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SUMMARY

Cell type transition occurs during normal development and under pathological
conditions. In prostate cancer bone metastasis, prostate cancer-secreted BMP4
induces endothelial cell-to-osteoblast (EC-to-OSB) transition. Such tumor-induced
stromal reprogramming supports prostate cancer progression. We delineate
signaling pathways mediating EC-to-OSB transition using EC lines 2H11 and
SVR. We found that BMP4-activated pSmad1-Notch-Hey1 pathway inhibits EC
migration and tube formation. BMP4-activated GSK3b-bcatenin-Slug pathway
stimulates Osx expression. In addition, pSmad1-regulated Dlx2 converges with
the Smad1 and b-catenin pathways to stimulate osteocalcin expression. By co-ex-
pressingOsx, Dlx2, Slug andHey1, wewere able to achieve EC-to-OSB transition,
leading to bone matrix mineralization in the absence of BMP4. In human prostate
cancer bone metastasis specimens and MDA-PCa-118b and C4-2b-BMP4 osteo-
genic xenografts, immunohistochemical analysis showed that b-catenin and
pSmad1 are detected in activated osteoblasts rimming the tumor-induced
bone. Our results elucidated the pathways and key molecules coordinating pros-
tate cancer-induced stromal programming and provide potential targets for ther-
apeutic intervention.

INTRODUCTION

Bonemetastases occur in the majority of men with advanced prostate cancer (PCa) as the initial site of ther-

apy-resistant progression. Uniquely, PCa bone metastasis induces aberrant bone overgrowth, as reflected

in bone scans and/or an increase in the level of serum bone alkaline phosphatase (Logothetis and Lin,

2005). PCa-induced aberrant bone formation was shown to support tumor progression in bone in animal

models (Chen et al., 2007; Gordon et al., 2009; Jacob et al., 1999; Khodavirdi et al., 2006; Lee et al.,

2011). Clinically, treatment with bone-targeting radiopharmaceuticals radium-223 shows life-prolonging

efficacy for patients with PCa, although the survival benefit is modest (Autio et al., 2012). Thus delineating

the mechanisms by which PCa induces aberrant bone formation may provide strategies to interfere with

this lethal progression.

We have shown that the bone morphogenetic protein (BMP) family member BMP4 plays a role in PCa-

induced osteogenic bone lesions by inducing endothelial cells (ECs) to undergo cell fate transition to os-

teoblasts (OSBs) (Lee et al., 2011; Lin et al., 2017). We also showed that PCa cells in human bone metastasis

specimens express high levels of BMP4 (Lin et al., 2017) and that MDA-PCa-118b PDX that expressed BMP4

induced ectopic bone formation when implanted subcutaneously or intrafemorally (Li et al., 2008). By using

a mouse model with endothelial-specific deletion of Osterix (OSX), the OSB cell fate determination gene,

we showed that the PCa-induced aberrant bone originates from ECs that are induced to become OSBs by

PCa-secreted BMP4 (Lin et al., 2017). Together, our studies revealed a mechanism, i.e., EC-to-OSB transi-

tion, which is involved in PCa-induced aberrant bone formation.

Tumor-induced stromal reprogramming is now recognized as an important mechanism by which the tumor

microenvironment engages in promoting tumorigenesis. In addition to playing a role in PCa-induced bone
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Figure 1. BMP4 treatment reduces migration and tube formation in 2H11 endothelial cells and increases the expression of OSX and osteocalcin

through GSK3b-b-catenin-OSX pathway

(A) Morphology of 2H11 cells in response to BMP4 (100 ng/mL) for 48 h

(B) qRT-PCR of OSX and osteocalcin mRNAs in cells treated as in (A). Signals were normalized against GAPDH and expressed as mean G s.d.

(C) Cells treated as indicated were allowed to migrate through the membrane in a Boyden chamber for 2 h and then labeled with Calcein AM. n = 2.

(D) Cells treated as in (C) were seeded on top of Matrigel, and tube formation was analyzed for 20 h n = 2.

(E) Dose response and time course of BMP4 on b-catenin protein levels.

(F) Time course of BMP4 on b-catenin nuclear accumulation. DAPI, DNA staining in cell nucleus. Scale bars, 20 mm. Nuclear b-catenin levels were quantified

using NIS-Elements and expressed as mean G s.e.m. n, number of nuclei analyzed.

(G) qRT-PCR of BMP4-induced OSX and osteocalcin mRNAs after incubation with 0.1 or 0.2 mM PRI-724, a b-catenin inhibitor.

(H) Time course of BMP4 on phospho-GSK-3b protein levels.
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formation, EC-to-OSB transition was also reported in fibrodysplasia ossificans progressiva (FOP) (Medici

et al., 2010), a disease caused by genetic mutation in a BMP type I receptor ALK2 (R206H) that activates

BMP signaling pathways, leading to the formation of ectopic bone. Thus, understanding the signaling

mechanisms of EC-to-OSB transition may identify similar paradigms in other diseases and cancers and pro-

vide potential targets for therapeutic intervention. The molecular mechanisms by which BMP4 induces

EC-to-OSB transition is unknown. It is likely that both inhibition of angiogenesis and activation of osteo-

blastogenesis may be required for EC-to-OSB transition to occur.

Regulatory networks orchestrated by key transcription factors have been shown to play a central role in cell

fate determination. Precise regulation and integration of pathways that suppress or activate transcription

factors that play important roles in cell fate switch are likely required for EC-to-OSB transition. In skeletal

development, OSX was found as a key transcription factor for OSB cell fate determination (Sinha and Zhou,

2013) and b-catenin activation has been shown to upregulate OSX (Choi et al., 2017). In ECs, the Notch

pathway was shown to play a role in suppressing EC program (Itoh et al., 2004).

In this study, we identified the molecular signaling pathways and mechanisms that converge to mediate

EC-to-OSB transition in metastatic prostate cancer. We also determined the combination of transcription

factors that are sufficient for EC-to-OSB transition during stromal reprogramming.

RESULTS

Induction of EC-to-OSB transition reduces EC migration and tube formation

To decipher the mechanisms mediating BMP4-induced EC-to-OSB transition, we reasoned that pathways

to reduce EC phenotypes while enhancingOSB phenotypes may be involved. We found that BMP4-treated

2H11 cells underwent a morphological transition from a flattened to a more fibroblastic phenotype (Fig-

ure 1A). This cell shape change was accompanied by a significant increase in the expression of OSX, an

osteoblast cell fate determination transcription factor (Nakashima et al., 2002), and osteocalcin, a non-

collagen protein marker for osteoblasts (Figure 1B). During EC-to-OSB transition, ECs need to commit

to the OSB lineage followed by differentiation into osteoblasts. One of the EC characteristic is cell migra-

tion and tube formation in Matrigel (Lee et al., 2007). We observed that upon BMP4 treatment, both cell

migration in vitro (Figure 1C) and tube formation on Matrigel (Figure 1D) were significantly reduced. These

observations suggest that BMP4 treatment inhibits EC characteristics (angiogenesis) and enhances osteo-

blast phenotypes in 2H11 cells.

BMP4 increases osteoblastogenesis by activating the GSK3b-b-catenin-OSX pathway

We next examined how BMP4 signaling turns on the osteoblast cell fate determinant OSX that activates the

osteoblastogenesis pathway. b-Catenin has been shown to induce osteoblastic differentiation of bone

marrow stromal cells through upregulation of OSX expression (Liu et al., 2015). We found that BMP4 treat-

ment led to an increase in b-catenin levels in a dose- and time-dependent manner (Figure 1E) as well as

nuclear accumulation of b-catenin (Figure 1F). Treatment of 2H11 cells with PRI-724, a b-catenin inhibitor

(Tokunaga et al., 2017), significantly blocked BMP4-induced OSX and osteocalcin gene expression (Fig-

ure 1G). These results suggest that b-catenin plays a role upstream of OSX and osteocalcin during EC-

to-OSB transition.

Phosphorylation of b-catenin at serine 33 and 37 by GSK-3b has been shown to lead to b-catenin degrada-

tion in the cytosol and reduction of b-catenin translocation into the nucleus (Dema et al., 2016). We found

that BMP4 treatment increased the level of phosphorylated GSK-3b (Figure 1H), resulting in inactivation of

GSK-3b kinase activity (Salas et al., 2003). Inhibition of GSK-3b kinase activity with 5 mM CHIR-99021 led to

an increase in the level of b-catenin comparable to that in cells treated with BMP4 alone (Figure 1I). These

results suggest that BMP4-induced GSK-3b phosphorylation leads to an increase of nuclear b-catenin,

which is necessary for the increase in OSX and osteocalcin gene expression in ECs (Figure 1J).

Figure 1. Continued

(I) Inhibition of BMP4-induced GSK-3b activity by incubation with 5 mM CHIR99021. Signals were normalized against Vinculin. *p < 0.05, **p < 0.01,

***p < 0.001, #p < 0.0001 by Student’s t-test in this and subsequent experiments.

(J) Schematic summary. BMP4 signaling is mediated in part through the inhibition of GSK-3b activity (via increased GSK3b phosphorylation) that increases

the level of b-catenin in the nucleus, leading to increased expression of OSX and osteogenesis-related genes in ECs.
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BMP4 activates p38MAPK, p44/42ERK, and AKT to regulate GSK-3b phosphorylation

Next, we looked for BMP4-activated kinases that may phosphorylate GSK-3b, including p38MAPK (p38),

p44/42ERK (ERK1/2), and AKT (Bikkavilli et al., 2008; Bikkavilli and Malbon, 2009). We observed that

BMP4 treatment increased the phosphorylation of p38MAPK, ERK1/2, AKT, and GSK-3b after 1 h (Fig-

ure 2A). Specifically, BMP4 stimulated the phosphorylation of p38MAPK (pp38) in a dose-dependent

manner (Figure 2B) and pp38 nuclear accumulation in a time-dependent manner, with elevated levels

from 1 to 24 h (Figure 2C). We next treated 2H11 cells with a pan p38 inhibitor BIRB-796 (Kuma et al.,

2005). We found that 2 mMBIRB-796 decreased the levels of BMP4-induced pp38 and pGSK-3b (Figure 2D),

with a decrease in nuclear b-catenin levels observed by western blot (Figure 2E) and immunofluorescence

(Figure 2F), and a partial inhibition of OSX (Figure 2G) and osteocalcin (Figure 2H) expression. A similar

reduction in BMP4-activated pGSK-3b levels was observed when cells were treated with 1 mM U0126, an

ERK1/2 inhibitor (Figure 2I), or 1 mM AKTi V, an AKT inhibitor (Figure 2J). These observations suggest

that p38MAPK, ERK1/2, and AKT are among the BMP4-activated kinases that regulate the GSK3b-b-catenin

axis. Our studies support that p38MAPK(ERK1/2,AKT)-GSK3b-b-catenin-OSX is one of the key BMP4-

induced pathways leading to osteogenesis during EC-to-OSB transition (Figure 2K).

BMP4 induces Dlx expression through Smad1 signaling

Although OSX plays a critical role in osteoblast cell fate determination (Nakashima et al., 2002), it is not suf-

ficient to induce an osteogenic phenotype in 2H11 cells (Lin et al., 2017), suggesting the requirement of

additional factors. The homeodomain transcription factor Dlx family proteins, including Dlx2, 3, and 5,

are required for OSX function through complex formation with OSX at OSX target genes (Yang et al.,

2017, 2019). We found that during EC-to-OSB transition, BMP4 induced the expression of Dlx2, Dlx3,

and Dlx5 (Figures 3A, S1A, and S1C). We knocked down Dlx2, Dlx3, or Dlx5 individually in 2H11 cells by

small hairpin RNA (shRNA) (Figures 3B, S1B, and S1D). In Dlx2 knockdown shDlx2#3 and shDlx2#4 clones,

we found that BMP4-stimulated osteocalcin and OSX mRNA expression was significantly reduced relative

to that in vector control (Figure 3B). Similar results were obtained with knockdown of Dlx3 (Figure S1B) and

Dlx5 (Figure S1D). Conversely, overexpression of Dlx2 (Figure 3C), Dlx3 (Figure S1E) or Dlx5 (Figure S1F) led

to the increased expression of OSX. These results indicate that Dlxs, including Dlx2, Dlx3, and Dlx5, are

required for BMP4-mediated EC-to-OSB transition.

Next, we examined the signaling pathway by which BMP4 upregulates Dlx gene expression. We first

examined whether BMP4 regulates Dlxs through the p38MAPK(ERK1/2, AKT)-GSK3b-b-catenin pathway.

Treatment of 2H11 with the b-catenin inhibitor, PRI-724, did not have a significant effect on BMP4-

induced Dlx gene expression (Figure S2A). BMP4 is also known to activate pSmad1/5 through the canon-

ical BMP4 signaling pathway (Yan et al., 2009). Both Smad1 and Smad5 are expressed in 2H11 cells,

whereas only Smad1 mRNA and protein levels were increased upon BMP4 treatment (Figures 3D and

3E). Indeed, BMP4 stimulated a rapid increase in Smad1/5 phosphorylation (Figure 3E) and nuclear trans-

location of phospho-Smad1/5 (pSmad1/5) (Figure 3F) within 1–3 h. We knocked down Smad1 in 2H11

shSmad1#1, shSmad1#3, and shSmad1#5 clones (Figure 3G) and observed significant decreases in

BMP4-inducible Dlx2, 3, and 5 expression relative to that in vector control (Figure 3H). These results

reveal that BMP4 stimulates Dlx gene expression through Smad1 signaling during EC-to-OSB transition

(Figure 3I).

Figure 2. BMP4 activates p38MAPK, ERK1/2, and AKT to phosphorylate GSK-3b

(A) 2H11 cells were treated with BMP4 (100 ng/mL) and analyzed for the protein levels of phosphorylated (p) and total (T) p38, ERK1/2, AKT, and GSK-3b.

Vinculin, loading control.

(B) Dose response of BMP4 on phospho-p38MAPK (pp38). Signals were normalized against GAPDH.

(C) Time course of BMP4 on pp38 nuclear accumulation. Scale bars, 20 mm. Nuclear pp38 signals were quantified as in Figure 1F.

(D) Cells were pretreated with 2 mM BIRB-796, a pan pp38 inhibitor, for 2 h, then BMP4 was added for 48 h, and pp38 and pGSK-3b signals were normalized

against Vinculin.

(E) Nuclear fractionation of 2H11 cells treated with BMP4 and/or 2 mM BIRB-796 for 48 h. Antibody against active b-catenin was used. b-Catenin signals were

normalized against nuclear Lamin A/C as loading control.

(F) Cells were pretreated with 200 nM BIRB-796 for 1 h before BMP4 was added for 48 h. Scale bars, 10 mm. Nuclear b-catenin was quantified as in (C).

(G and H) qRT-PCR for (G) OSX and (H) Osteocalcin mRNAs in cells treated as in (D).

(I and J) Cells were pretreated with (I) 1 mMU0126, an ERK1/2 inhibitor, or (J) 1 mMAKTi V, an AKT inhibitor, for 1 h, before the addition of BMP4 for 1 h. pGSK-

3b signals were normalized against Vinculin. *p < 0.05, **p < 0.01, #p < 0.0001.

(K) Schematic summary. p38, ERK1/2, and AKT are among the BMP4-activated kinases that phosphorylate GSK-3b in ECs.
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Figure 3. BMP4 induces Dlx expression through pSmad1 signaling

(A) Dlx2 mRNA and protein level in 2H11 cells treated with BMP4 (100 ng/mL) for 48 h. Message signals were quantified against GAPDH.

(B) Dlx2 protein levels in Dlx2 knockdown clones shDlx2#3 and shDlx2#4, and the clones were treated as indicated with BMP4 and analyzed for Dlx2,

osteocalcin, and OSX mRNA expression.
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BMP4-mediated Hey1 upregulation is required for inhibition of endothelial cell functions

Given that BMP4 treatment inhibits the EC characteristics of 2H11 cells (Figures 1C and 1D), we considered

that additional pathways are involved in BMP4-induced EC-to-OSB transition. RNA sequencing (RNA-seq)

analysis (GEO database accesion number GSE168321) of 2H11 cells treated with or without BMP4 (100 ng/

mL) for 48 h detected genes whose expression is regulated by BMP4. We focused on the analysis of tran-

scription factors that may regulate gene expression. We found that Hey1, a transcriptional repressor and

mediator of Notch signaling, was the highest upregulated transcription factor, with a 13-fold increase after

BMP4 treatment, followed by Dlx2 and Dlx3 (Figure 4A). Other transcription factors, including Id4, Id2, and

Snai2 (Slug) were also upregulated by BMP4 during EC-to-OSB transition (Figure 4A). Upregulation of

BMP4 target genes Id4 and Id2 are confirmed by qRT-PCR (Figures S2B and S2C).

Because Hey1 is the mediator of Notch signaling, we examined whether the Notch pathway is involved in

EC-to-OSB transition. Among the two Hey family genes, Hey1 but not Hey2 mRNA levels were significantly

increased by BMP4 (Figure 4B), and this is accompanied by an increase in Hey1 protein levels from 6 h up to

48 h (Figure 4C). Next, we examined whether Notch and Notch ligands are expressed in 2H11 cells. We

found that the mRNAs for all four Notch isoforms, Notch1–Notch4, are present and their levels were signif-

icantly increased by BMP4 (Figure 4D). Notch1 and Notch2 protein levels were increased at 24 h and main-

tained at 48 h after BMP4 treatment (Figure 4E). The mRNA levels of Notch ligands Dll4 and Jagged2, but

not Jagged1, were also significantly increased by BMP4 (Figures S2D–S2F). We next knocked down Hey1 in

2H11 shHey1#2 and shHey1#5 clones (Figure 4F) and observed that loss of Hey1 significantly abrogated the

inhibitory effect of BMP4 on EC migration (Figure 4G) and tube formation (Figure 4H), resulting in a higher

level of EC functions relative to vector control. These results suggest that Hey1 plays a role in BMP4-

induced EC inhibition. Importantly, Hey1 knockdown decreased BMP4-stimulated OSX and osteocalcin

gene expression relative to vector control (Figure 4I). These results suggest that the Notch pathway,

through the transcription factor Hey1, is involved in the inhibition of endothelial characteristics of 2H11

cells during EC-to-OSB transition.

pSmad1 forms a complex with NICD to activate Hey1 transcription

Next, we examined whether BMP4-mediated Smad1 phosphorylation activates Hey1 gene expression.

Because Smad1 is phosphorylated by BMP receptor kinase, we treated 2H11 cells with BMP4 in the pres-

ence or absence of 100 nM LDN193189, a BMP receptor kinase inhibitor. We found that LDN193189

inhibited BMP4-induced Smad1 phosphorylation (Figure 5A) and Hey1 (Figure 5B), OSX (Figure 5C), and

osteocalcin (Figure 5D) gene expression. Furthermore, knockdown of Smad1 in shSmad1#1, shSmad1#3,

and shSmad1#5 clones significantly decreased BMP4-induced Hey1 expression compared with that in vec-

tor control (Figure 5E). These results suggest that BMP4 stimulates Hey1 gene expression through Smad1.

Hey1 gene expression has been shown to be mainly activated by the Notch pathway, in which the Notch

receptor is cleaved to generate a Notch intracellular domain (NICD) (Leal et al., 2012). NICD has been

shown to form a complex with pSmad1 to regulate downstream Notch target genes (Beets et al., 2013;

Dahlqvist et al., 2003). We found that BMP4 stimulated an increase in the level of NICD in the nucleus at

24 h (Figure 5F), where NICD signals co-stained with that of pSmad1/5 at 3 and 24 h of BMP4 stimulation

(Figure 5F). To detect a potential interaction between pSmad1 and NICD in the nucleus, we performed an

in situ proximity ligation assay (PLA) (Soderberg et al., 2006; Yu-Lee et al., 2018) using anti-pSmad1/5

together with anti-NICD antibodies. We found a significant increase in PLA signals, visualized as individual

fluorescent spots, in the nucleus of BMP4-treated 2H11 cells (Figure 5G, see enlarged) relative to untreated

control cells, indicating a close proximity between pSmad1 and NICD in the cell nucleus. No PLA signals

were observed in cells incubated with only a single or no antibody as negative controls (Figure 5G). We

further confirmed the association of pSmad1 with Notch by co-immunoprecipitation. A high level of

Figure 3. Continued

(C) mRNA and protein levels of Dlx2 and OSX mRNA level in Dlx2 overexpression cells.

(D) qRT-PCR of Smad1 and Smad5 mRNA levels in cells treated as indicated.

(E) Time course of BMP4 on pSmad1/5, Smad1, and Smad5 protein levels.

(F) BMP4 on nuclear localization of pSmad1/5. Scale bars, 20 mm. pSmad1 signals were quantified by NIS-Elements. n, number of nuclei analyzed.

(G) Smad1 protein levels in Smad1 knockdown clones shSmad1#1, shSmad1#5, and shSmad1#3. Signals were normalized against Vinculin.

(H) qRT-PCR of Dlx2, Dlx3, and Dlx5 mRNAs in Smad1 knockdown clones treated as indicated with BMP4. *p < 0.05, **p < 0.01, ***p < 0.001, #p < 0.0001.

(I) Schematic summary. BMP4-induced Smad1 phosphorylation plays a role in the expression of Dlx, which regulates OSX expression in ECs.
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Figure 4. BMP4-mediated Hey1 upregulation is required for inhibition of endothelial cell migration and tube formation

(A) RNA-seq analysis of 2H11 cells treated with or without BMP4 (100 ng/mL) for 48 h. Transcription factors upregulated after BMP4 treatment are shown as

fold increase. Data are deposited in GEO database under accession #GSE168321.

(B) qRT-PCR of Hey1 and Hey2 mRNAs in cells treated as indicated. Signals are quantified against GAPDH.
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pSmad1 was observed in immunoprecipitations using Notch1 (Figure 5H), Notch2 (Figure 5I), or NICD (Fig-

ure 5J) antibodies following BMP4 treatment, but there was little pSmad1 in control cells. Conversely, we

found Notch1 (Figure 5K) and Notch2 (Figure 5L) in a reverse immunoprecipitation using Smad1 antibody.

Together, these findings indicate that BMP4/BMPR interaction leads to Smad1 phosphorylation. pSmad1

then forms a complex with NICD to upregulate Notch target gene Hey1, which is necessary for EC-to-OSB

transition (Figure 5M).

BMP4 induces Slug expression

Transcription factors, including Snail, Slug, FoxC2, and Twist, have been shown to play critical roles in cell

type transition (Sipos and Galamb, 2012). Snail was shown to be critical for TGFb-induced endothelial-to-

mesenchyme transition (Medici et al., 2011). Our RNA-seq analysis showed that the transcription factor Slug

was upregulated by BMP4 (Figure 4A). We confirmed that Slug mRNA levels was upregulated about 3-fold,

whereas Snail was upregulated only 1.4-fold by BMP4 (Figure 6A), and Slug protein expression was upre-

gulated in a time-dependent manner by BMP4 (Figure 6B). We knocked down Slug in 2H11 shSlug#3 and

shSlug#5 clones (Figure 6C) and observed that a loss of Slug inhibited BMP4-induced upregulation of Slug

mRNA and protein (Figure 6D), which resulted in a decrease in BMP4-induced osteocalcin expression (Fig-

ure 6E), suggesting that Slug expression is necessary for EC-to-OSB transition.

Next, we examined the signaling pathway that leads to Slug upregulation. We found that knockdown of

Smad1 did not affect BMP4-induced Slug upregulation (Figure S2G). Additionally, knockdown of Hey1 in

2H11 cells also did not affect BMP4-induced Slug upregulation (Figure S2H). These results indicate that

Slug upregulation is not mediated through the Smad1-Notch-Hey1 pathway. In contrast, inhibition of

b-catenin by PRI-724 led to a significant inhibition of BMP4-mediated Slug expression (Figure 6F). These

results suggest that BMP4-induced Slug upregulation is mediated through b-catenin signaling pathway.

Because Slug plays a role in cell type transition, we examined whether Slug regulates the expression of

OSX, Dlx2, or Hey1, the transcription factors involved in EC-to-OSB transition. We found that knockdown

of Slug decreased BMP4-induced OSX expression (Figure 6G), but did not affect that of Dlx2 (Figure S2I) or

Hey1 (Figure S2J). Furthermore, overexpression of Slug in 2H11 cells significantly upregulated the expres-

sion of OSX (Figure 6H) but not that of Dlx2 (Figure S2K) or Hey1 (Figure S2L). These results suggest that

Slug plays a role in EC-to-OSB transition by upregulating OSX through the b-catenin-Slug pathway

(Figure 6I).

BMP4-induced pSmad1/5 and p38MAPK-b-catenin pathways occur in parallel

As BMP4 stimulates signaling through both pSmad1 and p38MPAK, we next determined whether the two

signaling pathways may regulate each other’s activation. 2H11 cells were treated with 2 mM BIRB-796 or

100 nM LDN193189 before the addition of BMP4. We found that blocking p38MAPK activation with BIRB

inhibited BMP4-induced pp38MAPK nuclear translocation (Figure S3A, upper) but did not prevent

BMP4-induced pSmad1/5 nuclear translocation (Figure S3A, lower). Conversely, blocking Smad1/5 phos-

phorylation with LDN193189 inhibited BMP4-induced nuclear translocation of pSmad1/5 (Figure S3A,

lower), but did not affect BMP4-induced pp38 nuclear translocation (Figure S3A, upper). Furthermore,

BIRB did not prevent BMP4-induced phosphorylation of Smad1 protein (Figure S3B, right). Conversely,

LDN193189 did not block BMP4-induced phosphorylation of p38MAPK (Figure S3B, left). These results sug-

gest that the BMP4-induced pSmad1/5 and p38MAPK-b-catenin pathways largely occur in parallel.

Overexpression of key transcription factors is sufficient to induce EC-to-OSB transition

Our data show that BMP4 induces the expression of Hey1, Slug, Dlx, and OSX transcription factors that

are necessary for EC-to-OSB transition to occur. We next examined whether co-expression of these key

factors will be sufficient for EC-to-OSB transition in the absence of BMP4. Factors were overexpressed

Figure 4. Continued

(C) Time course of BMP4 on Hey1 protein expression.

(D) qRT-PCR for mRNAs of Notch receptor isoforms in cells treated with BMP4 as indicated.

(E) Time course of BMP4 on Notch1 and Notch2 protein expression.

(F) qRT-PCR for basal (left) and BMP4-induced (right) Hey1 mRNA in Hey1 knockdown clones.

(G) Boyden chamber migration of Hey1 knockdown clones treated with BMP4 for 2 h. n = 2.

(H) Tube formation of Hey1 knockdown clones treated with or without BMP4 before seeding on top of Matrigel for 9 h. n = 2.

(I) qRT-PCR of OSX and osteocalcin mRNAs in Hey1 knockdown clones treated with or without BMP4. *p < 0.05, **p < 0.01.
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singly or in combination, and osteocalcin gene expression was monitored as the readout. Individual

overexpression of Hey1, Slug, OSX, Dlx2, Dlx3, or Dlx5 in 2H11 cells was not sufficient to induce osteo-

calcin expression (Figure S4A). Overexpression of various combinations of two factors showed that only

the combination of OSX with Dlx2, but not Dlx3 or Dlx5, was effective in increasing osteocalcin expres-

sion, when compared with a dose-response of BMP4 induction of osteocalcin (Figure 7A). We next tran-

siently transfected Slug, Hey1, or both into a 2H11-OSX-Dlx2 (2-factor) cell line and found that either Slug

or Hey1 further increased osteocalcin levels (Figure 7B, upper), indicating that Slug or Hey1 also contrib-

uted to osteocalcin expression. Transient co-transfection of Slug and Hey1 into 2H11-OSX-Dlx2 cells did

not result in further increases in osteocalcin levels, possibly due to different transfection efficiencies for

Slug and Hey1 (Figures S4B and S4C). We next established a 2H11-OSX-Dlx2-Slug (3-factor) cell line and

found that transient transfection of Hey1 resulted in a significant increase in osteocalcin levels compared

with vector-transfected cells (Figure 7C, upper). Although overexpression of the four factors may not fully

replicate the complex coordinated signal transduction that occurs upon BMP4 stimulation, our findings

support that co-expression of all four factors is sufficient to achieve significant osteocalcin expression in

the absence of BMP4.

Given that osteoblast function is characterized by the secretion of extracellular proteins, including osteo-

calcin, alkaline phosphatase, and type 1 collagen (Col1a1), we further determined whether the combined

co-expression of all four factors could lead to the expression of osteoblast differentiation markers. 2H11-

OSX-Dlx2 (2-factor) cells transfected with Slug or Hey1 or both (Figure 7B, middle and lower), and 2H11-

OSX-Dlx2-Slug (3-factor) cells transfected with Hey1 (Figure 7C, middle and lower) led to a significant

increase in alkaline phosphatase and type I collagen. Furthermore, when the 2H11-OSX-Dlx2 2-factor

and 2H11-OSX-Dlx2-Slug 3-factor cell lines together with transiently transfected factors as indicated

were cultured in osteoblast differentiation medium, they achieved mineralization as shown by alizarin

red staining (Figures 7D and 7E). Together, these results indicate that co-expression of all four transcription

factors is sufficient to stimulate EC-to-OSB transition as well as osteoblast mineralization in the absence of

BMP4.

BMP4 induces EC-to-OSB transition in SVR cells

To examine whether EC-to-OSB transition also occurs in another EC line, we treated murine SVR ECs,

derived from pancreatic islet by sequential introduction of simian virus 40 (SV40) large T (tumor) antigen

and H-ras (Arbiser et al., 1997), with BMP4. We note that SVR cells do not tolerate well the serum-free con-

dition used for BMP4 treatment. We found that BMP4 increased mRNA levels of OSX and osteocalcin and

led to mineralization of SVR cells (Figure S5A). BMP4 also stimulated pSmad1/5 protein levels and nuclear

translocation (Figure S5B). Blocking pSmad1 activation through inhibiting BMP receptor kinase activity with

LDN193189 led to downregulation of BMP4-induced Hey1 and Dlx2 mRNA (Figure S5C, upper), down-

stream targets of the Smad1 pathway, resulting in a significant inhibition of OSX and osteocalcin expres-

sion (Figure S5C, lower). BMP4 also stimulated pp38MAPK and b-catenin protein levels and increased

the nuclear translocation of b-catenin (Figure S5D). Inhibition of b-catenin by PRI-724 blocked the mRNA

expression of OSX and osteocalcin (Figure S5E). Interestingly, Slug mRNA levels were neither upregulated

by BMP4 nor altered by PRI-724 in SVR cells (Figure S5F), suggesting variations in different EC lines. These

results suggest that BMP4-induced signal transduction pathways during EC-to-OSB transition in SVR cells

are largely similar to those in 2H11 cells.

Figure 5. pSmad1 and NICD form a complex to regulate Hey1 expression

(A–D) (A) BMPR kinase inhibitor LDN193189 (100 nM) on BMP4-induced pSmad1/5 and Smad1 protein levels in 2H11 cells for 48 h. Signals were normalized

against Vinculin. qRT-PCR of (B) Hey1, (C) OSX, and (D) osteocalcin mRNAs in cells treated as in (A). Signals were normalized against GAPDH.

(E) qRT-PCR of Hey1 mRNA in shSmad1#1, shSmad1#3, and shSmad1#5 clones treated with BMP4 as indicated.

(F) Time course of BMP4 on NICD and pSmad1/5 localization in the nucleus. Cells were co-immunostained for NICD (Notch1 C-terminal amino acids 2433–

2467) and pSmad1/5. Nuclear signals were quantified as in Figure 1F. Scale bars, 10 mm.

(G) Cells were treated with BMP4 for 24 h and analyzed by proximity ligation assay (PLA) using anti-NICD together with anti-pSmad1/5 antibodies, and either

single or no antibodies as controls. Red spots indicate PLA positivity in the nucleus. Box, enlarged. Scale bars, 10 mm. PLA spots/nucleus were quantified by

NIS-Elements. n, number of nuclei. *p < 0.05, **p < 0.01, ***p < 0.001, #p < 0.0001.

(H–J) Whole cell lysate (WCL) from control and 48-h BMP4-treated cells were immunoprecipitated (IP) with anti-Notch1, anti-Notch2, or anti-NICD

antibodies followed by immunoblotting (IB) with pSmad1/5 antibody. Actin or Vinculin were used as loading controls.

(K and L) Reverse IP was performed using anti-Smad1 antibody followed with IB with anti-Notch1 or anti-Notch2 antibodies.

(M) Schematic summary. Notch pathway is involved in BMP4 inhibition of EC migration and tube formation through the formation of a pSmad1/NICD

complex that regulates Hey1 gene expression.
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Figure 6. BMP4 induces Slug expression

(A) qRT-PCR of Slug and Snail mRNAs in 48-h BMP4-treated 2H11 cells. Signals were quantified against GAPDH.

(B) Time course of BMP4 on Slug protein levels. Signals were normalized against Vinculin.

(C) Slug protein levels in Slug knockdown clones.
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b-Catenin and pSmad1 are expressed in osteoblasts in prostate cancer bone metastasis

specimens and MDA-PCa-118b and C4-2b-BMP4 osteogenic xenografts

Our previous studies showed that osteoblasts rimming the bone in the biopsy specimens from human bone

metastasis expressed both osteocalcin and Tie2, suggesting that these cells were undergoing EC-to-OSB

transition (Lin et al., 2017). We further examined whether b-catenin is expressed in the EC-OSB cells present

in PCa bone metastases of clinical specimens. Specimens from bone biopsies were immunostained for

b-catenin or pSmad1. EC-OSB cells in bone metastasis specimens showed staining for b-catenin and

pSmad1 (Figures 7F and S6A). Similarly, in MDA-PCa-118b (Figure S6B) and C4-2b-BMP4 (Figure S6C) oste-

ogenic xenografts, which were generated by injecting MDA-PCa-118b or C4-2b-BMP4 cells subcutane-

ously, immunostaining showed the expression of b-catenin and pSmad1 in EC-OSB hybrid cells that rim

the tumor-induced bone. These observations suggest that b-catenin and Smad1 signaling were present

in EC-to-OSB transition in PCa bone metastasis.

Together, our studies show that stromal reprograming of ECs to OSBs by BMP4 involves the integration of

several pathways, including Smad1-Notch-Hey1 pathway that inhibits EC function, p38MAPK(ERK1/2,AKT)-

GSK3b-bcatenin-Slug signaling pathway that stimulates osteogenesis, and Smad1-regulated Dlx2 that

converges with the Smad1 and b-catenin pathways during EC-to-OSB transition (Figure 7G).

DISCUSSION

We have delineated the molecular mechanisms underlying BMP4-induced EC-to-OSB transition. We found

that stromal reprograming of ECs to OSBs by BMP4 requires the coordination of several pathways,

including the Smad1-Notch-Hey1 pathway that inhibits EC function and the p38MAPK(ERK1/2,AKT)-

GSK3b-bcatenin signaling pathway that stimulates osteogenesis (Figure 7G). We also showed that EC-

to-OSB transition can occur by overexpressing several of the key molecules, i.e., cell fate transition factors

Slug and OSX, transcriptional repressor Hey1, and transcriptional activator Dlx2, in the absence of BMP4.

Our studies elucidated that these four factors are not only necessary but also sufficient for EC-to-OSB tran-

sition. Together, our findings provide a mechanism for BMP4-induced stromal reprogramming. As our pre-

vious studies showed that PCa secreted-BMP4 led to EC-to-OSB transition, understanding the complex

signaling mechanisms underlying EC-to-OSB transition will provide strategies to block PCa-induced aber-

rant bone formation by interfering with pathways essential for EC-to-OSB transition.

Identification of the Notch-Hey1 pathway in BMP4-induced EC-to-OSB transition was unexpected. Notch

signaling influences cell fate decisions, cell differentiation, tissue homeostasis, and regeneration (Liu et al.,

2010); however, its involvement in EC-to-OSB transition is not known. We found that BMP4-activated

Notch-Hey1 pathway inhibits EC migration and tube formation and is necessary for EC-to-OSB transition.

Hey1 protein is a member of the Hey family of transcriptional repressors that function as downstream ef-

fectors of Notch signaling. Buas et al. (2010) reported that Hey1 inhibits myogenesis by repressing the

expression of myogenin andMef2C, genes critical for myogenesis. Hey1 has been shown to physically asso-

ciate with other transcription factors to regulate cellular activities. For example, interactions between Hey

proteins and Runx2 were shown to repress Runx2 transcriptional activity and prevent aortic calcification

(Garg et al., 2005). Interaction of Hey1 with androgen receptor was thought to repress androgen receptor

functions (Belandia et al., 2005). Elagib et al. (2004) showed that interaction of Hey1 with GATA1 led to in-

hibition of GATA1 transcriptional activity and GATA1’s effect on inducing erythropoiesis. Hey family mem-

bers were also shown to inhibit GATA-driven cardiac gene expression through association with GATA4/6

(Fischer et al., 2005; Kathiriya et al., 2004). A direct interaction between Hey family members and Ptf1-p48

led to inhibition of pancreatic exocrine differentiation (Ghosh and Leach, 2006). The target genes that are

regulated by Hey1 and how these target genes impact EC-to-OSB transition remain to be determined.

Figure 6. Continued

(D) Slug mRNA by qRT-PCR and protein levels following BMP4 treatment in Slug knockdown clones.

(E) qRT-PCR of osteocalcin mRNA in shSlug clones treated as in (D).

(F) Dose response of b-catenin inhibitor PRI-724 on BMP4-induced Slug mRNA expression in 2H11 cells.

(G) qRT-PCR of OSX mRNA in Slug knockdown clones treated as in (D).

(H) qRT-PCR of Slug and OSX mRNAs and Slug protein levels in Slug-overexpressing cells. *p < 0.05, **p < 0.01, ***p < 0.001.

(I) Schematic summary. BMP4-induced b-catenin signaling regulates Slug expression. Slug then participates in the upregulation of OSX expression during

EC-to-OSB transition.
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Our studies showed that b-catenin plays a critical role in EC-to-OSB transition. Choi et al. (2017) showed

that b-catenin upregulates OSX expression through direct binding to the promoter region of OSX. OSX,

also known as Sp7, is a Sp family transcription factor. Although Sp family transcription factors mainly

Figure 7. Overexpression of key transcription factors induces EC-to-OSB transition

(A) qRT-PCR of osteocalcin mRNA in 2H11 cells overexpressing combinations of two transcription factors. Dose response of BMP4 on osteocalcin mRNA was

performed in parallel. Signals were quantified against GAPDH.

(B) 2H11-OSX-Dlx2 (2-factor) cell line was generated, transiently transfected (superscript +) with Slug, Hey1, or both, andmRNA levels for osteocalcin (upper),

ALP (middle), and Col1a1 (lower) were analyzed by qRT-PCR.

(C) 2H11-OSX-Dlx2-Slug (3-factor) cell line was generated, transiently transfected with (superscript +) Hey1, and analyzed as in (B).

(D) Osteoblast mineralization using alizarin red staining on cells in (B).

(E) Mineralization analysis for cells in (C). *p < 0.05, **p < 0.01, ***p < 0.001.

(F) b-Catenin and pSmad1 expression in EC-OSB cells of PCa bonemetastases of clinical specimens. Activated EC-OSB cells (arrows) rimming the bone were

immunopositive with b-catenin and pSmad1. (400X). B, bone.

(G) Schematic summary of BMP4-mediated EC-to-OSB transition. In tumor-derived ECs, BMP4 stimulates the canonical Smad1 pathway that upregulates

Hey1 to inhibit EC properties. Smad1 signaling also upregulates Dlx that forms a complex with OSX to activate transcription of skeletal-related genes. BMP4

also stimulates a non-canonical pathway through p38MAPK(p44/42ERK,AKT)-GSK3b-bcatenin that upregulates the expression of OSX. In 2H11 cells, this

non-Smad pathway also upregulates Slug that enhances OSX expression. The unique integration of the Smad1-Notch-Hey1 pathway that inhibits EC

function and the p38MAPK(ERK1/2,AKT)-GSK3b-b-catenin signaling pathway that stimulates osteogenesis underlies BMP4-mediated EC-to-OSB transition.
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bind to GC-rich sequence, studies by Hojo et al. (2016) demonstrated that OSX does not bind to GC-rich

sequence directly. Rather, OSX and Dlx form a complex that binds to AT-rich sequence (Figure 7G). Our

studies showed that the expression of Dlx2, 3, and 5 is upregulated by BMP4-mediated Smad1 pathway

and that knockdown of any of the three Dlx genes results in the inhibition of EC-to-OSB transition, suggest-

ing that Dlx factors are necessary for EC-to-OSB transition. Interestingly, only Dlx2 supports osteocalcin

expression when co-expressed with OSX, suggesting complex roles of Dlx family proteins in cell type tran-

sition. As Dlx expression is regulated by BMP4-mediated Smad1, whereas OSX is regulated by b-catenin

pathways, these observations raise the possibility that Dlx plays a role in converging the Smad1 and b-cat-

enin pathways during EC-to-OSB transition.

Although Snail and Slug family proteins have been shown to play important roles in cell fate transition, we

found that Slug, but not Snail, expression promotes EC-to-OSB transition in 2H11 cells. In contrast, Medici

et al. (2011) showed that TGFb2 stimulates endothelial-to-mesenchyme (EndMT) transition by increasing

Snail expression, suggesting that Snail and Slug play unique roles in different cellular contexts. Interest-

ingly, we found that BMP4 does not regulate Slug expression in SVR cells. Whether Snail is involved in

BMP4-induced EC-to-OSB transition in SVR cells is not clear.

Bone marrow stromal cells have been shown to be a source of osteoblasts (Hu et al., 2018). In character-

izing the stem cells for bone marrow stroma, Chan et al. (2015) showed that the skeletal system contains

multipotent stem cells that can differentiate into various cell lineages, including bone, cartilage, and

stroma. It is possible that some of the prostate tumor-induced osteoblasts are derived from bone

marrow stromal cells, which may have different signaling pathways than those in endothelial-derived

osteoblasts.

A change in lineage plasticity through epithelial-to-mesenchymal transition of tumor cells is one of the es-

tablished mechanisms underlying prostate tumor progression and metastasis (Aggarwal et al., 2014;

Bishop et al., 2017). Our studies further elucidate that the bone microenvironment is not a static compo-

nent; instead PCa interacts dynamically with the bonemicroenvironment. Depending on the characteristics

of PCa cells, the bone microenvironment can be modified in response to signals from the PCa cells. Thus,

both epithelial and stromal cell lineage reprograming are involved in PCa progression. These observations

suggest that incorporating therapies that target mechanisms underlying the reprogramming of both stro-

mal cells and tumor cells may improve therapy outcomes.

In summary, we have delineated the molecular basis of EC-to-OSB transition. Understanding how tumor

cells alter stromal cell fate in the tumor microenvironment will be critical in developing strategies for cancer

therapies.

Limitations of the study

We used immortalized 2H11 and SVR EC lines in our in vitro studies. As only a few specific EC lines can

be induced to become osteoblasts by BMP4, this observation suggests that these cell lines may have

modifications that allow EC-to-OSB transition to occur. FOP disease progression is usually initiated by

local inflammation. It is likely that pathways activated by inflammatory factors are also required for

EC-to-OSB transition. In the osteoblastic bone lesion of human prostate cancer bone metastasis, it is

likely that tumor cells may induce an inflammatory environment to allow ectopic bone formation to

take place under BMP4 stimulation. Thus, the in vitro approaches used in this study do not fully reflect

the diverse tumor microenvironments encountered in vivo. Further study will be required to better char-

acterize this process in vivo.

Resource availability

Lead contact

Information and requests for resources should be directed to and will be fulfilled by the lead contact, Sue-

Hwa Lin (slin@mdanderson.org).

Materials availability

Materials (plasmids) generated in this study will be made available upon reasonable request to the lead

contact. Their delivery could require a material transfer agreement.
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Data and code availability

All relevant data are available from the lead contact upon request. The original mouse RNA-seq data have

been deposited in the GEO database under accession number GSE168321.

METHODS

All methods can be found in the accompanying transparent methods supplemental file.

SUPPLEMENTAL INFORMATION

Supplemental information can be found online at https://doi.org/10.1016/j.isci.2021.102388.
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Supplemental Figures and Legends 

Figure S1. Dlx3 and Dlx5 transcription factors are involved in OSX expression (related to 

Fig. 3).  

(A) BMP4 increased Dlx3 mRNA levels in 2H11 cells. (B) Knockdown of Dlx3 decreased BMP4-

induced Dlx3, osteocalcin and OSX expression. (C) BMP4 increased Dlx5 mRNA levels in 2H11 

cells. (D) Knockdown of Dlx5 decreased BMP4-induced Dlx5, osteocalcin and OSX expression. 

Overexpression of Dlx3 (E) or Dlx5 (F) increased expression of OSX in the absence of BMP4 

stimulation. p<0.05, ** p<0.01, *** p<0.001 by Student’s t-test. 

 

 

 

 



 
Figure S2. BMP4 induced transcription factors in 2H11 cells (related to Fig. 3, Fig. 4 and Fig. 

6).  

(A) PRI-724, a β-catenin inhibitor, did not have a significant effect on BMP4-induced Dlx2, Dlx3 

and Dlx5 gene expression. Transcription factors Id4 (B) and Id2 (C) mRNAs were increased during 

BMP4-induced EC-to-OSB transition. (D – F) BMP4 treatment increased the mRNA levels of 

Notch ligand Dll4 and Jagged 2, but not Jagged 1. Knockdown of Smad1 (G) or Hey1 (H) did not 

affect BMP4-induced Slug expression.  Knockdown of Slug did not affect BMP4-induced Dlx2 (I) 

or Hey1 (J) expression. Overexpression of Slug in 2H11 cells did not affect Dlx2 (K) or Hey1 (L) 

mRNA levels. Message levels were quantified by real-time RT-PCR and signals were normalized 

against that of GAPDH. * p<0.05, ** p<0.01. NS, no significance.  



 

 
Figure S3. BMP4-induced Smad1 and p38MAPK-β-catenin pathways occur in parallel 

(related to Fig. 3).  

2H11 cells were preincubated with kinase inhibitors for 1 – 2 h before the addition of 100 ng/mL 

BMP4 for 1 h. (A) Immunofluorescence showed that 200 nM BIRB, a pan p38MAPK inhibitor, 

prevented BMP4-induced phospho-p38MAPK (pp38) nuclear translocation (upper), but not 

BMP4-induced pSmad1/5 nuclear translocation (lower). Conversely, 100 nM of LDN193189, a 

BMP receptor kinase inhibitor, blocked BMP4-induced nuclear translocation of pSmad1/5 (lower), 

but not pp38 nuclear translocation (upper). n, number of nuclei analyzed. # p<0.0001. ns, no 

significance. (B) Western blots further confirmed that BIRB did not prevent BMP4-induced 

phosphorylation of Smad1 (right), and LDN193189 did not block BMP4-induced phosphorylation 

of p38MAPK (left). Vinculin was used as a loading control. Note, the western blot data on 

pp38/p38MAPK (left) are obtained from one experiment ran on the same gel. The vertical line 

indicates a cut in the filter.  



 

 
Figure S4. Transcription factors alone or in combinations were overexpressed in 2H11 cells 

(related to Fig. 7).  

(A) 2H11 cells stably transfected individually with Hey1, Slug, OSX, Dlx2, Dlx3, or Dlx5 

expression vector were generated. Osteocalcin expression level was not increased by single factor 

overexpression as measured by qRT-PCR. Signals were normalized against GAPDH. 2H11 cells 

treated with different concentrations of BMP4 for 48 h were used as positive controls. (B) qRT-

PCR for the levels of Slug mRNA in 2H11-OSX-Dlx2 (two-factor) cells transiently transfected 

(indicated by +) with Slug, Hey1 or both expression vectors.  Slug mRNA in Slug transfected cells 

was much higher than that in Slug-Hey1 double transfected cells. (C) qRT-PCR for the levels of 

Hey1 mRNA in 2H11-OSX-Dlx2 cells transiently transfected with Slug, Hey1 or both vectors. 

Hey1 mRNA levels were highly increased in Hey1 and Slug-Hey1 double transfected cells. (D) 

qRT-PCR for the levels of Hey1 mRNA in 2H11-OSX-Dlx2-Slug (3-factor) cells transiently 

transfected with Hey1 expression vector. *, p<0.05, **, p<0.01, ***, p<0.001.  

 



 
Figure S5. BMP4 induces EC-to-OSB transition in SVR cells (related to Fig. 7). 

 (A) qRT-PCR of OSX and osteocalcin mRNAs and osteoblast mineralization in SVR endothelial 

cells treated with BMP4 (200 ng/mL). (B) pSmad1/5 protein levels and nuclear translocation in 

cells treated with BMP4 for 6 h. Bar, 20 µm. (C) qRT-PCR of Hey1, Dlx2, OSX and osteocalcin 

mRNAs after BMP4 treatment with or without BMPR kinase inhibitor LDN193189 (100 nM). (D) 

pp38MAPK and β-catenin protein levels and β-catenin nuclear translocation in SVR cells treated 

with BMP4 for the indicated times. (E) qRT-PCR of OSX and osteocalcin mRNAs after BMP4 

treatment with or without β-catenin inhibitor PRI-724 (1 µM). (F) qRT-PCR for the expression of 

Slug mRNA in SVR cells treated without or with BMP4 or with BMP4 plus PRI-724 (1 µM). *, 

p<0.05, **, p<0.01, ***, p<0.001. NS, no significance. 



Figure S6.  β-catenin and pSmad1 were expressed in EC-OSB cells (related to Fig. 7). 

Immunostaining for the expression of β-catenin and pSmad1 in EC-OSB cells of (A) PCa bone 

metastases clinical specimens, (B) MDA-PCa-118b xenografts generated in SCID mice, (C) C4-

2b-BMP4 tumors generated in SCID mice. Tumors were decalcified and immunostained for the 

expression of β-catenin and pSmad1 in osteogenic tumors. Activated EC-OSB cells (arrows) 

rimming the bone were immunopositive with β-catenin and pSmad1. (400X). B, bone. T, tumor. 

 



Table S1. Reagent List (related to Fig. 1-7) 

 
 
 
 
 
 
 
 
 



 



 
 
 
 
 
 
 
 

 
 

 
 
 
 
 
 
 
 

 



Transparent Methods 
Cell lines and antibodies   

Murine endothelial cell lines 2H11 and SVR were purchased from ATCC in 2012 and 2020, 

respectively.  2H11 at passage four and SVR at passage two were used.  2H11 cells were cultured 

in DMEM with 10% FBS, and SVR cells were cultured in DMEM with 5% FBS.  The cell lines 

are mycoplasma free.  Antibodies used are as listed (Table S1).  

 

Reverse transcription and quantitative PCR 

Total RNA was purified using RNeasy kit (Qiagen, Valencia, CA). The relative mRNA level for 

each gene was quantified by real-time RT-PCR with SYBR Green (Applied Biosystems).  

Mouse-specific primer sequences are as listed (Table S2). 

 

Cell migration assay 

2H11 (2 x 105) cells were incubated overnight in serum-free media, treated with or without BMP4 

(100 ng/mL) for 48 h, and seeded into a FluoroBlock TM Cell Culture insert (BD Falcon).  The 

migrated cells were labeled with Calcein AM.  Migration was expressed as the average of migrated 

cells per field in total five random microscopic fields (Huang et al., 2010).  

 

Matrigel tube formation assay 

Growth Factor Reduced Basement Membrane Matrix (356260, Corning) (50 μL/well) was added 

to a 96-well plate and incubated for 12 h at 37°C for solidification (Lee et al., 2007).  2H11 cells 

(2 x 104) treated with or without BMP4 for 48 h were added to the Matrigel.  Tube formation was 

observed at 0 or 20 h following transfer to Matrigel and quantified by detecting the nodes in four 

randomly chosen fields (DeCicco-Skinner et al., 2014). 

 

Immunoblotting, immunofluorescence, and immunoprecipitation  

Cell lysates (20 µg) were resolved on SDS-PAGE, and proteins bands were analyzed by 

immunoblotting.  Protein levels were quantified against loading control using Image J. For 

immunofluorescence analysis, cells were fixed and stained with primary antibodies (1:50 – 1:500) 

overnight, followed by Alexa-Fluor conjugated secondary antibodies.  Images were acquired on a 

Nikon TE-2000 widefield microscope system (Nikon, Lewisville, TX) and fluorescence was 



quantified using NIS-Elements 5.21.02 (Nikon) software. For immunoprecipitation, cells were 

lysed in RIPA buffer.  Lysates were incubated overnight with antibodies and the protein-antibody 

complexes were analyzed by Western blotting. 

 

Inhibitor treatment 

2H11 or SVR cells were pre-treated with various inhibitors (Table S1) for 1 – 2 h, followed by 

incubation with BMP4 as indicated. 

 

Isolation of nuclear fraction 

2H11 cells (1 x 106) were lysed in 200 µl cell lysis buffer (10 mM HEPES pH8.0, 3.0 mM MgCl2, 

40 mM KCl, 0.2% NP40, 10% glycerol, 0.1mM DTT containing protease and phosphatase 

inhibitors).  After centrifugation, the nuclear pellet was resuspended in RIPA buffer and further 

sonicated and centrifuged at 10,000 rpm to pellet debris.  The supernatant was used as the nuclear 

fraction.   

 

Knockdown of transcription factors in 2H11 cells  

GIPZ lentiviral shRNA (Horizon) were used to knockdown Dlx3, Smad1, Hey1 or Slug in 2H11 

cells.  MISSION pLKO.1 lentiviral shRNA (MilliPORE Sigma) were used to knockdown Dlx2 or 

Dlx5 in 2H11 cells.  shRNA knockdown cells were selected with puromycin or FACS sorting.  

Cells transduced with empty pGIPZ or pLKO.1 lentiviral vector were used as a control.  The 

sequences for shRNA knockdown clones are as listed (Table S2). 

 

Proximity ligation assay (PLA) 

Proximity ligation assay was performed using DUOLink In Situ Red Starter Kit (DUO92101) 

(Sigma) with anti-Rabbit PLUS (DUO92002) and anti-Mouse MINUS (DUO92004) PLA probes. 

Images were captured using FluoView 1000 IX2 confocal microscopy (Olympus) (Yu-Lee et al., 

2018). 

 

Overexpression of OSX, Dlx, Slug or Hey1 alone or in combination in 2H11 cells 

2H11 cells overexpressing individual OSX, Slug or Hey1 transcription factor were generated by 

transducing cells with bicistronic retroviral particles generated from the plasmids pBMN-OSX-



GFP, pBMN-Slug-NEO or pBMN-Hey1-NEO, and selected by FACS sorting for GFP or G418 

for NEO.  2H11 cells overexpressing Dlx2, Dlx3 or Dlx5 were generated with retroviral particles 

from pBabe-Dlx2 (Dlx3 or Dlx5)-puro, and selected using Puromycin (5 µg/mL).  2H11 cells 

overexpressing OSX and Dlx2 (2-factor) were generated using the retroviral virus from pBMN-

OSX-GFP and pBabe-Dlx2-puromycin followed by GFP sorting and puromycin selection.   2H11-

OSX-Dlx2-Slug (3-factor) cell line was generated by transducing a bicistronic vector (pBMN-

Slug-NEO) expressing Slug cDNA into 2H11-OSX-Dlx2 cells followed with G418 selection. 

 

Mineralization assays 

2H11 cells were stimulated with BMP4 in serum-free medium for 48 h, switched into StemPro 

osteoblast differentiation medium (Invitrogen) and incubated for 14 – 20 days.  Formalin-fixed 

cells were covered with freshly prepared Alizarin Red S solution and incubated in room 

temperature in the dark for 30 minutes (Lin et al., 2017).  

 

Immunohistochemistry of bone metastasis specimens and osteogenic xenografts 

Formalin-fixed, paraffin-embedded human PCa bone metastasis specimens from bone biopsy were 

obtained from MDACC Prostate Cancer Tissue Bank through an institutional approved IRB 

protocol.  MDA-PCa-118b and C4-2b-BMP4 osteogenic xenografts were generated by injecting 

MDA-PCa-118b or C4-2b-BMP4 cells subcutaneously.  The blocked sections were incubated with  

β-catenin or pSmad1 antibody overnight at 4°C, followed reaction with HRP-conjugated 

secondary antibodies. Images were scanned and analyzed by Aperio ImageScope software (Lin 

et al., 2017) 

 
 

Statistical analysis 

Data quantification was performed using Student t test and expressed as mean ± S.E.M. P values 

<0.05 were considered statistically significant. 
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