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Abstract

Runx2, a master regulator of osteogenesis, is abnormally expressed in advanced prostate cancer. 

Here we addressed Runx2 contribution to formation of prostate cancer-related osteolytic and 

osteoblastic bone lesions by mediating TGFβ/BMP signaling through direct interaction with 

Smads. Further, we examined involvement of the Runx2-Smad complex in mediating tumor 

growth and distal metastasis. To identify Runx2-Smad specific mechanisms of prostate tumor 

activity in bone, we generated PC3 prostate cancer cell lines expressing Runx2-WT or one of two 

mutant proteins (Runx2-HTY and Runx2-ΔC) that each disrupt the Runx2-Smad interaction, 

either directly through a point mutation or by deletion of the functional C-terminus, respectively. 

Intratibial tumors generated from these cells revealed that Runx2-WT expressing cells resulted in 

predominantly osteolytic disease, while cells expressing mutant proteins exhibited tumors with 

mixed osteolytic/osteoblastic lesions. Extent of bone loss and of woven bone formation was 

assessed by radiography and micro-computed tomography. Bioluminescent imaging showed the 

presence of labeled prostate cancer cells in the lung at the latest time point examined, with Runx2-

WT group exhibiting increased incidence of tumor cells in lung. Notably, disruption of the Runx2-

Smad interaction significantly reduced incidence and size of lung tumors. Altered expression of 

Runx2 target genes involved in invasion, growth, adhesion and metastasis supported our findings. 

Thus, our studies demonstrate that Runx2 in prostate cancer cells plays a significant role in 

intratibial prostate cancer-related tumor growth and bone loss through mechanisms mediated by 

the Runx2-Smad signaling pathway. This work expands upon the potential importance of Runx2 

as a therapeutic target in cancer.
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Introduction

Prostate cancer is the most frequently diagnosed malignancy and the second leading cause of 

cancer-related death among men in the United States.1 Prostate cancer bone metastasis is the 

leading cause of morbidity; almost 80% patients with advanced prostate cancer have bone 

metastasis.2 While many factors have been associated with metastasis to bone, the 

osteogenic transcription factor Runx2 has been implicated in multiple stages of prostate 

cancer progression.3,4 Runx2 is a scaffolding protein which promotes bone formation by 

interacting with regulators of cell growth (for example pRB, p53 and the WWOX tumor 

suppressor) or with mediators of signaling cascades that are upregulated in tumor cells, 

including TGFβ/BMP or Wnt in prostate tumor cells.3,5 Runx2 is aberrantly expressed in 

advanced human prostate tumors and metastatic prostate cancer cell lines (e.g., PC3).4 Past 

studies have indicated several regulatory factors in prostate tumors that result in highly 

expressed Runx2, including loss of miR-203, which represses Runx2,6 as well as FOXO1, a 

negative regulator of Runx2.7 Furthermore, many well characterized Runx2 target genes 

{e.g., vascular endothelial growth factor (VEGF), matrix metalloproteinases (MMPs), bone 

sialoprotein (BSP) and osteopontin (OPN)} are associated with tumor growth, invasion and 

metastasis to bone.8–11 Transcriptome profiling of prostate cancer cells indicates that Runx2 

upregulates multiple genes with prominent cancer associated functions.12 Furthermore, 

Runx2 also increases survival of prostate cancer cells.13 Recent evidence demonstrates that 

effective depletion of Runx2 by RNA interference inhibits migration and invasive properties 

of tumor cells and prevents metastatic bone disease.4,14 Thus, characterizing the specific 

molecular properties contributing to these activities of Runx2 can lead to better therapeutic 

strategies.

Our previous studies have documented an important role of Runx2 in supporting osteolytic 

disease associated with breast and prostate tumor growth in bone.4,14,15 Importantly, 

prostate tumors in bone generate mixed lesions with some osteolytic, but mainly 

osteoblastic, disease in which large amounts of woven bone are deposited from secreted 

tumor products and surrounding cells.16,17 This pathologic bone formation occurs as a result 

of multiple molecular interactions among tumor, stromal, osteoclast and osteoblast lineage 

cells that are crucial in determining the extent of tumor growth and type of bone 

lesion.16,18,19 TGFβ, a key bone matrix and tumor cell-derived factor, significantly 

contributes to osteolytic bone metastasis by regulating Smad2 and Smad3.15,18–20 Numerous 

studies have documented that Runx2 mediates cellular responses to BMP/TGFβ signaling 

through formation of a Runx2-Smad transcriptional complex demonstrated by biochemical 

interaction and co-localization of the proteins in subnuclear domains.21–24 The importance 

of the fidelity of Runx2-Smad interaction was first documented in a patient presenting with 

cleidocranial dysplasia, where a truncating nonsense mutation that impaired this interaction 

was identified.25 Previously, a Smad interaction domain (SMID) was identified in the C-

terminus of Runx221 and later the requirement of three amino acids (426–428, HTY) for 

functional activity in mediating TGFβ and BMP signaling in in vitro studies.22 Mutation of 

these residues to AAA (designated Runx2-HTY) results in a protein that binds DNA to 

support transcriptional activity, but has impaired recruitment of Smad to Runx2 subnuclear 

foci.22 The C-terminus of Runx2 is responsible for subnuclear targeting, as well as 
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transcriptional activation and repression.26,27 The Runx2-ΔC mutant lacks the entire C-

terminus of Runx2, and homozygous mice harboring a Runx2-ΔC mutation display neonatal 

lethality comparable to the Runx2-null mouse.28 The presence of the SMID domain in the 

Runx2 C-terminus implicates the Runx2-Smad transcriptional complex as a key regulator of 

gene expression that promotes tumorigenesis and cancer-induced bone disease.

In this study, by using the Runx2–HTY mutant protein and the well documented intratibial 

model to study bone disease induced by tumor cells,29 we could address the specific 

biological contribution of Runx2-Smad signaling in inducing bone lesions and metastasis. 

By expressing in PC3 cells WT Runx2 and two mutant proteins (described above) that 

disrupt Runx2-Smad signaling, and comparing to parental control cells, we have identified 

the contribution of the Runx2-Smad functional complex to tumor growth in vivo, the 

metastatic potential of tumors formed in bone, and changes in the extent of osteolytic versus 

osteoblastic disease. The mechanistic basis for these modifications due to impaired Runx2-

Smad signaling is supported by a different profile of expressed genes among the cell lines. 

These findings, from both mutations, suggest novel targets of Runx2 related to different 

components of prostate tumor-induced bone disease.

Materials and Methods

Cell culture

For these studies, we used a sub-line of the PC3 advanced prostate cancer cell line that 

expresses endogenous Runx2 at low levels (PC3-L4; also designated PC3-217) and was 

previously reported to result in mixed osteolytic and osteoblastic lesions.4,17 Microsatellite 

analyses carried out by the Vermont Cancer Center DNA Analysis Facility verified the 

genotype as authentic PC-3 cells from ATCC. These cells were maintained in RPMI 1640 

with 10% FBS and 10 mM non-essential amino acids, 2 mM L-glutamine, 1 mM sodium 

pyruvate, 100 U/ml penicillin and 100 μg/ml streptomycin. 293T cells were maintained in 

DMEM with 10% FBS and 2 mM L-glutamine, 100 U/ml penicillin and 100 μg/ml 

streptomycin. Media and supplements were obtained from Invitrogen (Grand Island, NY).

Adenovirus infection

Adenoviral delivery of vectors containing cDNA encoding Runx2-WT-IRES-GFP, Runx2-

HTY-IRES-GFP, Runx2-ΔC-IRES-GFP under the control of the CMV5 promoter were used 

as described.21 Preparation and purification of virus were performed using Adeno-X™ Maxi 

purification kit according to the manufacturer’s protocols (Clontech, Mountain View, CA). 

For control of infection efficiency, the same adenovirus carrying GFP only was used. Cells 

were washed twice with serum-free medium after viral infection and cultured in regular 

medium for another 72 h before being harvested.

Lentivirus infection and cell sorting

For packaging, the lentiviral expression plasmids used were as follows: pLenti-

DESTBLAST GFP (control), pLenti-DESTBLAST Runx2 WT–IRES-GFP, pLenti-

DESTBLAST Runx2HTY(426–428AAA)-IRES-GFP and pLenti-DESTBLAST 

Runx2ΔC(C-terminal deletion mutant)-IRES-GFP. These plasmids were transfected into 
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293T cells using Lipofectamine 2000 (Invitrogen, Carlsbad, CA) according to 

manufacturer’s instructions. After 48 h, 400 μl viral particles harvested from culture media 

were used for the infection of PC3-L cells in the presence of 4 μg/ml polybrene (Millipore, 

Billerica, MA). Infection efficiency (as monitored by evaluating cells expressing GFP by 

fluorescence microscopy) was ~50% before cell sorting by FACS (fluorescence activated 

cell sorting) to obtain pure populations that expressed GFP (95%). To obtain bioluminescent 

cells, PC3-L cells were first infected with lentivirus expressing a luciferase gene. Forty-eight 

hours later, the bioluminescent PC3 cells were seeded and further infected with lentiviruses 

expressing control GFP, Runx2-WT, and Runx2 mutant proteins (HTY and ΔC mutant).

Proliferation assay

Cell proliferation was assessed by cell counting. GFP, Runx2-WT, Runx2-HTY and ΔC 

mutant expressing PC3 cells were seeded in 12-well plates at a density of 1.5×104 cells. The 

number of cells was determined in three separate wells at days 1, 3 and 5 and in three 

independent experiments using the Countess cell counter (Life Technologies).

Western blot analysis

Cells were lysed in RIPA buffer with proteolytic inhibitors as previously described.14 For 

western blot analysis, membranes were incubated with mouse anti-Runx2 monoclonal 

(1:1000, MBL, Woburn, MA), rabbit anti-GFP polyclonal (1:1000, Invitrogen, Carlsbad, 

CA) and rabbit anti-Cdk2 polyclonal antibody (1:5000, Santa Cruz Biotechnology, Dallas, 

TX) followed by HRP-conjugated goat anti-rabbit or goat anti-mouse secondary antibodies 

(Santa Cruz Biotechnology, Dallas, TX). Proteins were detected using Clarity™ Western 

ECL Substrate (Bio-Rad, Hercules, CA).

Quantitative reverse transcription-PCR

Total RNA was isolated from cells using Trizol reagent according to the manufacturer’s 

protocol (Invitrogen) and then purified using a DNA-Free RNA kit (Zymo Research, Irvine, 

CA). cDNA was synthesized using Superscript First-Strand Synthesis System (Invitrogen). 

qRT-PCR was performed using SYBR Green Master Mix (Bio-Rad, Hercules, CA) and 

gene-specific primers (Table S1) in an ABI Prism 7000 thermocycler. Amplicon quantities 

were normalized to human Glyceraldehyde 3-phosphate dehydrogenase (GAPDH).

Animal protocols and histological analysis

Animal studies were conducted in accordance with approved Institutional Animal Care and 

Use Committee (IACUC) protocols and the NIH Guide for Care and Use of Laboratory 

Animals. Intratibial injections were performed as previously described.4 Six severe 

combined immune-deficient (SCID) mice were used in each group. Tumors were allowed to 

grow for a period of 5 weeks. Bone lesions were analyzed weekly by radiography using the 

Faxitron MX-20 (Faxitron X-ray, Wheeling, IL). The area of osteolytic bone metastases 

visible on X-rays of tibias were quantified using ImageJ. For in vivo bioluminescence 

imaging, mice were administered 150 mg/kg dose of D-luciferin (Gold Biotechnology, St. 

Louis, MO) dissolved in PBS by intraperitoneal injection. Subsequently, mice were 

anesthetized using 2% isoflurane inhalation. To confirm distant metastatic foci, 
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bioluminescent signals present in the lung were measured. The tibia tumors were covered 

for the duration of this procedure to minimize signal interference from the tumor when 

measuring signal from the lungs.

For histological analysis, mice were sacrificed and both tumor-bearing tibias and 

contralateral limbs were excised for periodate-lysine-paraformaldehyde fixation (n=6 mice 

per group) for 72 h. Following μCT analyses, bones were decalcified in 18% EDTA (pH 

7.4), and embedded in paraffin for Toluidine blue staining.4,14

Boyden chamber invasion assay

Cells (2.5×104) in serum-free RPMI 1640 (0.1% BSA) were seeded into the upper chamber 

of inserts containing membranes with 8μm pore size with or without Matrigel coating in a 

24-well plate (BD Biosciences, San Jose, CA). Serum-containing growth medium was used 

in the bottom chamber as the attractant. After 24 h, the cells in the upper chamber were 

removed using a cotton swab, then fixed and stained with Hema-3 stain kit (Thermo Fisher 

Scientific, Waltham, MA) before counting cells using an inverted microscope. Wells were 

repeated in triplicate and the invaded/migrated cells were quantified per field of view and 

statistically analyzed. Data are expressed as the percent invasion through the Matrigel matrix 

and membrane relative to the migration through the control membrane.

Quantitation of bone mass and structure

Fixed bones were dehydrated in 70% alcohol for bone density and volume measurements, 

using the Scanco μCT 40 (Musculoskeletal Imaging Core, University of Massachusetts 

Medical School). Tibias were aligned axially and scanned at 70kVp, 114μA and a nominal 

resolution of 10 μm. The region of interest included 3 mm from the proximal growth plate of 

the tibia running distally. Images were reconstructed by Scanco software Version 5.0. For 

both the high and low density analyses, an 1866cm2 contour around the region of interest 

(excluding the fibula) was utilized. The segmentation parameters included the values 0.8 

Gauss sigma, 1.0 Gauss support, a high density threshold of 250–1000 Hounsfield units 

(Hu) which measured high density bone in the range of 600–1200 mg of HA/cm3) and a low 

density threshold of 175–275 for detecting low bone density in the range of <600mg of 

HA/cm.3 As a reference for comparisons to the four test groups, the densities of the control 

tibia (contralateral tibia from n=3 mice) at high and low threshold were determined.

Statistical analysis

1Data were expressed as the mean ± standard error of the mean (SEM). Statistically 

significant differences between samples were determined using either the Student’s t-test or 

ANOVA analyses as indicated. In all cases, p<0.05 was considered statistically significant.

Results

Generation of PC3 cell lines expressing Runx2 and mutant proteins

To identify the contribution of Runx2 to signaling that promotes tumor-induced bone 

disease through TGFβ in prostate cancer, we designed the Runx2-HTY mutant (426–428) to 

disrupt Runx2-Smad signaling, and the Delta C (ΔC) mutant in which the Runx2 C-terminus 
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(362–528) is deleted resulting in diminished transcriptional activity of Runx2 (see Fig. 1a). 

The previously characterized PC3-L cells4,17 were selected for expression of the Runx2-WT 

and Runx2 mutant proteins because these cells produce mixed osteolytic and osteoblastic 

lesions analogous to human prostate metastatic bone disease, and thereby allow us to 

examine the contribution of the Runx2-Smad transcriptional complex to both arms of 

prostate-cancer induced bone disease. Furthermore, studies have shown that PC3 cell lines 

express multiple Smads.24

All the cell lines were sorted to enrich for expression of GFP and Runx2-WT and mutant 

proteins (Fig. 1b). Stable integration of Runx2-WT and both Runx2 mutant constructs is 

evidenced by protein expression up to 4 weeks post GFP sorting. We note that the empty 

vector GFP control has higher GFP expression when compared with others; this is likely due 

to the fact that only GFP is being expressed in the control, whereas Runx2 (and mutant 

proteins) as well as GFP - separated by an IRES sequence - are being translated from the 

same mRNA in the other cell lines.

mRNA analyses (qRT-PCR) showed that the Runx2-ΔC mutant expressing cells had higher 

Runx2 transcript levels (consistent with higher Runx2 protein) than either Runx2-WT or -

HTY expressing cells (Figs. 1b and 1c). To address the transcriptional regulatory function of 

Runx2-WT and mutant proteins, we detected the expression of select established Runx2 

target genes: colony stimulating factor 2 (CSF2) and osteopontin (OPN).12,30 The increased 

mRNA levels of CSF2 and OPN (more than 14 fold and 4 fold, respectively) in Runx2-WT 

and Runx2-HTY overexpressing cell lines compared to the control GFP cells indicated 

functional Runx2 transcriptional activity (Fig. 1c). In contrast, the Runx2-ΔC mutant 

expressing cells appeared to lose most Runx2-mediated signaling pathway activities, as both 

CSF2 and OPN were detected at reduced levels compared to Runx2-WT group (Fig. 1c). 

This result is due to the altered functional properties of the Runx2-ΔC mutant which does 

not contain the C-terminal transcriptional activation domain, yet does retain the DNA 

binding domain. In summary, the PC3 cell sublines expressing the different Runx2 proteins 

used here showed stable Runx2 protein expression and with a consequent effect on Runx2 

target genes compared to the control cells.

Runx2 protein variants modify the invasive ability of PC3 cells

To further investigate the phenotype of Runx2-WT and mutant expressing cell lines, in vitro 

invasive ability was examined (Figs. 2a and 2b). Representative images used to quantitate 

invasion rates are shown in Fig. 2a. All Runx2 expressing cells displayed an increased 

invasion rate compared with GFP expressing cells. Runx2-WT expressing cells exhibited the 

highest invasion ability (14%). Furthermore, cells expressing the Runx2-HTY and ΔC 

mutant proteins showed 40–50% lower invasion than the Runx2-WT protein expressing 

cells (Fig. 2b). To examine the effect of Runx2 on cell proliferation, cell numbers were 

counted over 5 days of logarithmic growth (Fig. 2c). Cell growth was not affected by the 

expression of Runx2-WT or Runx2-HTY; growth of the Runx2-ΔC mutant expressing cell 

line was significantly higher than Runx2-WT and Runx2-HTY expressing cells only at day 5 

(Fig. 2c).
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Overexpression of Runx2-WT and mutant proteins contributes to osteolytic bone disease

To investigate how exogenous expression of mutant Runx2 proteins compared to Runx2-

WT affects tumor size, primary tumors in the tibias were monitored weekly following cell 

injection using the bioluminescent IVIS Imaging system (Supplementary Figure S2 shows 

mice in all experimental groups at weeks 1–5). Fig. 3a shows the typical tumor signal 

intensity in representative mice from all groups four weeks after injection. Fig. 3b shows the 

average total flux of the tumors over time derived from tumor luminescence. All mice in 

each group developed primary tumors within one week of injection. Tumors formed in the 

Runx2-ΔC group were significantly larger than the other three groups three, four and five 

weeks after injection (p<0.05). Histological sections of intratibial tumors confirmed overall 

tumor size at sacrifice (Fig. 3c). Consistent with in vivo imaging, the ΔC group had the 

largest tumors. The GFP, WT and ΔC groups exhibited very little trabecular bone, whereas 

the HTY group (which exhibited the least osteolysis, Fig. 3d) retained more trabecular bone 

(Fig. 3c).

Subsequently, to identify the functional activities of Runx2 in promoting bone lesions, PC3 

cells expressing GFP, Runx2-WT, or -HTY or -ΔC mutants were injected into the 

intramedullary cavity of tibia in SCID mice. Three representative radiographs revealing 

osteolytic lesions present in tibia two weeks post-injection of each of the aforementioned 

cell lines are shown in Fig. 3d. Quantifying the area lacking trabecular bone in the 

radiographs (using ImageJ software) confirmed that the Runx2-WT group formed larger 

osteolytic lesions than the GFP, Runx2-HTY or -ΔC groups (Fig. 3e). These data indicate 

that the erosion area of the HTY group was lowest of all groups (Fig. 3d & e). The results 

demonstrate that disruption of Runx2-Smad signaling in the bone microenvironment 

modestly reduced the extent of osteolytic lesions.

Expression of WT Runx2 and mutant proteins influence tumor growth at distal sites

In vitro studies demonstrated increased invasive ability of prostate cancer cells expressing 

Runx2 proteins (Figs. 2a and 2b). Therefore, to address whether ectopic expression of 

Runx2 and Runx2 mutant proteins in PC3 cells influences their metastatic capacity, we 

examined the lungs of the same groups of mice presented in Fig. 3. By in vivo imaging of 

the lungs before sacrifice at the 5 week time point, we observed luminescence signals in the 

lung (shown in Fig. 4). No such signals were observed in the GFP control group (Figs. 4a 

and 4b), while 50% incidence of metastasis was evident in the Runx2-WT and -HTY mutant 

groups, but only 20% of the -ΔC group exhibited lung metastasis. Of further relevance, lung 

tumor growth was more pronounced in Runx2-WT compared to the HTY mutant (Figs. 4a 

and 4c) as reflected by total flux present in lung metastases being substantially higher for the 

WT group than the two groups expressing Runx2 mutant proteins (-HTY and -ΔC) (Fig. 4c). 

Although unlikely, authors cannot exclude the potential for unintended dissemination of 

tumor cells at the time of injection. However, taken together, these data allow us to deduce 

that expression of Runx2 proteins in prostate cancer cells injected into the tibia increased the 

propensity of tumor cells for distal metastasis. To further support this concept, the 

correlation of incidence and tumor size in the lung is consistent with tumor growth in bone 

(see Suppl. Figure 2 and Table S3). However, the ability of the cells to thrive in the distant 
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metastatic site appears to be due to the presence of the functional Runx2-Smad interacting 

domain.

Runx2 mutant proteins increase osteoblastic lesions in tumor bearing tibia

Because PC3 cells often result in mixed osteolytic and osteoblastic bone lesions, both of 

which are influenced by Smad signaling, we characterized the bone lesions induced by 

Runx2 expressing cells using micro-CT. Fig. 5a shows representative images of high density 

and low density bone from two mice per group (n=6). All groups exhibited values in a 

similar range for each type of bone density (Table S2). The high density bone (1000 ± 60 

mg HA/cm3) quantifies the percentage of normal bone remaining in the tumor bearing limb 

relative to the total volume area of the limb (bone volume fraction, percentage BV/TV, Fig. 

5b). The volume of this fraction of bone in the area of tumor growth exhibited wide 

variation among the mice (n=6/group). A trend of high density bone volume for the HTY 

group was apparent when compared to GFP control and the Runx2-WT groups, while the 

ΔC group had the least high density bone (Fig. 5b). Although only moderate statistical 

significance was achieved (p=0.05, ANOVA), this observation suggests that the HTY group 

had the least osteolytic activity, and the ΔC group had the greatest amount of resorbed bone, 

confirming the radiographic findings (Fig. 3).

Subsequently, we evaluated the low density bone volume fraction (BV/TV), representing 

osteoblastic lesions caused by woven bone formation (Figs. 5a and 5c). This analysis 

revealed that there was a greater representation of osteoblastic lesions in the HTY and ΔC 

groups compared to the WT group. In contrast, the WT group exhibited the least amount of 

woven bone, consistent with and further supporting the notion from our earlier studies,4,11 

that Runx2 promotes osteolytic lesions (Fig. 3). A distinguishing feature of the Runx2 ΔC 

mutant was that it promoted bone resorption/osteolysis (Fig. 5b), but also stimulated more 

tumor growth with osteoblastic lesions (Figs. 3 and 5c). These bone density analyses have 

identified the contribution of the specific Smad signal to the type of bone lesion. Osteolytic 

lesions are more evident in Runx2-WT and -ΔC mice resulting in larger aggressive tumors 

than found in the Runx2-HTY mice; conversely, Runx2-HTY mice which exhibited the least 

tumor growth (Fig. 3) exhibited primarily osteoblastic disease. Moreover, the quantification 

of low density bone confirms that the loss of Runx2-Smad interaction in both the HTY and 

ΔC groups favors woven bone formation.

Disruption of Runx2-mediated signaling results in altered expression of genes related to 
tumor progression

To provide insight into potential mechanisms for the different functional activities of 

Runx2-WT and Runx2 mutant expressing cells, we examined a panel of genes that are either 

Runx2 targets and/or associated with osteolytic and/or osteoblastic disease (Figs. 6a and 6b). 

Expression of a number of osteolytic genes, including interleukin 11 (IL-11), parathyroid 

hormone-related protein (PTHrP)4,14,31–33 and MMP2 (Fig. S1), was significantly increased 

in Runx2-WT expressing cells relative to the GFP control. However, IL-11 expression was 

reduced by 40% in Runx2-HTY and ΔC compared with Runx2-WT expressing cells. This 

finding suggests the Runx2-Smad interaction domain in the C-terminus is necessary for the 

regulation of IL-11 gene expression. PTHrP is also reduced in the Runx2-HTY compared 
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with -WT (2-fold), but Runx2-ΔC cells had 3 fold more expression than the Runx2-HTY 

mutant group (Fig. 6). OPG,34 an inhibitor of osteoclastogenesis, exhibited increased 

expression in the Runx2-HTY and -ΔC mutants compared with the -WT cells. This gene 

expression profile is consistent with the differences in tumor size and the extent of 

resorption in the Runx2-ΔC and Runx2-HTY groups (Figs. 3 and 4d), with the high PTHrP 

level in Runx2-ΔC driving tumor growth, but OPG suppressing osteoclastic disease in favor 

of the osteoblastic lesions (Fig. 5).

Genes associated with tumor growth, osteoblastic lesions and metastasis showed striking 

differences among the groups (Fig. 6). VEGF has many activities, promoting angiogenesis, 

bone formation and metastasis.35–37 The highest expression was found in the Runx2-HTY 

mutant, indicating that disruption of Runx2-Smad signaling can induce more osteoblastic-

related gene expression. It is noteworthy that PAI-1, an inhibitor of tumor growth,38 was 

present at very high levels in the Runx2-HTY expressing cells (4 fold compared to WT), 

while Runx2-ΔC had levels even lower than -WT, again correlating with opposing tumor 

size in these groups (Fig. 3). Fibronectin (FN1), which is linked to metastasis,39 had high 

expression (4–5 fold) in both Runx2-WT and -HTY expressing cells as compared with other 

groups. This is consistent with the highest incidence of metastasis in the corresponding mice 

(n= 3/6, see Fig. 4) from the two groups. These gene expression patterns give insight at a 

mechanistic level in the context of cancer-induced bone disease to the observed properties of 

the PC3 cells expressing Runx2-WT, -HTY and -ΔC proteins, summarized in Fig. 6c. The 

gene expression analyses, together with the in vivo evidence for the distinct mouse 

phenotypes from each cell line, reveal the significant contribution of the Runx2-Smad 

pathway in Runx2-mediated tumor progression.

Discussion

Two novel and highly significant findings of the present study reveal the important 

contribution of the Runx2-Smad complex as a mediator of tumor-induced bone disease: 

Firstly, the disruption of Runx2-Smad alone through mutation of the Runx2-HTY 

interacting amino acids reduces tumor size and osteolytic bone disease; secondly, Runx2 is 

suggested to drive metastasis from bone to distal sites. For these studies, we used the 

prostate cancer PC3 cell line which we and others have reported exhibits mixed osteolytic-

osteoblastic lesions, analogous to human metastatic bone disease in men.4,16,17 By 

overexpressing Runx2-WT and two different mutants,22 we could determine the 

contribution of Runx2 independent of Smad interactions and the Runx2-Smad complex to 

osteolytic and osteoblastic lesions. Our studies demonstrate that Runx2-Smad promotes the 

osteolytic process through regulation of IL-11 and PTHrP, as these two pathways are down-

regulated by the Runx2-HTY mutant.

Consistent with the knowledge that Runx2 is abnormally and highly expressed in human 

prostate tumors at the late metastatic stage,4,40,41 our data suggests that Runx2 is a mediator 

of metastasis to distal sites. Primary breast and prostate orthotopic tumors in the mouse do 

not metastasize to bone, and thus the intratibial injection model became widely used to study 

mechanisms of tumor cell activity within the bone microenvironment, resulting in cancer-

cell induced bone disease. Importantly, the finding of luciferin-labelled cells in the lung after 
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5 weeks of advanced prostate tumor growth in bone, suggests the cells invaded the rich 

vasculature of bone tissue with lung being the primary distal site of subsequent metastasis in 

this model. Tumors arising from the control cells (GFP-only cells having low levels of 

Runx24) showed no evidence of lung metastasis, while the Runx2-WT and Runx2-Smad 

mutant (Runx2-HTY) exhibited distal metastasis to lung (3/6 mice); however, Runx2-HTY 

mice had far less tumor growth activity at the lung distal site. In striking contrast, the 

Runx2-ΔC mutant, which exhibited robust tumor growth in bone, had very low incidence of 

metastasis (1/6). This mutant eliminates subnuclear targeting of Runx2 where functional 

transcriptional complexes are formed and deletes the activator and repressor functional 

domains.26 The higher incidence of lung metastasis in the Runx2-HTY and WT groups can 

also be attributed to high levels of invasion-associated FN142 expression in cells used to 

form the tumors, as a contributing mechanism. Notably, the Runx2-ΔC group had lower 

FN1 levels and a lower incidence of metastasis.4 Thus, these in vivo findings reveal that 

Runx2 may significantly impact metastasis to distal sites in prostate cancer.

Our studies have further identified mechanisms by which Runx2 and Runx2-Smad 

interactions mediate both osteolytic and osteoblastic disease. Osteolytic disease is well-

established to result from the vicious cycle of TGFβ stimulated growth and tumor-secreted 

PTHrP promoting bone resorption.18 Our earlier study established that Runx2 directly 

contributes to the osteolytic process by regulating the IHH-PTHrP pathway.14 Here we 

demonstrated that uncoupling of the Runx2-Smad interaction significantly decreased the 

area of osteolytic bone disease (radiography) and tumor volume compared to WT. Thus, the 

decreased expression of PTHrP in cells expressing the Runx2-HTY mutant protein leads to 

decreased secretion of PTHrP in vivo and a consequent inhibition of the vicious cycle of 

resorption and tumor growth. Furthermore, Runx2-HTY cells have 50% reduced levels 

compared to WT of the resorptive cytokine IL-11, which was previously reported to be 

associated with osteolytic bone disease in highly metastatic breast cancer cells expressing 

endogenous Runx2.43 In addition, the highest expression level of OPG, an inhibitor of 

osteoclastogenesis, is observed in these cells, adding a second arm to the inhibition of bone 

resorption. OPG is known to be inhibited by Runx2;44 therefore, the two Runx2 mutants that 

disrupt Runx2-Smad signaling result in increased OPG that limits the extent of osteolytic 

disease from tumors formed in bone. Our studies identify that the Runx2 target genes OPG, 

VEGF, PAI-1, PTHrP and IL-11 are highly affected by Runx2-Smad signaling.

Disruption of the Runx2-Smad interaction significantly reduced tumor growth by blocking 

TGFβ-induced SMAD interaction with Runx2. Also contributing to the lowest tumor burden 

in the Runx2-HTY was the high expression of the TGFβ regulated gene PAI-1 that is an 

inhibitor of prostate tumor growth.38 Of note, osteoblastic disease still occurred in the small 

tumors formed by the Runx2-HTY expressing PC3 cells, indicating that other factors 

contribute to woven bone formation in the tumors generated by these cells that do not 

require Runx2-Smad signaling. Previous studies have shown Wnt signaling contributes to 

the osteoblastic lesions.16 Furthermore, VEGF, which has been reported to be a tumor 

growth and metastasis related factor,36,37 was increased over controls in the Runx2-WT and 

-HTY expressing cells. VEGF is a direct target of Runx2 in bone,45 and was recently 

described as a factor promoting bone formation,46 thus potentially contributing to the 
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osteoblastic lesions in both Runx2-WT and -HTY groups. Thus, our data reveal that Runx2 

upregulation of VEGF is dependent on Smad signaling. In conclusion, the gene expression 

profile, the smallest tumor size and least bone resorption in the Runx2-HTY group, all point 

to the significant contribution of Runx2-Smad mediated signaling in promoting prostate 

cancer induced bone disease. Contributing factors to the highest tumor volume observed in 

the Runx2-ΔC group likely include the low level of PAI1, as well as loss-of-function of 

Runx2 with co-regulatory factors. The Runx2-ΔC mutant eliminates subnuclear targeting of 

Runx2 where functional transcriptional complexes are formed and deletes activator and 

repressor functional domains.26 Among the key co-regulatory factors is the spectrum of 

WW domain proteins forming a protein complex at the PPXY site with E3 ubiquitin ligases 

that target Runx2 to the proteasome.47 Stimulated tumor growth by the Runx2-ΔC mutant 

may be a result of the highest expression levels of PTHrP found in this group (>15 fold). 

PTHrP is not only involved in the vicious cycle (described above), but is also associated 

with tumor growth48 and osteoblast differentiation.49 Therefore, the prolonged stimulation 

of osteoblast and osteoclast cells by PTHrP promotes the aggressive osteolysis as well as 

osteoblastic lesions observed in the Runx2-ΔC group. Interestingly, the CXCR4 chemokine 

protein50 that promotes cell proliferation and tumor growth is also deregulated in the Runx2-

ΔC group to a greater extent than WT. Thus, multiple molecular pathways, influenced by 

WT Runx2 in facilitating metastatic bone disease, have been identified.

In summary, each of the Runx2 mutants has revealed different responses of tumor cells in 

the bone microenvironment with respect to in vivo tumor growth, and formation of 

osteolytic and osteoblastic lesions and foci in lung supported by in vivo and in vitro 

mechanistic studies. Indeed, our data suggests that the Runx2-Smad signaling pathway in 

prostate cancer is a viable candidate for therapeutic targeting of tumor growth and associated 

bone disease complications.
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qRT-PCR mRNA analyses

CSF2 colony stimulating factor 2

BV bone volume

TV total volume

IL-11 interleukin 11

PTHrP parathyroid hormone-related protein
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Figure 1. 
Generation of PC3 cell lines expressing Runx2 and Runx2 mutant proteins. (A) Schematic 

illustration of the wild-type (WT) and mutant Runx2 (HTY: three essential amino acids 

mutated to AAA; ΔC: C-terminal deletion mutant) proteins with key regulatory domains 

(RHD, runt homology domain; NLS, nuclear localization signal; SMID, Smad interaction 

domain). The ability of the proteins to interact with Smad is indicated to the right of the 

figure (+, present; −, absent). (B) Western blot showing Runx2 and GFP protein levels in 

PC3 cells infected with lentiviruses containing GFP only, Runx2 WT or mutant Runx2. 

Runx2 overexpressing cell lines (non-sorted and 2, 3, 4 weeks post sorting) indicate stable 

Runx2 WT and mutant Runx2 expression. (C) Gene expression of WT and mutant Runx2 

expressing cell lines 5 weeks post sorting. Expression of Runx2, CSF2 and OPN 

(osteopontin) mRNA was determined by qPCR. Data were normalized to GAPDH and 

presented relative to the GFP control. Values are mean ± SEM of n=3 experiments analyzed 

in duplicate. Statistical analysis (Student’s t-test) was done by comparing the values of the 

GFP group with each of the other three groups. *p<0.05, **p<0.01, ***p<0.001.
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Figure 2. 
Runx2 proteins modify phenotypic characteristics of PC3 cells. PC3-L cells expressing GFP, 

Runx2 WT or Runx2 mutant proteins were subjected to invasion and proliferation assays as 

described in Materials and Methods. (A) Representative images of invasion assays of GFP, 

Runx2 WT and Runx2 mutant expressing cell lines (HTY and ΔC) are shown. At least three 

fields of view from each well were photographed (120x). (B) Quantitation of invasion 

assays: percent invasion rates of the GFP, Runx2 WT and Runx2 mutant expressing cell 

lines are plotted relative to the GFP control. Rates were calculated based on the number of 

cells that migrated through matrigel and membrane vs. those which migrated through 

membrane alone (control) (n=3 per group). Student’s t-test was used to calculate 

significance by comparing the values of the WT group with the other three groups. 

*p<0.001. (C) Growth curves of the indicated cell lines. Values are mean ± SEM of n=3 

experiments analyzed in duplicate. Statistical analysis (Student’s t-test) was done by 

comparing values of the GFP group with the other three groups. *p<0.05.
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Figure 3. 
Intratibial tumor size and associated bone erosion vary according to expression of Runx2 

WT or mutants in a xenograft model. (A) In vivo imaging of primary tumors. Ventral images 

of four representative mice (4 of n=6 total) from each group at five weeks post injection are 

shown. Bioluminescence from the tumors was captured using an IVIS Imaging System. (B) 

Quantification of primary tumor luminescence intensity (corresponding to panel A). Images 

were taken at five time points post-intratibial injection as shown. Values are mean ± S.E.M. 

for n=6 mice. Statistical analysis (Student’s t-test) was done by comparing values of the 

groups. *p<0.05. (C) Representative images of Toluidine blue staining of the intratibial 

tumors at sacrifice (5 weeks) to show tumor size and extensive loss of trabecular bone in 

metaphysis and growth plate in epiphysis in WT and ΔC group. (D) Representative (3 of 

n=6 total) radiographs of tumor-bearing tibias 2 weeks after injection with GFP, Runx2 or 

mutant expressing cell lines. Osteolytic lesions are dark areas outlined with white lines 

representing loss of trabecular bone. (E) Quantification of osteolytic lesions (n=6 mice). 

Bone erosion areas (as shown in panel D) were quantified by ImageJ. Statistical analysis 

(Student’s t-test) was done by comparing values of the WT group with the other three 

groups.*p<0.05, **p<0.01. Arrow, trabecular bone (white areas); T, tumor.
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Figure 4. 
Runx2 promotes lung metastasis. Mice examined in Fig. 3 for bone tumor growth were also 

examined by Xenogen imaging for presence of tumor cells in lung. (A) Representative 

images show the extent of lung metastasis in three mice from each group (n=6) 5 weeks 

after intratibial injection. (B) Quantitation of incidence of lung metastasis in GFP, Runx2 

WT and Runx2 mutant groups. (n=6, except for n=5 in ΔC group, as indicated). (C) 

Quantitative analysis of metastatic cells in lungs by bioluminescence analysis. Statistical 

analysis (Student’s t-test) was done by comparing the values of WT group with the other 

three groups. *p<0.01.
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Figure 5. 
Overexpression of Runx2 and Runx2 mutant proteins modify bone mass in tumor bearing 

tibias. (A) Two representative micro-CT images of high bone density in tumor-bearing tibias 

are shown for each group (GFP, WT, HTY and ΔC) at five weeks post-injection by micro-

CT. Osteolytic areas are indicated by empty regions in solid bone; mostly mature woven 

bone is visualized as fine bony projections from the cortical bone. M=mouse. (B), (C) 

Quantitative micro-CT analysis of high density bone volume fraction (B) and low density 

bone volume fraction (C) of tumor-bearing tibias. Total volume (TV) is the same in each 

group. *ANOVA analysis was performed by comparing the values of all the groups. p=0.05. 

*The contralateral limb CCL is shown for reference to normal bone
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Figure 6. 
Disruption of Runx2-Smad interaction (HTY) and deletion of the Runx2 C-terminus (ΔC) 

result in altered expression of metastasis-related genes. Adenovirus infected cancer cells 

expressing Runx2 protein showing changes in molecular markers of osteolytic genes was 

validated in earlier in vitro studies.11 (A) The relative expression of Runx2 target genes 

(IL-11, PTHrP, OPG (osteoprotegrin), PAI-1, VEGF, and FN1) in response to Runx2 WT 

and mutant protein overexpression is shown. All data were normalized to GAPDH. Values 

are mean ± SEM of n=3 experiments analyzed in duplicate. ANOVA analysis was done by 

comparing the values of all four groups. Statistical results are shown in Table S2. (B) The 

relationship between changes in gene expression and tumor properties in the Runx2 mutant 

groups compared to Runx2-WT. Arrows indicate up- and down-regulation of the six most 

highly expressed genes. BR=bone resorption; TG=tumor growth.
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