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Abstract 1 

Osteosarcoma, the most common primary malignant bone tumor, is defined by the formation of 2 

neoplastic osteoid and/or bone. This sarcoma is a highly heterogeneous disease with a wide range of 3 

patient outcomes. CD109 is a glycosylphosphatidylinositol-anchored glycoprotein that is highly 4 

expressed in various types of malignant tumors. We previously reported that CD109 is expressed in 5 

osteoblasts and osteoclasts in normal human tissues and plays a role in bone metabolism in vivo. While 6 

CD109 has been shown to promote various carcinomas through the downregulation of TGF-β signaling, 7 

the role and mechanism of CD109 in sarcomas remain largely unknown. In this study, we investigated 8 

the molecular function of CD109 in sarcomas using osteosarcoma cell lines and tissue. Semi-9 

quantitative immunohistochemical analysis using human osteosarcoma tissue revealed a significantly 10 

worse prognosis in the CD109-high group compared with the CD109-low group. We found no 11 

association between CD109 expression and TGF-β signaling in osteosarcoma cells. However, 12 

enhancement of SMAD1/5/9 phosphorylation was observed in CD109 knockdown cells under bone 13 

morphogenetic protein-2 (BMP-2) stimulation. We also performed immunohistochemical analysis for 14 

phospho-SMAD1/5/9 using human osteosarcoma tissue and found a negative correlation between 15 

CD109 expression and SMAD1/5/9 phosphorylation. In vitro wound healing assay showed that 16 

osteosarcoma cell migration was significantly attenuated in CD109-knockdown cells compared with 17 
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control cells in the presence of BMP. These results suggest that CD109 is a poor prognostic factor in 1 

osteosarcoma and affects tumor cell migration via BMP signaling. 2 

 3 
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Introduction 1 

Sarcomas have not been well studied because of their variation and rarity. Furthermore, sarcoma is a 2 

complex disease that includes many different tumor types; therefore, it is more difficult to carry out 3 

molecular research in sarcomas than in carcinomas [1,2]. Osteosarcoma, the most common primary 4 

malignant bone tumor, is characterized by the highest level of heterogeneity affecting patient outcome 5 

[3]. This is partly because osteosarcoma is defined phenotypically rather than molecularly as a sarcoma 6 

that forms neoplastic osteoid and/or bone. Thus, the identification of a prognostic factor for 7 

osteosarcoma is critical. 8 

CD109, a glycosylphosphatidylinositol-anchored cell surface glycoprotein, is a member of the α2-9 

macroglobulin/C3, C4, C5 family of thioester-containing proteins [4,5]. CD109 is expressed in various 10 

cells and tissues, such as myoepithelial cells of mammary, lacrimal, salivary and bronchial glands, basal 11 

cells of epidermis and bronchial and prostate epithelia, seminiferous tubules of testis, osteoblasts and 12 

osteoclasts in bone, and platelets in blood [4,6-8]. CD109 primarily functions by negatively regulating 13 

transforming growth factor (TGF)-β signaling through its binding to TGF-β receptor I, TGF-β, ALK1 14 

and 78-kDa glucose-regulated protein [9-14]. High levels of CD109 expression have been detected in 15 

various tumor cell lines and tumor tissues, including squamous cell carcinomas (SCCs) of the lung, 16 

esophagus, uterus and oral cavity, adenocarcinomas of the lung and pancreas, breast cancer, 17 

glioblastoma and urothelial carcinoma [15]. Previous studies reported CD109 expression in malignant 18 
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tumors and its correlation with the prognosis of patients with malignant tumors such as SCC, 1 

adenocarcinoma and glioma [15-17]. In SCCs, CD109 promotes tumor initiation by suppressing the 2 

TGF-β/SMAD/nuclear factor erythroid 2–related factor-2 pathway [18]. Other studies reported that 3 

CD109 is not associated with TGF-β signaling in non-epithelial tumors such as glioma [16], suggesting 4 

that the function of CD109 in TGF-β signaling is dependent upon cell type. While we previously 5 

reported that CD109 is expressed in osteoblasts and osteoclasts in normal human tissues and plays a role 6 

in bone metabolism in vivo [8], the function of CD109 in sarcomas remains largely unclear. 7 

In this study, we investigated the molecular function of CD109 in sarcomas using osteosarcoma cell 8 

lines and tissue. We demonstrated that CD109 regulates signaling of the BMP-2 pathway, but not that of 9 

TGF-β, in osteosarcoma cells. Additionally, we revealed that CD109 expression level negatively 10 

correlated with BMP signaling activity in human osteosarcoma tissue and the overall survival of 11 

osteosarcoma patients. These data suggested that CD109 may be involved in tumor progression via the 12 

control of BMP signaling in osteosarcoma. 13 

 14 

Materials and methods 15 

Cell culture and RNA interference 16 

The human adipose derived mesenchymal cell line ASC52telo was obtained from the American Type 17 

Culture Collection (ATCC; Manassas, VA, USA). The human bone marrow-derived mesenchymal cell 18 
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line UE7T-13 was purchased from the JCRB Cell Bank (Osaka, Japan). The human fibrosarcoma cell 1 

line HT-1080 was kindly provided by Kenji Kadomatsu (Nagoya University, Nagoya, Japan). Human 2 

osteosarcoma MG-63 and SaOS-2 cells were purchased from RIKEN BioResource Research Center 3 

(Tsukuba, Japan) and ATCC, respectively. ASC52telo and UE7T-13 cells were cultured in mesenchymal 4 

stem cell growth medium (MSCGM BulletKit; Lonza, Basel, Switzerland). HT-1080 and MG-63 cells 5 

were cultured in DMEM supplemented with 8% fetal bovine serum. SaOS-2 cells were cultured in 6 

McCoy’s 5A medium with 10% fetal bovine serum. Cells were maintained at 37 °C in 5% CO2. 7 

For transient silencing of CD109, osteosarcoma cell lines were transfected with Stealth RNAi siRNA 8 

targeting human CD109 or Stealth RNAi siRNA Negative Control (Thermo Fisher Scientific, Waltham, 9 

MA, USA) at a final concentration of 20 nM using Lipofectamine RNAiMAX transfection reagent 10 

(Thermo Fisher Scientific) following the manufacturer’s protocols. CD109 siRNAs were designed using 11 

BLOCK-iT RNAi Designer (Thermo Fisher Scientific) [19]. Two siRNA sequences were used for 12 

targeting CD109 expression, #1: 5′-UGGAGGAUUCCAGUGAGCUACAGUU-3′ and #2: 5′-13 

UGGGUGUCAUCAGAGUCCAAACUUU-3′ [17]. 14 

In some experiments, cells at 70%–80% confluency were starved for 3 h in growth factor-free medium. 15 

Cells were washed and treated with 100 pM TGF-β1 (PeproTech, Cranbury, NJ, USA) or 50 ng/mL 16 

BMP-2 (Bio-Techne, Minneapolis, MN, USA) for indicated times before use in experiments. Note that 17 

100 pM TGF-β1 and 50 ng/mL BMP-2 are frequently used doses in vitro [20]. 18 
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 1 

Western blot analysis 2 

Western blot analysis was performed by a conventional protocol as previously described [7]. Briefly, 3 

cell lysates were sonicated, boiled for 2 min with 2% 2-mercaptoethanol, subjected to SDS-4 

polyacrylamide gel electrophoresis and transferred to polyvinylidene fluoride membranes (Millipore, 5 

Bedford, MA, USA). Membranes were blocked and incubated with primary antibody for 1 h at room 6 

temperature (RT). After washing, the membranes were incubated with secondary antibody conjugated to 7 

HRP for 1 h at RT. The membranes were washed, and bands were visualized using the ECL Detection 8 

Kit (GE Healthcare, Buckinghamshire, UK) following the manufacturer’s instructions. Densitometric 9 

analysis was performed using ImageQuant TL (GE Healthcare, Chicago, IL, USA). The primary and 10 

secondary antibodies used in this study are listed in Supplementary Table S1. 11 

 12 

Cell proliferation and migration assays 13 

Cell proliferation was measured using the water-soluble tetrazolium (WST)-1 assay (Roche, 14 

Indianapolis, IN, USA). Briefly, MG-63 cells transfected with either control or CD109 siRNA were 15 

plated in 96-well plates 48 h after transfection. WST-1 reagent was added and cells were incubated for 2 16 

h. The absorbance of each well was measured at 450 nm using a microplate reader (Powerscan4, DS 17 

Pharma Biomedical, Osaka, Japan). 18 
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Directional cell migration of human cancer cells was stimulated in a monolayer using an in vitro scratch 1 

wound assay, as previously described [21]. Briefly, MG-63 cells were seeded on 35-mm dishes and 2 

transfected with either control or CD109 siRNA. Confluent cells were scratched with a 200-μL 3 

disposable plastic pipette tip and then plates were cultured for 5 days. Digital images were taken with a 4 

microscope (IX70, Olympus). The percentage of the unfilled wound area to the initial wound area was 5 

calculated. 6 

 7 

Human osteosarcoma samples 8 

Bone biopsy samples were obtained from 55 high-grade (i.e., grade 3) osteosarcoma patients that visited 9 

Nagoya University Hospital from 2000 to 2015. All samples used in this study were obtained before 10 

treatment, including neoadjuvant chemotherapy. All patients underwent margin-negative surgical 11 

resection. Fifty-three patients were treated with neoadjuvant and adjuvant chemotherapy and two 12 

patients were treated with surgery alone. Tumor stages were determined on the basis of the Enneking 13 

staging system [22, 23]. Pelvic osteosarcomas were excluded in this study because most pelvic 14 

osteosarcomas are unresectable. This study was approved by the Ethics Committee of Nagoya 15 

University Graduate School of Medicine. All patients provided informed consent. 16 

 17 

Histological analysis and scoring 18 
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Tissues were fixed in 10% neutral-buffered formalin, dehydrated and embedded in paraffin. 1 

Immunohistochemical staining was performed as previously described [7]. Briefly, paraffin sections 2 

were deparaffinized, dehydrated, subjected to antigen retrieval with Target Retrieval Solution, pH 9 3 

(Agilent), blocked with 10% normal goat serum (Nichirei Bioscience, Tokyo, Japan) and incubated with 4 

primary antibodies for 1 h at RT. Endogenous peroxidase was inhibited by incubation in 3% hydrogen 5 

peroxide in PBS for 15 min. The slides were incubated with secondary antibody conjugated to HRP-6 

labeled polymer (EnVision+; Agilent) for 15 min at RT. Reaction products were visualized with 7 

diaminobenzidine (Agilent); nuclear counterstaining was performed with hematoxylin. The primary and 8 

secondary antibodies used in this study are listed in Supplementary Table S2.  9 

Two independent pathologists evaluated the immunohistochemical and hematoxylin and eosin (H&E)–10 

stained sections, as previously described [16,17]. The immunostaining score for CD109 was calculated 11 

as the sum of the proportion score (PS) and intensity score (IS). The proportion score was determined by 12 

the estimated fraction of positively stained tumor cells (score 0, < 33%; score 1, 33%–66%; and score 2, 13 

66%–100%). The intensity score was determined as the estimated staining intensity (score 0, negative; 14 

score 1, minimal; score 2, moderate; and score 3, strong). The total score ranged from 0 to 5. We defined 15 

samples with a total score >3 as CD109-high. This study was approved by the Ethics Committee of 16 

Nagoya University Graduate School of Medicine (approval number: 2017-0127-5). 17 

 18 
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Statistical analysis 1 

For comparison of the differences between two groups, a two-tailed Student’s t test, Bonferroni post hoc 2 

analysis or one-way analysis of variance (ANOVA) was performed. In Kaplan–Meier analysis, the 3 

significance of differences between groups was evaluated by the log-rank test using GraphPad Prism 6 4 

software (GraphPad, San Diego, CA, USA). Spearman's rank correlation coefficient (rs) was evaluated 5 

using SPSS Statistics version 28.0 (IBM Corp., Armonk, NY, USA). Clinicopathological features were 6 

evaluated with Fisher’s exact test. Multivariate analysis was performed using a logistic regression model 7 

in EZR software version 1.60 (Saitama Medical Center, Jichi Medical University, Saitama, Japan). A P 8 

value of ≤ 0.05 was considered significant. Data are expressed as the mean ± standard deviation. 9 

 10 

Results 11 

CD109 is highly expressed in osteosarcoma cells and its expression correlates with prognosis in 12 

osteosarcoma patients 13 

CD109 expression in tumor stroma was recently reported [24], which prompted us to examine CD109 14 

expression in various stromal cell lines. Western blot analysis revealed that the expression level of 15 

CD109 is extremely high in mesenchymal cell lines including osteosarcoma cell lines (Fig. 1a). 16 

To examine the significance of CD109 in vivo, we analyzed CD109 expression in human osteosarcoma 17 

tissues by histological and immunohistochemical methods. The results revealed CD109 expression in 18 
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osteosarcoma tissue (Fig. 1b). Additionally, the expression level of CD109 in tumor cells varied among 1 

cases, while CD109 expression in non-tumor cells including macrophages was relatively constant. 2 

We then examined the expression of CD109 protein in tumor cells in osteosarcoma samples from 55 3 

patients using immunohistochemistry. The patient age ranged from 6 to 94 years, with a mean of 22.0 4 

years. The clinicopathological features of the 55 patients are summarized in Table 1a. CD109 staining in 5 

tumor cells was scored and the cases were categorized into two groups as described in the Methods: 6 

CD109-low and CD109-high (Fig. 1c). This quantitative scoring system, which combined the 7 

proportion and intensity scores, revealed that CD109 expression was heterogeneous in osteosarcoma 8 

tumor cells, and that the higher the scores, the larger the number of patients was, except for IS3 and TS5 9 

(Supplementary Fig. S1a). Neoplastic osteoids or bones in the representative cases are shown in 10 

Supplementary Fig. S1b. Kaplan–Meier analysis revealed that patients with CD109-high osteosarcomas 11 

had a significantly shorter overall survival compared with those with CD109-low osteosarcomas (P = 12 

0.041), indicating that high CD109 expression correlated with a poor prognosis (Fig. 1d). Multivariate 13 

analysis revealed that CD109 expression was an independent prognostic factor for death within 5 years 14 

from diagnosis (P = 0.0309, Table 1b). Interestingly, we found no significant difference in the survival 15 

rate between the CD109-high and -low groups by analyzing publicly available RNA-seq data 16 

(Supplementary Fig. S2a). This is partly because RNA-seq data reflect CD109 expression in tumor and 17 

non-tumor cells. Additionally, we performed in silico analysis using a publicly available single-cell 18 
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RNA-seq dataset from osteosarcoma patients [25]. This analysis revealed that CD109 expression in 1 

osteosarcoma cells was more heterogeneous than RUNX2 expression (Supplementary Fig. S2b). CD109 2 

expression was also confirmed in osteoclasts as in a previous report [8]. 3 

 4 

CD109 does not regulate TGF-β signaling, but it suppresses BMP-2 signaling in osteosarcoma cells 5 

To investigate whether CD109 regulates TGF-β signaling in osteosarcoma cells, we performed CD109 6 

knockdown by RNA interference. We used two different siRNAs targeting CD109 (siCD109), #1 and 7 

#2, and two human osteosarcoma cell lines, MG-63 and SaOS-2. Both siRNAs effectively knocked 8 

down CD109 protein expression in the two cell lines at a concentration of 20 nM (Fig. 2a). We 9 

examined SMAD2/3 phosphorylation in cells treated with 100 pM TGF-β1. The results showed that 10 

CD109 did not regulate TGF-β signaling in osteosarcoma cells (Fig. 2b), which is different from 11 

previously reported results observed in epithelial cells [9,17,18]. We also performed semi-quantitative 12 

analysis by densitometry and found no significant difference in SMAD phosphorylation between 13 

CD109-knockdown MG-63 or SaOS-2 cells and controls (Fig. 2c). The same results were obtained in 14 

experiments using siCD109#1 in MG-63 cells and siCD109#2 in SaOS-2 cells (data not shown). 15 

BMP is one of the TGF-β superfamily members and plays an important role in bone metabolism. 16 

Therefore, we next examined whether CD109 influenced BMP-2 signaling in osteosarcoma cells. 17 

Notably, BMP-2-induced SMAD1/5/9 phosphorylation was enhanced in CD109-knockdown cells 18 
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compared with the control cells (Fig. 3a, b). The same results were obtained in experiments using two 1 

different cell lines and two different siRNAs. Semi-quantitative analysis of phosphorylated SMAD1/5/9 2 

relative to total SMAD1 confirmed that BMP-2-induced SMAD1/5/9 phosphorylation in MG-63 and 3 

SaOS-2 cells was significantly enhanced in CD109-knockdown cells compared with control cells at 1 h 4 

after stimulation (Fig. 3c, d). SMAD1/5/9 phosphorylation was also significantly enhanced at 0.5 h after 5 

stimulation in CD109-knockdown MG-63 cells (Fig. 3c). BMP-2-induced ERK1/2 phosphorylation [26, 6 

27] was slightly enhanced in CD109-knockdown MG-63 cells using siCD109#1 but not in the 7 

experiment using siCD109#2 (Supplementary Fig. S3a, b). We also examined STAT3 phosphorylation 8 

that was previously reported to be associated with CD109 [7, 28-31]. No apparent differences were 9 

observed in IL-6- or TGF-β-induced STAT3 phosphorylation between CD109-knockdown and control 10 

osteosarcoma cells (Supplementary Fig. S3c-e). 11 

 12 

SMAD1/5/9 phosphorylation was attenuated in CD109-high osteosarcoma tissue 13 

Our in vitro results indicated that CD109 suppresses BMP-2 signaling in osteosarcoma cells. Thus, we 14 

investigated the association between CD109 expression and BMP signaling in vivo by evaluating 15 

SMAD1/5/9 phosphorylation in human osteosarcoma tissue. We performed immunohistochemical 16 

analysis for phospho-SMAD1/5/9 in serial sections of two cases and found that CD109 expression level 17 

negatively correlated with SMAD1/5/9 phosphorylation (Fig. 4a). Furthermore, we calculated the total 18 
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scores of phospho-SMAD1/5/9 staining in 10 randomly selected sequential cases of human 1 

osteosarcomas and examined the correlation between CD109 expression and SMAD1/5/9 2 

phosphorylation. One-tailed Spearman’s correlation analysis revealed a significantly negative 3 

correlation between the expression level of CD109 and the phosphorylation of SMAD1/5/9 in human 4 

osteosarcoma tissues (rs = −0.63, P = 0.0254; Fig. 4b). These results suggest that CD109 suppresses 5 

BMP-2 signaling in osteosarcoma in vitro and in vivo. 6 

 7 

CD109 promotes osteosarcoma cell migration but not cell proliferation in the presence of BMP-2 8 

We next investigated the role of CD109 in BMP-2-mediated effects on osteosarcoma proliferation and 9 

migration. WST-1 assay revealed no significant difference in cell proliferation between CD109-10 

knockdown and control MG-63 cells in the presence of BMP-2 (Fig. 5a). To investigate the role of 11 

CD109 in BMP-2-mediated effects on cell migration, we performed in vitro wound healing assays. We 12 

found that cell migration was decreased in BMP-treated CD109-knockdown MG-63 cells compared 13 

with BMP-treated control cells (Fig. 5b). Quantification of the migration results revealed that cell 14 

migration was significantly decreased in CD109-knockdown MG-63 cells compared with the control 15 

cells (Fig. 5c). To clarify the role of CD109 in migration, we performed in vitro wound healing assays in 16 

the absence of BMP-2. We observed no significant difference in cell migration between CD109-17 

knockdown MG-63 cells and control cells in the absence of BMP-2 (Supplementary Fig. S4). These 18 
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results show that CD109 suppresses BMP-2 signaling and promotes BMP-2-mediated cell migration in 1 

osteosarcoma cells in vitro. 2 

 3 

Discussion 4 

In this study, we showed that CD109 expression was a prognostic marker of osteosarcoma by analysis 5 

of human tissue samples. We found that the expression level of CD109 negatively correlated with BMP-6 

2 signaling in osteosarcoma cells in vitro and in vivo. We also observed that CD109 knockdown 7 

decreased cell migration in osteosarcoma cells in the presence of BMP-2. These results suggested that 8 

CD109 promotes osteosarcoma progression via BMP signaling. 9 

A significant finding of this study is the results showing the regulation of CD109 of BMP signaling in 10 

osteosarcoma. CD109 is not associated with TGF-β signaling in non-epithelial tumors such as glioma, 11 

while it is a TGF-β-related tumor-promoting protein in various carcinomas. Although some reports 12 

suggested that soft tissue sarcomas may be associated with TGF-β signaling [19, 32], our results 13 

suggested that the function of CD109 in TGF-β signaling in non-epithelial solid tumors was different 14 

from that in carcinomas and hematopoietic cells [33, 34]. 15 

The effect of BMP-2 on cell proliferation and migration is controversial [35-39]. Gill et al. reported that 16 

BMP-2 addition did not increase the proliferation or migration of osteosarcoma cell lines [35], while 17 

Tian et al. reported that the mobility of osteosarcoma cells in vitro was increased via BMP signaling 18 
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[37]. The former study used BMP-2 at concentrations of 0.5, 1 and 2 µg/mL, while the latter study used 1 

BMP-2 at a concentration of 10 and 50 ng/mL. The concentration difference may explain the differences 2 

in the results. A review article also reported that BMP-2 acts in a concentration-dependent fashion in 3 

vitro and that BMP-2 has no effect at high concentrations such as 200 ng/mL [20]. 4 

While the molecular mechanism between CD109 and BMP-2 or its receptors is unclear, one study 5 

showed that CD109 promotes the degradation of some receptors such as TGF-β receptor 1 [11]. CD109 6 

may also promote the degradation of BMP receptors and downregulate BMP-2 signaling. However, the 7 

detailed molecular mechanism requires further investigation. 8 

One major limitation of this study is that we did not provide a mechanistic explanation for why CD109 9 

does not influence TGF-β signaling in sarcomas as it does in various carcinomas [17,18,40]. One 10 

potential explanation is the difference in the cellular localization of CD109 protein between carcinomas 11 

and sarcomas; CD109 in sarcomas localizes not only on the plasma membrane but also in the cytoplasm 12 

of tumor cells, while that in carcinomas, CD109 is located at the plasma membrane [15]. The 13 

intracellular form of CD109 might function differently from the membrane and soluble forms. 14 

Cytoplasmic CD109 may have specific functions in regulating BMP signaling and the relative decreased 15 

expression of membrane CD109 may explain its lack of influence on TGF-β signaling. 16 

Our immunohistochemical observation of osteosarcoma revealed its heterogeneity, which was similar to 17 

that observed in lung adenocarcinoma and brain tumor patients [16,17]. To evaluate such heterogeneity, 18 
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we used a quantitative scoring system by combining the proportion score and intensity score, which is 1 

the same as the Allred scoring system used in breast cancer [41], and two independent pathologists 2 

conducted an objective histological analysis (Fig. 1c). Interestingly, IHC analysis revealed significant 3 

results, whereas RNA-seq data analysis did not (Fig. 1d and Supplementary Fig. S2a). This might be 4 

because we evaluated CD109 expression in tumor cells in osteosarcoma tissues by IHC whereas the 5 

RNA-seq data reflect CD109 expression in tumor and non-tumor cells (Supplementary Fig. S2b). This 6 

suggests the importance of histological or "spatial" expression analyses. 7 

In conclusion, our findings showed that CD109 regulates BMP signaling in osteosarcoma cells and that 8 

its expression is a significant prognostic factor in human osteosarcoma patients. Additionally, CD109 9 

protein may be a potential therapeutic target in osteosarcoma because of its expression on the cell 10 

surface, enabling anti-CD109 antibodies or CAR-T cells to bind target tumor cells. Further analyses 11 

using sarcoma mouse models would provide further insights into the mechanism of tumor-progressing 12 

effects of CD109 in sarcomas. 13 

 14 

Conclusions 15 

CD109 protein is highly expressed in osteosarcoma cells and tissue and a statistically significant poor 16 

prognostic factor in human osteosarcoma. CD109 negatively regulates BMP signaling in osteosarcoma 17 

cells and negatively correlates with BMP signaling in osteosarcoma tissue. CD109 suppresses BMP-2-18 



19 

 

mediated cell migration in osteosarcoma. These results suggest that CD109 is involved in tumor 1 

progression by regulating BMP signaling in osteosarcoma. 2 
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Figure legends 1 

Fig. 1 Expression of CD109 correlates with prognosis in patients with osteosarcoma. 2 

(a) CD109 expression in various stromal cell lines. MG-63 and SaOS-2 are human osteosarcoma cell 3 

lines. (b) Representative histological images of human osteosarcoma tissues. H&E staining (top panels) 4 

and immunohistochemical staining with anti-CD109 antibody (bottom panels) in the same area in the 5 

serial section. The intensity score (IS) of CD109 staining was scored from 0 to 3 (0, negative; 1+, 6 

minimal; 2+, moderate; 3+, strong) in tumor cells. Bottom panels show representative images of tissue 7 

with each IS, except for negative staining. Arrowheads indicate non-tumor cells including macrophages. 8 

(c) The proportion score was assigned as follows: 0, < 1/3 of tumor cells; 1, 1/3–2/3 of tumor cells; 2, ≥ 9 

2/3 of tumor cells. The total score was calculated as the sum of both scores. Cases with a total score 10 

more than 3 were considered as CD109-high. (d) Overall survival of 55 patients with osteosarcoma was 11 

analyzed by the Kaplan–Meier method. H&E, hematoxylin and eosin; pSMAD1/5/9, phospho-12 

SMAD1/5/9. 13 

 14 

Fig. 2 CD109 expression and TGF-β signal activation in human osteosarcoma cell lines. 15 

(a) Effects of siRNAs on CD109 expression in osteosarcoma cells. MG-63 (left panel) or SaOS-2 (right 16 

panel) cells were transfected with the indicated concentrations of two CD109 siRNAs or control siRNA. 17 

Representative images of immunoblot analysis for CD109 are shown. (b) Time course of SMAD2 and 18 
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SMAD3 phosphorylation after TGF-β1 (100 pM) stimulation in CD109 knockdown and control cells. 1 

Representative images of immunoblot analysis in MG-63 cells (left panel) using siRNA#2 targeting 2 

CD109 and in SaOS-2 cells (right panel) using siRNA#1 targeting CD109. (c) Relative densitometric 3 

intensities of immunoblot bands for SMAD2 phosphorylation (n = 3 per group). Error bars indicate 4 

standard deviation. siControl, Control siRNA; siCD109, siRNA targeting CD109; N.S., not significant. 5 

 6 

Fig. 3 CD109 suppresses BMP-2 signaling in human osteosarcoma cell lines. 7 

(a, b) Time course of SMAD1/5/9 phosphorylation in CD109 knockdown and control cells after BMP-2 8 

(50 ng/mL) stimulation. Representative images of immunoblot analysis in MG-63 cells (a) and SaOS-2 9 

cells (b). (c, d) Relative densitometric intensities of immunoblot bands for SMAD1/5/9 phosphorylation 10 

(n = 3 per group). Error bars indicate standard deviation. Control siRNA; siCD109, siRNA targeting 11 

CD109; N.S., not significant. 12 

 13 

Fig. 4 CD109 expression correlates negatively with SMAD phosphorylation in human osteosarcoma 14 

tissue. 15 

(a) Images of H&E staining and immunohistochemical staining for CD109 and phospho-SMAD1/5/9 in 16 

two representative cases of human osteosarcoma. The images show the same area in the serial section in 17 

each case. The total score of phospho-SMAD1/5/9 was calculated in the same way as for CD109. The 18 
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cases showed a negative correlation between CD109 expression and SMAD phosphorylation. 1 

Arrowheads indicate non-tumor cells including macrophages. (b) Total scores of CD109 and phospho-2 

SMAD1/5/9 staining were calculated in 10 randomly selected sequential human osteosarcoma cases. 3 

The total score of each case was plotted on a graph. One-tailed Spearman’s correlation analysis revealed 4 

the significant negative correlation between CD109 expression and SMAD phosphorylation in 5 

osteosarcoma (rs = −0.63, P = 0.0254). H&E, hematoxylin and eosin; pSMAD1/5/9, phospho-6 

SMAD1/5/9. 7 

 8 

Fig. 5 CD109 promotes cell migration but not cell proliferation of human osteosarcoma cells in the 9 

presence of BMP-2. 10 

(a) Cell proliferation of MG-63 cells, measured by WST-1 assay (n = 3 per group). There were no 11 

significant differences in the relative proliferation between CD109-knockdown and control cells. 12 

siRNA#1 (left panel) or #2 (right panel) targeting CD109 was used. (b) In vitro wound healing assay 13 

using CD109-knockdown and control MG-63 cells. Representative images taken at 12 h after wound 14 

creation are shown. Dotted lines indicate the edge of the wound area. (c) Percentage of the unfilled 15 

wound area at each time point (6, 12 and 24 h after wound creation) was calculated as described in the 16 

Materials and Methods section (n = 3 per group). siRNA#1 (left panel) or #2 (right panel) targeting 17 

CD109 was used. All experiments were performed in the presence of BMP-2 (50 ng/mL). Error bars 18 
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indicate standard deviation. siControl, Control siRNA; siCD109, siRNA targeting CD109; N.S., not 1 

significant. 2 
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Table 1  Clinicopathological analysis of patients with osteosarcoma 1 

(a) Clinicopathological characteristics of osteosarcoma patients 2 

Characteristics  Total CD109-high CD109-low Fisher’s exact test 

   n (%) n (%) P-value 

Number  55 31 (56.4) 24 (43.6)  

Age (years) < 30 45 23 (41.8) 22 (40.0) 
0.159 

 ≥ 30 10 8 (14.5) 2 (3.6) 

Sex Female 23 10 (18.2) 13 (23.6) 
0.168 

 Male 32 21 (38.2) 11 (20.0) 

Stage IIa 9 5 (9.1) 4 (7.3) 

0.999 (Enneking [22, 

23]) 

IIb 43 24 (43.6) 19 (34.5) 

III 3 2 (3.6) 1 (1.8) 

Surgery with 

chemotherapy† 

 53 30 (54.5) 23 (41.8) 

0.999 

Surgery only  2 1 (1.8) 1 (1.8) 

Tumor site Femur 25 15 (27.3) 10 (18.2) 

0.854 
 Tibia 21 11 (20.0) 10 (18.2) 

 Fibula 3 1 (1.8) 2 (3.6) 

 Humerus 3 2 (3.6) 1 (1.8) 

 Others 3 2 (3.6) 1 (1.8)  

†Chemotherapy: neoadjuvant and adjuvant chemotherapy. 3 

(b) Multivariate analysis of prognostic parameters 4 

 P RR 95%CI 

CD109 (high) 0.043 10.5 1.08–102.0 

Age, years (≥ 30) 0.390 2.14 0.378–12.1 

Sex (male) 0.136 0.288 0.056–1.48 

Stage (≥ IIb) 0.795 1.37 0.130–14.4 

Abbreviations: RR, relative risk; CI, confidence interval. 5 



Figure. 1

100 μm 100 μm 100 μm

*

Su
rv

iv
al

 ra
te

 (%
)

Time (years)

1+ 2+ 3+

H
&E

C
D

10
9

c

b

CD109-high
CD109-low

P = 0.041*

d
0 : < 1/3
1 : ≥ 1/3, < 2/3
2 : ≥ 2/3

Proportion score + Intensity score
= Total score (TS)

TS > 3 : CD109-high
TS ≤ 3 : CD109-low

0
1+
2+
3+

Fig. 1b

(n = 31)
(n = 24)

a

CD109

β-actin

250

150

(kDa)
ASC52

tel
o

UE7T
-13

HT-10
80

MG-63

SaO
S-2

0 1 2 3 4 5
0

20

40

60

80

100



Figure. 2
a

20
nM

  s
iC

on
tro

l
10

nM

20
nM

  s
iC

D
10

9#
1

si
C

D
10

9#
2

CD109

β-actin

20
nM

40
nM

250
150

(kDa) 20
nM

  s
iC

on
tro

l
10

nM

20
nM

  s
iC

D
10

9#
1

si
C

D
10

9#
2

CD109

β-actin

20
nM

40
nM

250
150

(kDa)

c

b

250
150

(kDa)

50

50

50

50

CD109

β-actin

pSMAD2

SMAD2

(–) 0.5 1 3
(h)

(–) 0.5 1 3
TGF-β (100 pM)

siCD109#2siControl

MG-63

pSMAD3

SMAD2/3

250
150

(kDa)

50

50

50

50

CD109

β-actin

pSMAD2

SMAD2

(h)
(–) 0.5 1 3 (–) 0.5 1 3

TGF-β (100 pM)

SaOS-2

siCD109#1siControl

pSMAD3

SMAD2/3

0

1

2

3

4

(–) 0.5 1 3R
el

at
iv

e 
in

te
ns

ity
 / 

SM
AD

2

pSMAD2

siControl siCD109#2

(h)

N.S.

0

1

2

3

(–) 0.5 1 3R
el

at
iv

e 
in

te
ns

ity
 / 

SM
AD

2

pSMAD2

siControl siCD109#1

(h)

N.S.

MG-63 SaOS-2

MG-63 SaOS-2



Figure. 3
a

b

250
150

50

50

siCD109#1

CD109

β-actin

(kDa)

pSMAD1/5/9

SMAD1

siControl siCD109#2siControl

(–) 0.5 1 3
(h)

(–) 0.5 1 3 (–) 0.5 1 3 (–) 0.5 1 3
BMP-2 (50 ng/mL)

MG-63

250
150

50

50

(kDa)

CD109

β-actin

pSMAD1/5/9

SMAD1

(h)
(–) 0.5 1 3 (–) 0.5 1 3 (–) 0.5 1 3 (–) 0.5 1 3

BMP-2 (50 ng/mL)

SaOS-2

siCD109#1siControl siCD109#2siControl R
el

at
iv

e 
in

te
ns

ity
 / 

SM
AD

1

0
1
2
3
4
5

(–) 0.5 1 3 (h)

pSMAD1/5/9
siControl siCD109#2

*
R

el
at

iv
e 

in
te

ns
ity

 / 
SM

AD
1

(h)
0
1
2
3
4
5

(–) 0.5 1 3

pSMAD1/5/9
siControl siCD109#2

***

c

d

MG-63

SaOS-2



Figure. 4

b

a
H&E CD109

C
as

e 
1

C
as

e 
2

pSMAD1/5/9

TS 4

TS 1

TS 0

TS 5

50 μm

50 μm

pS
M

AD
1/

5/
9 

(T
S)

CD109 (TS)

0

1

2

3

4

5

0 1 2 3 4 5

rs = -0.63
P =  0.025



Figure. 5

b

a

R
el

at
iv

e 
pr

ol
ife

ra
tio

n

R
el

at
iv

e 
pr

ol
ife

ra
tio

n

c

W
ou

nd
 a

re
a 

(%
)

Time (h)

siControl
siCD109#2*

*

*

P < 0.01

0
20
40
60
80

100

0 10 20 30

W
ou

nd
 a

re
a 

(%
)

Time (h)

siControl
siCD109#1

*
*

* P < 0.05

0
20
40
60
80

100

0 10 20 30

0 h

12 h

siControl siCD109#1

200 μm

0 h

12 h

siControl siCD109#2

200 μm

0

10

20

30

40

0 2 4 6
0

10

20

30

40

0 2 4 6
Time (days) Time (days)

siControl
siCD109#1

siControl
siCD109#2

N.S.
N.S.

WST-1 assay


