was assessed by qPCR (n=3, error bars represent S.E.M.).

C) Cytokeratin-18 expression (CK18) in HC11 stable lines treated with and without

differentiation media (DIP) for 48 hrs was examined by immunofluorescence (left panel)

and western blotting (right panel). Merged = CK18+DAPI.

D) Western blot of whole cell lysates from pMIG and pMIGRunx2 HC11 cells in

differentiation media for 24 hours with or without prolactin as indicated.

E) Quantitative PCR of Hey1 expression from pMIG and pMIGRunx2 HC11 cells in

differentiation media with prolactin for 72 hours (n=3, error bars represent S.E.M. p=0.027).

F) Growth rates of pMIG and pMIGRunx2 HC11 cells was determined using live-cell

imaging and quantifying cell confluence using phase-contrast image mask (n=3, performed

in triplicate, 4 image positions/well, error bars represent S.E.M.).

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 analysed in real-time by

xCelligence, using 10% FCS as chemoattractant or blank media as a control (n=3, error bars

represent S.E.M.).

I) MCF10A cells expressing pMIG and pMIGRunx2 were selected by FACS. Phase-contrast

images show a more fibroblastic morphology in pMIGRunx2-expressing cells (left).

Expression of EMT-markers was determined by western blotting (right).

J) MDA-MB-231 cells were treated with Runx2 shRNA or non-target control shRNA and 48

hours later subjected to migration analysis on Excelligence using 10 % FCS as

chemoattractant.

In all experiments *** represents p<0.01.
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Figure 5.
Runx2 promotes tumorigenesis in pre-clinical breast cancer model

A-B) Kaplan-Meier survival plots of tumor-free survival (A) and overall survival (B) of

Rag1−/− recipient mice carrying either Runx2+/+;PyMT or Runx2−/−;PyMT transplanted

mammary glands.

C) Representative images of whole-mounts (top panels) (Scale bar 0.5 mm) and Ki67 IHC

(bottom panels) of Runx2+/+;PyMT and Runx2−/−;PyMT mammary glands 13 weeks post-

transplant (Scale bar 12.5 μm).
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D) Quantification of Ki67 IHC described in (C) (n=3 mice, error bars represent S.E.M.).

E) Representative images of cyclin D1 IHC of Runx2+/+;PyMT and Runx2−/−;PyMT

mammary glands 13 weeks post-transplant (Scale bar 12.5 μm).

F) Quantification of Ki67 IHC. (n=3 mice, error bars represent S.E.M.).

In all experiments * represents p<0.05 and *** represents p<0.01.
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