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Abstract

Pluripotent stem cells, both human embryonic stem cells (hESC) and induced pluripotent stem 

cells (iPSC), provide an important resource to produce specialized cells such as osteogenic cells 

for therapeutic applications such as repair or replacement of injured, diseased or damaged bone. 

hESCs and iPSCs can also be used to better define basic cellular and genetic mechanisms that 

regulate the earliest stages of human bone development. However, current strategies to mediate 

osteogenic differentiation of hESC and iPSC are typically limited by the use of xenogeneic 

components such as fetal bovine serum (FBS) that make defining specific agents that mediate 

human osteogenesis difficult. Runt-related transcription factor 2 (RUNX2) is a key regulator 

required for osteogenic differentiation. Here, we used a RUNX2-YFP reporter system to 

characterize the novel ability of fibrinogen to mediate human osteogenic development from hESC 

and iPSC in defined (serum-free) conditions. These studies demonstrate that fibrinogen mediates 

significant osteo-induction potential. Specifically, fibrinogen binds to the surface integrin (α9β1) 

to mediate RUNX2 gene expression through the SMAD1/5/8 signaling pathway. Additional 

studies characterize the fibrinogen-induced hESC/iPSC-derived osteogenic cells to demonstrate 

these osteogenic cells retain the capacity to express typical mature osteoblastic markers. Together, 

these studies define a novel fibrinogen-α9β1-SMAD1/5/8-RUNX2 signaling axis can efficiently 

induce osteogenic differentiation from hESCs and iPSCs.
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Introduction

Human embryonic cells (hESC) and induced pluripotent stem cells (iPSC) have previously 

been used to generate osteoblasts for potential therapeutic applications such as bone repair 

or replacement of injured, diseased, or damaged bone [1–4]. However, these strategies 

typically utilize poorly defined serum-based differentiation conditions. While use of fetal 

bovine serum (FBS) does lead to development of mesenchymal stromal cells and osteogenic 

cells, the specific signaling pathways that mediate this development remain poorly defined 

[2]. Also, use of xenogeneic serum may limit reproducibility of differentiation strategies and 

clinical applications of these cells [3]. Identification of osteogenic cells derived from hESCs 

and iPSCs is typically based on cell surface antigen phenotype that can overlap with other 

cell populations. Therefore, we aimed to use our recently described RUNX2 reporter system 

engineered in hESCs (hESC-RUNX2-YFP cells) [4] to characterize more defined, serum-

free conditions that mediate development of early human osteogenic cells.

Runt-related transcription factor 2 (RUNX2) is known to be a critical and early regulator of 

osteogenic development [5–7]. Runx2−/− knockout in mice results in complete depletion of 

bone formation [8, 9]. Mutations in Runx2 result in skeletal defects such as cleidocranial 

dysplasia (CCD) [10] and prevents chondrocytic hypertrophy and osteoblastic maturation [8, 

10]. Notably, Runx2−/− murine calvarial cells can differentiate into chondrocytes or 

adipocytes but not into osteoblasts in an osteogenic-inducing microenvironment [11]. 

Studies in mice have described Runx2 as regulator of osteoblast development by mediating 

expression of key osteogenic genes, including collagen I (Col1a1), Alkaline Phosphatase 

(Alpl), Osteocalcin (Bglap), Osterix and Dlx [8]. Recently, our group reported a novel 

reporter system utilizing RUNX2 P1 promotor to drive expression of yellow fluorescent 

protein (YFP) to better identify osteogenic progenitor cells derived from human pluripotent 

stem cells [4]. The osteogenic characteristics of differentiated cells isolated based on the 

RUNX2-YFP reporter system were demonstrated in vitro and in vivo [4]. These current 

studies aim to use these hESC-RUNX2-YFP reporter cells to identify defined conditions that 

mediate development of human osteogenic progenitor cells. We initially tested known 

morphogen signaling molecules such as Wnt/β-catenin, TGFβ/BMP, FGF and rapamycin 

that are well characterized to induce bone development [12–15]. Next, we used this model to 

identify a novel fibrinogen-SMAD 1/5/8-RUNX2 signaling axis that has not been previously 

characterized to promote osteogenic development.

Methods and Materials

Cell Cultures and Induction of Osteogenic Differentiation

hESC line H9 (WiCell, Madison, WI) and umbilical cord blood-derived iPSC (UiPSC 

produced previously by our group) [16] were maintained as undifferentiated cells as 
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previously described [16]. hESC-RUNX2-YFP cells used to report osteogenic differentiation 

were previously described [4].

Prior to the osteogenic differentiation, pluripotent stem cells were adapted to passage as 

single cells using TrypLE (Thermo Fisher Scientific, Waltham, Massachusetts, U.S. 

www.thermofisher.com) for 10 passages as previously described [17]. For osteogenic 

differentiation, the undifferentiated TrypLE adopted hESC were dissociated into single cells 

by TrypLE, and replated on 0.1% gelatin pre-coated culture plate in Essential 8™ Media 

(E8) (Thermo Fisher Scientific, Waltham, Massachusetts, U.S.). For differentiation, the 

following day, E8 media was replaced with osteogenic media (basal media (1% P/S, 1% 

MEM-NEAA, 2 mM L-Glutamine in α-MEM (Thermo Fisher Scientific, Waltham, 

Massachusetts, U.S.), 10% Knockout Serum replacer (KOSR)), 50 ug/ml ascorbic acid, 10 

mM β–glycerophosphate, 100 nM dexamethasone supplemented with or without osteogenic 

mediators: BMP2 (Thermo Fisher Scientific, Waltham, Massachusetts, U.S.) and/or FGF9 

(Thermo Fisher Scientific, Waltham, Massachusetts, U.S.) and/or rapamycin (Thermo Fisher 

Scientific, Waltham, Massachusetts, U.S.) and/or Wnt3a (Creative Biomart, Shirley, New 

York, U.S. http://www.creativebiomart.net/) and/or human fibrinogen (Sigma-Aldrich, St. 

Louis, Missouri, www.sigmaaldrich.com) for 5 days. Differentiation after 5 days was 

continue with osteogenic media without osteogenic mediators till day 28 from the start of 

differentiation. Differentiated cells were cultured in osteogenic media only for three 

passages. Media was changed every 3 days. Cells were cultured at 37°C in 5% CO2 at 95% 

humidity. Concurrently, cells kept in basal media supplemented with KOSR and in 

osteogenic media supplemented with 10% FBS were taken as negative and positive controls 

respectively.

Flow Cytometric Analysis, Fluorescent Imaging and Cell Sorting

Single cell suspension of differentiated cells was prepared as previously described [4], and 

evaluated for YFP fluorescence expression and surface proteins using the fluorescent-

activated cell-sorting facility (FACSCalibur, BD, San Jose, California, U.S. 

www.bdbiosciences.com). Flow cytometry data was analysed with FlowJo software (Tree 

Star, Ashland, Oregon, U.S. www.manta.com). Immunofluorescence staining was performed 

as described previously [18].

For isolation of α9β1 positive and negative population of undifferentiated hESC-RUNX2-

YFP, indirect magnetic labelling and separation with Anti-PE Microbeads (Miltenyi Biotec, 

Bergisch Gladbach, Germany, www.miltenyibiotec.com) were used according to 

manufacturer’s guidance. Their purity of sorted cells was determined by flow cytometry. The 

antibodies used in this study were listed in Supporting Information Table S2.

Real-Time Reverse-Transcription Polymerase Chain Reaction Analysis

Total RNA was extracted using Qiagen RNeasy Mini Kit (Qiagen, Valencia, California, U.S. 

https://www.qiagen.com/us/) and 2 ug of RNA was reverse transcribed into cDNA using 

SuperScript II Reverse Transcriptase (Thermo Fisher Scientific, Waltham, Massachusetts, 

U.S.), based on the manufacturer’s instructions. Quantitative real-time reverse-transcription 
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polymerase chain reactions (qRT-PCRs) were performed using 150 ng cDNA product with 

the SYBR Green PCR Master Mix (Qiagen, Valencia, California, U.S. https://

www.qiagen.com) in a 25 ul PCR assay volume per reaction according to the recommended 

conditions as previously described [4]. The osteogenic genes to be amplified and the PCR 

conditions were listed in Supporting Information Table S1. The level of the target genes 

were correlated to the standard concentrations and normalized by the levels of GAPDH as an 

endogenous reference.

Characterization of Osteogenic Phenotypes

To detect the mineral deposition in the matrix of the differentiated cells, Von Kossa staining 

of the differentiated cells was performed as reported previously [4]. The images were 

acquired randomly in each field and analyzed using software AxioVision LE (Carl Zeiss, 

Thornwood, New York, U.S. www.zeiss.com).

Immuno-Blotting and Immuno-Precipitation

Cell extracts were lysed with lysis buffer containing 2 × 50 ml, 0.025M Tris, 0.15 M Sodium 

Chloride, 0.001 M EDTA, 1% NP-40, 5% glycerol, pH 7.4 (Thermo Fisher Scientific, 

Waltham, Massachusetts, U.S.). The sample was centrifuged and the supernatant was 

collected. Samples were kept for 10 minutes at 90°C and then electrophoresed on 4–20% 

Mini-PROTEAN® TGX™ Precast Gels (Bio-Rad, Hercules, California, U.S. www.bio-

rad.com/) and transferred onto 0.45 Micron, 7.96 cm × 10.5 cm Nitrocellulose Membranes 

(Thermo Fisher Scientific, Waltham, Massachusetts, U.S.). The membrane was blocked for 1 

hour with 5% nonfat dry milk in PBS with tween (0.1% Tween 20) (PBST) and probed with 

the primary antibody (1:1000 in 5% nonfat dry milk in PBST, overnight at 4°C). Blots were 

then incubated with peroxidase-conjugated secondary antibody (1:5000 in 5% non-fat dry 

milk in PBST, 1 hour at RT), and were developed by chemiluminescence SuperSignal® West 

Dura Extended Duration Substrate (Thermo Fisher Scientific, Waltham, Massachusetts, 

U.S.). Immunoprecipitation (IP) was performed as previously reported [19] according to 

manufacturer’s guidance (Thermo Fisher Scientific, Waltham, Massachusetts, U.S.; Catalog 

number: 26146). Band intensities were quantified using ImageJ software and normalized to 

β-Actin. The antibodies used in this study were listed in Supporting Information Table S2.

Statistical Analysis

Each experiment was repeated biologically three times independently, if not stated 

otherwise. As noted in the figure legends, “n” stands for the number of biologically 

independent experiments. Results were presented as mean ± SEM. Statistical analysis was 

performed using Microsoft Excel. One-way or two-way ANOVA was used for multiple 

comparisons. p values was calculated by one-tailed Student’s t test, and the significant 

difference was defined by p < .05 or .01 or .001 as indicated in figures.
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Results

Standardized Conditions to Mediate Osteogenic Differentiation of Human Pluripotent Stem 
Cells

Collagen type I [4] and fibronectin [1] have both been previously demonstrated to support 

osteogenic differentiation of hESC and iPSC. To optimize a defined in vitro 
microenvironment for osteogenic induction, we utilized our previously described hESC-

RUNX2-YFP cells [4]. These previous studies demonstrate these hESC-RUNX2-YFP cells 

faithfully report osteogenic cell development via a RUNX2 promoter driving YFP 

expression [4]. Here, we first wanted to compare the collagen type I and fibronectin as 

matrix. Collagen type I was found to promote significantly higher osteogenic differentiation 

as measured by YFP (as a measure for RUNX2) expression, compared to fibronectin in the 

presence of osteogenic media supplemented with 10% FBS (Fig. 1A).

We next analyzed different signaling pathways to mediate human osteogenic differentiation 

in defined serum-free conditions using BMP2, FGF9, rapamycin, and Wnt3a, all previously 

characterized to play a role in osteogenesis in other developmental systems [12–15, 20, 21]. 

Use of single factors alone only lead to relatively low RUNX2-YFP expression (Fig. 1B).

Other studies have shown that BMP2 targets RUNX2 gene and is crucial for osteogenic 

development [22]. Therefore, BMP2 was tested in different combination with other growth 

factors (Wnt3a, FGF9 and/or rapamycin) (Fig. 1C). Overall, we found that combinations of 

these factors all lead to significant increases in RUNX2-YFP expression without a 

significant difference in RUNX2-YFP expression between different combinations of BMP 

with other single or pairs of factors (p > .05). However, combined use of all four factors 

together (BMP2, Wnt3a, FGF9 and rapamycin) resulted in maximal and more consistent 

increase in RUNX2-YFP expression compared to the different pairs of growth factors with 

BMP2 (BMP2 and/or Wnt3a and/or FGF9 and/or rapamycin) (Fig. 1C). Therefore, we 

selected application of all four factors together as an optimized serum-free condition to 

mediate osteogenic development from human pluripotent stem cells.

Gene expression analysis demonstrated up-regulation of RUNX2, OSTERIX and DLX5 
expression in cells differentiated in osteogenic media supplemented with all four factors 

together (BMP2, Wnt3a, FGF9 and rapamycin) compared to undifferentiated hESC-

RUNX2-YFP. As expected, up-regulation of RUNX2, OSTERIX, and DLX5 was observed 

in cells differentiated in osteogenic media supplemented with 10% FBS as a positive control 

(Fig. 1D).

Fibrinogen Promotes hESC Differentiation into Osteogenic Cells

To further define signaling pathways that promote early human osteogenesis, we next 

screened serum components that could potentially induce osteogenic differentiation of 

hESC-RUNX2-YFP cells. Previously, it has been reported that fibrinogen [23, 24], α-2-HS 

glycoprotein (2-HS) [25] and thrombin [26] play an important role in osteogenesis and bone 

mineralization in vitro. Therefore, these serum proteins were tested in the hESC-RUNX2-

YFP reporter system individually and in combinations (Fig. 2A). Notably, fibrinogen (1.5 

ug/ml) induced significant osteogenic differentiation (RUNX2-YFP expression), more than 
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2-HS (0.25 ug/ml) or thrombin (1.5 ug/ml) when each were applied individually. As 

expected, adding thrombin to degrade fibrinogen reduces the RUNX2-YFP expression (Fig. 

2A). RUNX2 expression in these studies was confirmed through immunoblot (Fig. 2B).

Temporal and Dose Effect of Fibrinogen

Since this fibrinogen-mediated osteogenesis in hESC has not been previously reported, we 

aimed to optimize the dose and temporal effect of fibrinogen for maximum osteogenic 

differentiation. Dose response studies of fibrinogen-treated hESC-RUNX2-YFP cells 

demonstrated no significant difference at any dose greater than 1.5ug/ml (Fig. 2C). 

Expression of RUNX2 was again confirmed with immunoblot (Fig. 2D). The concentration 

of 1.5 ug/ml of fibrinogen was selected for further experiments.

To determine if different durations of fibrinogen application could affect osteogenic 

induction; hESC-RUNX2-YFP cells were treated with fibrinogen for 1–5 days. While these 

studies demonstrated increases of RUNX2-YFP after only 1 day of fibrinogen treatment, 

there was a notable increase in expression over the 5 day time course (Fig. 2E). Expression 

of RUNX2 expression confirmed with immunoblot (Fig. 2F). Next, hESC-RUNX2-YFP 

cells were differentiated for up to 21 days in osteogenic media supplemented with 

fibrinogen. During this extended time course, we did not find a significant difference in 

RUNX2-YFP expression between 5 days, 14 days or 21 days of fibrinogen treatment (p > 
0.05) (Fig. 3A). Therefore, we selected 5 days of fibrinogen exposure as an optimal 

differentiation time point in subsequent studies.

To confirm the expression of other osteogenic genes, qRT-PCR analysis demonstrated the 

marked increases in RUNX2, OSTERIX, and DLX5 expression in cells differentiated in 

optimized condition (osteogenic media supplemented with 1.5 ug/ml of fibrinogen applied 

for 5 days) (Fig. 3B). This gene expression was comparable to use of 10% FBS as a positive 

control (Fig. 3B).

Next we compared our two serum-free systems, i.e. cells differentiated in osteogenic media 

supplemented with fibrinogen (sample: Fibrinogen) and cells differentiated in osteogenic 

media supplemented with known signaling agents (BMP2 + Wnt3a+ FGF9+ rapamycin) 

(sample: AGF). Interestingly, we did not find any significant difference between these two 

serum-free systems (Fig. 3C).

Fibrinogen Binds to α9β1 Expressed on hESC-RUNX2-YFP Cells

We next sought to determine the receptor(s) on hESCs that may mediate fibrinogen activity. 

Here we tested for the expression of integrins and receptors (β1, β2, β3, α4, CD49b, CD11, 

αvβ1, αvβ3, α5β1, αx, α9β1, and CD49e) know to be expressed on undifferentiated hESC 

or know to bind fibrinogen on other cell lines [27–34]. We found significant expression of 

β1, α4, αvβ3, α9β1, CD49b, and CD49e on undifferentiated hESC-RUNX2-YFP cells and 

iPSCs (Fig. 4A).

To define which integrins may bind to fibrinogen and potentially mediate osteogenic 

development, flow cytometric analysis was done to quantify the effect on specific integrin 

expression with or without fibrinogen pre-treatment. The rationale of the fibrinogen pre-
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treatment was to determine if fibrinogen blocks integrin-specific antibody binding. 

Treatment with fibrinogen for one hour before the respective integrin staining resulted in 

significant reduction only for α9β1 antibody binding (p <.05). However, no other integrin 

staining was reduced by fibrinogen treatment (Fig. 4B). To confirm the interaction of α9β1 

with fibrinogen, we also analyzed the effect of pre-α9β1 antibody treatment on fibrinogen 

binding. Pre-treatment with anti-α9β1 antibody for one hour before the treatment of APC-

conjugated fibrinogen resulted in significant reduction in fibrinogen attachment (p < .05) 

(Fig. 4C). Interaction between α9β1 and fibrinogen was further confirmed by co-

immunoprecipitation (Fig. 4D).

Fibrinogen Induces RUNX2 Expression through BMP-SMAD Pathway

Once we characterized the fibrinogen—α9β1 interaction, we next aimed to define the down-

stream signaling pathway that mediates the fibrinogen-α9β1-RUNX2 axis. Therefore, to 

identify the downstream pathway involved in fibrinogen-induced osteogenic differentiation, 

we analyzed the SMAD signaling pathways that are well established to mediate osteogenesis 

[22]. Our results demonstrated the activation of the SMAD 1/5/8 pathway in fibrinogen-

stimulated osteogenic differentiation (Fig. 5A). We also found the higher expression of Wnt 

pathway (total endogenous β-Catenin) induced by fibrinogen treatment compared to cells 

with no fibrinogen treatment (Fig. 5A). Interestingly, we did not find strong activation of 

AKT pathway by fibrinogen treatment (Fig. 5A).

To confirm the role of SMAD 1/5/8 signaling to mediate the fibrinogen-induced RUNX2 

expression, we treated cells with this signaling pathway with dorsomorphin, known to 

specifically inhibit SMAD1/5/8 signaling [35]. As expected, dorsomorphin treatment 

inhibited SMAD 1/5/8 phosphorylation. Moreover, dorsomorphin also inhibited the 

downstream RUNX2 expression (Fig. 5B). Results were confirmed and quantified by flow 

cytometry (Fig. 5C).

We next sought to determine if the osteogenic effect of fibrinogen was α9β1-specific. Here, 

undifferentiated hESC-RUNX2-YFP cells were sorted for α9β1-positive and α9β1-negative 

cell populations (Supporting Information Fig. S1B). α9β1-negative undifferentiated hESC-

RUNX2-YFP cells were treated with osteo media supplemented with fibrinogen for 5 days 

to analyze the RUNX2 expression and P-SMAD 1/5/8 activation (Supporting Information 

Fig. S1D). Fibrinogen treatment of α9β1-negative hESC-RUNX2-YFP cells demonstrated 

significantly lower expression of P-SMAD 1/5/8 and RUNX2 compared to α9β1-positive 

cells (Supporting Information Fig. S1D). To confirm the SMAD 1/5/8-RUNX2 axis, we 

inhibited the SMAD 1/5/8 pathway by dorsomorphin in α9β1-negative cells which resulted 

in almost complete inhibition of RUNX2 expression (Supporting Information Fig. S1D). We 

also found that the treatment of FBS was not able to mediate significantly higher expression 

of RUNX2 in α9β1 negative—SMAD pathway inhibited cells (Supporting Information Fig. 

S1D). α9β1-positive hESC-RUNX2-YFP cells were treated with osteo media supplemented 

with fibrinogen and used as positive controls for these studies. Notably, the α9β1-negative 

cells do demonstrate some increase in P-SMAD. Therefore, an α9β1-independent activation 

of RUNX2 expression is also mediated by fibrinogen. Indeed, the antibody blocking studies 

also demonstrate only partial inhibition of fibrinogen binding to hESCs with anti- α9β1 
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treatment. Therefore, while this fibrinogen-α9β1-SMAD 1/5/8-RUNX2 axis plays a key role 

in mediating these effects, it is likely not the only pathway activated in this system.

Characterization of hESC Derived Osteogenic Cells for Osteogenic Phenotype

With this characterization of a novel fibrinogen-α9β1-SMAD 1/5/8-RUNX2 axis, we next 

analyzed the ability of fibrinogen-mediated hESC-RUNX2-YFP derived osteogenic cells to 

express mature osteoblastic markers. Therefore, hESC-RUNX2-YFP-derived osteogenic 

cells were characterized for mature osteogenic markers at the protein level at day 28 from 

the start of differentiation. hESC-RUNX2-YFP -derived osteogenic cells induced by 

fibrinogen demonstrated OSTEOPONTIN (Fig. 6A) Moreover, OSTEOCALCIN, RUNX2, 

and OSTERIX were also produced at protein level as previously shown (Fig. 6B). Cells were 

also analyzed for the expression of pluripotency markers (OCT4, SOX2, and NANOG) to 

confirm their differentiation (Fig. 6C). Furthermore, OCT4 was also found to be 

downregulated at protein level (Fig. 6D). Fibrinogen-induced osteogenic cells in serum-free 

conditions are also able to produce calcium, as confirmed with Von Kossa staining (Fig. 6E).

Finally, we wanted to demonstrate fibrinogen-mediated osteogenic development from human 

iPSC. Previously optimized conditions of fibrinogen resulted in a similar osteogenic effect in 

UiPSC (umbilical cord blood-derived iPSC produced previously by our group) [16]. UiPSC 

were able to efficiently differentiate into osteogenic lineages mediated by fibrinogen. Cells 

were characterized at mRNA (Fig. 7A) and protein level (Fig. 7B) to confirm the expression 

of osteogenic genes and markers respectively. Fibrinogen mediated iPSC-derived osteogenic 

cells were also able to stain positively for Von Kossa staining (Fig. 7C).

Discussion

Pluripotent stem cells provide an excellent model to study signaling pathways mediating 

early human development, including into bone cells [16, 36]. However, previous strategies 

have typically utilized FBS-containing conditions, making it difficult to identify of distinct 

cellular mechanisms that mediate this early human osteogenic development [2]. Here, we 

used hESC-RUNX2-YFP cellular reporter system to identify defined serum-free conditions 

that mediate early human osteogenic development. In addition to combinations of known 

growth factors, we found that fibrinogen alone could mediate osteogenic differentiation. 

Previously, osteogenic potential of fibrinogen has been reported in MSCs [24, 37]. However, 

this fibrinogen-mediated differentiation of hESC and iPSC towards the osteogenic lineage 

and fibrinogen-mediated downstream pathway during osteogenic induction has not been 

reported previously. Here, we demonstrated that fibrinogen binds to α9β1which leads to 

SMAD 1/5/8 phosphorylation and RUNX2 expression.

BMP2-mediated SMAD 1/5/8 activation is known to induce osteoblastic differentiation of 

MSC and plays an important role in bone healing [38, 39]. Additionally, Kumar and 

coworkers reported that BMP2-mediated SMAD/1/5/8 activation requires additional 

activation of Wnt signaling pathways to mediate significant osteogenic induction [21]. 

Similarly, we found that BMP2 required additional growth factors (Wnt, FGF9 and 

rapamycin) to mediate significant osteogenic differentiation from hESC-RUNX2-YFP cells. 

Human serum [40], platelet-rich plasma and human platelet lysate[41] have all been shown 
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to induce osteogenic differentiation of MSCs. Additionally, several studies also demonstrate 

that the components of human plasma i.e., fibrinogen [23, 24], 2-HS [25] and thrombin [26] 

stimulate osteoblast differentiation. We used our recently reported hESC-RUNX2-YFP 

reporter system to identify the osteogenic potential of these human proteins [4]. Interestingly 

and somewhat unexpectedly, fibrinogen alone was found to have significant osteo-induction 

potential. Moreover, different combinations of fibrinogen with thrombin and 2-HS resulted 

in a reduction of the osteogenic effect of fibrinogen. A possible explanation for this could be 

that the other proteins could be competing with fibrinogen for ligand interactions. Moreover, 

thrombin cleaves fibrinogen and releases fibrinopeptides which could inhibit the fibrinogen 

effect (Fig. 2A, 2B) [42].

Previous studies demonstrate α9β1 integrin can mediate cross-talk between human 

hematopoietic stem and osteoblastic progenitor cells in the bone marrow stem cell niche and 

plays an important role in osteoblast-specific Runx2 expression in vivo [43]. Furthermore, 

the osteoblastic cells adhesive interaction in endosteal stem cell niche depends on α9β1 

[43]. Additionally, α9β1 is also responsible for signal transduction between osteoblast and 

hematopoietic stem cells in endosteal stem cell niche [43]. While a previous report did not 

find α9β1 interacts with fibrinogen [44], as we characterized here (Fig. 4D), this previous 

study used α9-transfected human embryonic kidney cell line 293 (which express β1) and the 

human colon carcinoma cell line SW480 cell lines which are markedly different from our 

experimental model. Additionally, we also found that fibrinogen—α9β1 complex induces 

endogenous SMAD 1/5/8 pathway activation which mediates RUNX2 expression (Fig. 5A, 

5B; Supporting Information Fig. S1D). We analyzed SMAD 1/5/8 pathway because the 

SMAD 1/5/8-RUNX2 axis in osteogenic differentiation is well established [20, 22]. 

Furthermore, our study demonstrates novel mechanistic insight of fibrinogen- α9β1- SMAD 

1/5/8-RUNX2 axis to mediate osteogenic differentiation of human pluripotent stem cells. We 

also found that fibrinogen—α9β1 complex is not the sole pathway for the induction of 

SMAD 1/5/8 pathway and osteogenic differentiation. While fibrinogen was found to mediate 

significantly lower induction of SMAD 1/5/8-RUNX2 axis in α9β1-negative cells 

(Supporting Information Fig. S1D), some activation of SMAD pathway in α9β1-negative 

hESC-RUNX2-YFP cells by the treatment of fibrinogen could be due to the interaction of 

fibrinogen with other integrins or receptors on the cells surface. Interestingly, we also found 

that the treatment of α9β1 negative—SMAD pathway inhibited—hESC-RUNX2-YFP cells 

with osteogenic media supplemented with FBS resulted in significantly lower expression of 

RUNX2 (Supporting Information Fig. S1D). FBS is known to activate several other 

pathways [2]. Therefore, the possible explanation for the RUNX2 expression in α9β1 

negative— SMAD pathway inhibited—hESC-RUNX2-YFP cells by FBS could be due to 

other non-SMAD pathways. Overall, these studies still demonstrate that fibrinogen-α9β1-

SMAD 1/5/8 axis plays an important role in RUNX2 expression.

As more hESC and iPSC-derived cells move into clinical trials, better defining and 

standardizing culture conditions to mediate efficient differentiation into defined cell lineages 

has become of greater interest [45]. While additional studies are necessary to analyze the 

potential of serum-free, fibrinogen-mediated osteogenic cells from hESC/iPSC to form a 

bone cells suitable for fracture repair in vivo, the characterization of this defined pathway 

may facilitate clinical translation. Additionally, these studies open new avenues to better 
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understand basic mechanisms that control the coordinated regulation of transcription factors 

and proteins involved in human osteogenic development.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Significance Statement

These studies use a novel human pluripotent stem cell-based RUNX2 reporter system to 

better define signaling pathways that mediate early human bone development. 

Specifically, these studies demonstrate fibrinogen (a component of human serum) 

stimulates a signaling pathway that leads to bone production. These studies better define 

serum-free conditions that mediate bone development and will help better produce stem 

cell-derived cells for bone repair and regeneration.

Kidwai et al. Page 13

Stem Cells. Author manuscript; available in PMC 2016 November 05.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 1. 
Optimization of osteogenic differentiation of hESC-RUNX2-YFP cells by known signaling 

pathways mediators. (A): Flow cytometric analysis showing the effect of collagen type I 

(0.1% v/v) and fibronectin (0.4% v/v) coated substrate on osteogenic differentiation. hESC-

RUNX2-YFP seeded on collagen type I and fibronectin-coated tissue culture plastic and 

treated with osteogenic media supplemented with 10% FBS (lower panel) or basal media 

with 10% KOSR (upper panel; negative control). Osteogenic differentiation was quantified 

by RUNX-YFP expression. (B): Flow cytometric analysis showing the individual osteogenic 

effect of known signaling pathway mediators (BMP2 (100 ng/ml), Wnt3a (0.5 ug/ml), FGF9 

(40 ng/ml), and rapamycin (4 nM)) on hESC-RUNX2-YFP. To analyze the individual effect 

of known signaling mediator, hESC-RUNX2-YFP cells were treated with osteogenic media 

supplemented with 10% KOSR and known signaling pathway mediator (BMP2 or Wnt3a or 

FGF9 or rapamycin). (C): Flow cytometric analysis of hESC-RUNX2-YFP cell 

differentiation in different combination of growth factors (BMP2 and/or Wnt3a and/or FGF9 

and/or rapamycin). Osteogenic differentiation was quantified by RUNX-YFP expression. 

(D): qRT- PCR of osteogenic genes in an optimized in vitro conditions (combined use all 

growth factors (AGF: BMP2 + Wnt3a + FGF9 + rapamycin). Error bars indicate the mean ± 

SEM (n = 3); * = p < .05 versus RUNX2 gene of undifferentiated hESC, # = p < .05 versus 

DLX5 gene of undifferentiated hESC, + = p < .05 versus OSTERIX gene of undifferentiated 

hESC. (B, C, and D): Undifferentiated hESC-RUNX2-YFP and hESC-RUNX2-YFP 
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differentiated in basal media with 10% KOSR only were taken as a negative control. hESC-

RUNX2-YFP cells differentiated in osteogenic media supplemented with 10% FBS was 

taken as positive control. (A–D): All analyses were done at Day 6 and done in triplicate. 

hESCs that stably express the RUNX2-YFP reporter system (RUNX2 P1 promoter to drive 

expression of yellow fluorescent protein (YFP)) (hESC-RUNX2-YFP cells) were used in all 

experiments. Abbreviations: AGF: all growth factors; FBS: fetal bovine serum; GF: growth 

factors; hESC: undifferentiated human embryonic stem cells; Osteo: osteogenic media; YFP: 

yellow fluorescent protein.
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Figure 2. 
Optimization of dose and temporal effect of fibrinogen: (A): Flow cytometric analysis 

showing the mean RUNX2-YFP expression by individual and the different combination of 

different blood proteins (fibrinogen (1.5 ug/ml) and/or thrombin (1.5 ug/ml) and/or 2-HS 

(0.25 ug/ml)) on hESC-RUNX-YFP cells. + = p< .05 versus Sample “Fibrinogen/

Thrombin”. Undifferentiated hESC-RUNX2-YFP and hESC-RUNX2-YFP differentiated in 

basal media with 10% KOSR only were taken as a negative control. (B): Immunoblot 

showing the quantitative analysis of RUNX2 expression by thrombin, 2-HS, and fibrinogen. 

Lanes: 1: osteogenic media+ α 2-HS glycoprotein; 2: osteogenic media+ thrombin; 3: 

osteogenic media+ fibrinogen+ α 2-HS glycoprotein; 4: osteogenic media+ thrombin+α 2-

HS glycoprotein; 5: osteogenic media+ fibrinogen+ α 2-HS glycoprotein+ thrombin; 6: 

osteogenic media+ fibrinogen; 7: osteogenic media+ FBS; 8: no osteogenic media no growth 

factors; 9: osteogenic media+ fibrinogen+ thrombin. (A and B): hESC-RUNX2-YFP cells 

were treated with osteogenic media supplemented with 10% KOSR and individual and/or 

different combination of different bone proteins (fibrinogen (1.5 ug/ml) and/or thrombin (1.5 

ug/ml) and/or 2-HS (0.25 ug/ml)). + = p< .05 versus Sample “9” (C): Mean RUNX2-YFP 

expression by different doses of fibrinogen. (D): Immunoblot showing the mean expression 

of RUNX2 by different concentrations of fibrinogen. (C and D): hESC-RUNX2-YFP cells 

were treated with osteogenic media supplemented with 10% KOSR and different 

concentration of fibrinogen (6 ug/ml or 3 ug/ml or 1.5 ug/ml or 0.7 ug/ml). (E): Flow 
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cytometric analysis showing the mean RUNX2-YFP expression by different fibrinogen time 

course treatment on hESC-RUNX2-YFP. (F): Immunoblot showing the quantitative analysis 

of RUNX2 expression by temporal application of fibrinogen treatment. (E and F): hESC-

RUNX2-YFP cells were treated with osteogenic media supplemented with 10% KOSR and 

1.5ug/ml of fibrinogen for 5 or 4 or 3 or 2 or 1 days respectively. (A, C and E): Osteogenic 

effect was quantified by RUNX-YFP expression. Error bars indicate the mean ± SEM (n = 

3); * = p< .01 versus Sample “hESC”. Undifferentiated hESC-RUNX2-YFP and hESC-

RUNX2-YFP differentiated in basal media with 10% KOSR only were taken as a negative 

control. (B, D and F): β-Actin was taken as a loading control. Error bars indicate the mean 

+/− SEM (n = 3); * = p < .05 versus Sample “No Osteo No GF”. (A–F): hESC-RUNX2-YFP 

cells differentiated in osteogenic media supplemented with 10% FBS was taken as positive 

control. All analyses were done at Day 6. Abbreviations: FBS: fetal bovine serum; GF: 

growth factors; hESC: undifferentiated human embryonic stem cells; Osteo: osteogenic 

media; YFP: yellow fluorescent protein.
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Figure 3. 
Optimization of extended time course of fibrinogen and comparison of fibrinogen with 

known signaling pathways mediators: (A): Flow cytometric analysis showing the extended 

time course of fibrinogen. hESC-RUNX2-YFP cells were treated with osteogenic media 

supplemented with 10% KOSR and 1.5 ug/ml of fibrinogen for 5, 14, and 21 days. Analyses 

were done at Day 21. Error bars indicate the mean ± SEM (n = 3); * = p < .05 versus Sample 

“hESC”. (B): Quantitative gene analysis showing osteogenic gene expression. hESC-

RUNX2-YFP cells were treated with osteogenic media supplemented with 10% KOSR and 

1.5ug/ml of fibrinogen for 5 days. Error bars indicate the mean ± SEM (n = 3); * = p < .01 
versus RUNX2 gene of undifferentiated hESC, # = p < .001 versus DLX5 gene of 
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undifferentiated hESC, + = p < .01 versus OSTERIX gene of undifferentiated hESC. (C): 

Flow cytometric analysis showing the osteogenic effect of fibrinogen and AGF (BMP + 

Wnt3a + FGF9 and rapamycin). hESC-RUNX2-YFP cells were treated with osteogenic 

media supplemented with 10% KOSR and 1.5 ug/ml of fibrinogen and/or AGF for 5 days. 

Osteogenic differentiation was quantified by RUNX-YFP expression. Error bars indicate the 

mean ± SEM (n = 3); * = p < .01 versus Sample “hESC”. (A, B and C): Undifferentiated 

hESC-RUNX2-YFP and hESC-RUNX2-YFP differentiated in basal media with 10% KOSR 

only were taken as a negative control. hESC-RUNX2-YFP differentiated in osteogenic 

media supplemented with 10% FBS was taken as positive control. (B and C): All analyses 

were done at Day 6. Abbreviations: AGF: all growth factors; D: Days; Fib: fibrinogen; FBS: 

fetal bovine serum; GF: Growth Factors; hESC: undifferentiated human embryonic stem 

cells; Osteo: Osteogenic Media.
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Figure 4. 
Fibrinogen interaction with integrins/receptors on hESC: (A): Flow cytometric analysis 

showing the mean expression of fibrinogen attachment and expression of different integrins/

receptors on hESC-RUNX2-YFP, iPSC and HUVEC cells. Samples were treated with APC 

conjugated fibrinogen or respective integrin/receptors antibody for 1 hour. Error bars 

indicate the mean ± SEM (n = 3); * = p < .05 versus Sample “HUVEC”; # = p < .05 versus 

Sample “hESC”. (B): Mean expression of integrins/receptors on hESC with or without 

fibrinogen prior treatment for 1 hour. Data was analyzed by flow cytometry. Error bars 

indicate the mean ± SEM (n = 3); * = p < .05 versus samples staining with no prior 

treatment of fibrinogen; Samples “No Prior Fibrinogen Treatment”. (C): Quantitative flow 

analysis of APC-conjugated fibrinogen attachment with hESC-RUNX2-YFP before and 

after the monoclonal—non conjugated α9β1 antibody treatment for 1 hour. Error bars 

indicate the mean ± SEM (n = 3); * = p < .05 versus Sample “APC-Fibrinogen only”. (A–

C): Samples treated with respective isotype antibody were taken as negative control. (D): 

Immunoprecipitation showing the qualitative analysis of fibrinogen-α9β1 interaction. 

Interaction was analysed in hESC with or without fibrinogen treatment. Abbreviations: 

hESC: undifferentiated human embryonic stem cells; HUVEC: human umblical vein cell; 

iPSC: induced pluripotent stem cells; 1: first treatment; 2: second treatment.
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Figure 5. 
Activation of signaling pathways mediated by fibrinogen: (A): Immunoblot analysis 

showing the quantitative expression of SMAD, Akt, Wnt pathways and RUNX2 expression 

mediated by fibrinogen. For differentiation, hESC-RUNX2-YFP cells were treated with 

osteogenic media supplemented with 10% KOSR and 1.5 ug/ml of fibrinogen and/or AGF 

(BMP + Wnt3a + FGF9 and rapamycin) for 5 days. hESC-RUNX2-YFP differentiated in 

basal media with 10% KOSR only or osteogenic media supplemented with 10% KOSR were 

taken as a negative control. hESC-RUNX2-YFP differentiated in osteogenic media 

supplemented with 10% FBS was taken as positive control. (B): Immunoblot analysis 

showing inhibition of SMAD 1/5/8 down-stream pathway by 1 uM of dorsomorphin. For 

differentiation, hESC-RUNX2-YFP cells were treated with osteogenic media supplemented 

with 10% KOSR and 1.5 ug/ml of fibrinogen or AGF or 1.5 ug/ml of fibrinogen + 1uM of 

dorsomorphin for 5 days. hESC-RUNX2-YFP differentiated in basal media with 10% KOSR 

only was taken as a negative control. hESC-RUNX2-YFP differentiated in osteogenic media 

supplemented with 10% FBS was taken as positive control. (A and B): β-Actin was taken as 

a loading control. (C): Flow cytometric analysis showing the mean expression of RUNX2-

YFP expression effected by SMAD 1/5/8 pathways inhibition in hESC-RUNX2-YFP. 

Undifferentiated hESC-RUNX2-YFP and hESC-RUNX2-YFP differentiated in basal media 

with 10% KOSR only were taken as a negative control. hESC-RUNX2-YFP differentiated in 
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osteogenic media supplemented with 10% FBS was taken as positive control. (A–C): Error 

bars indicate the mean ± SEM (n = 3). (A): * = p < .05 versus P-SMAD or P-SER473 or β-

Catenin or RUNX2 of Sample “No Osteo No GF”. (B): * = p < .05 versus P-SMAD of 

Sample “Osteo + Fib + Dor”, # = p < .05 versus RUNX2 of Sample “Osteo + Fib + Dor”. 

(C): * = p < .001 versus Sample “Osteo +Fibrinogen”; # = p < .001 versus Sample “hESC”. 

(A–C): All analyses were done at Day 6. Abbreviations: AGF: all growth factors; Dor: 

dorsomorphin; FBS: fetal bovine serum; Fib: fibrinogen; GF: growth factors; hESC: 

undifferentiated human embryonic stem cells; Osteo: osteogenic media.
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Figure 6. 
Characterization of fibrinogen-mediated osteogenic cells derived from hESC: (A): 

Immunofluorescence staining of OSTEOPONTIN staining in hESC-RUNX2-YFP 

differentiated in osteogenic media supplemented with 10% KOSR and 1.5 ug/ml of 

fibrinogen. 1.5 ug/ml of fibrinogen was applied for 5 days only. Undifferentiated hESC-

RUNX2-YFP served as negative control. Saos2 cells and hESC-RUNX2-YFP cells 

differentiated in osteogenic media supplemented with 10% FBS served as positive controls. 

Samples without primary antibody (1°) was taken as staining control. Yellow scale bar 

represents 50 µm (left lane) and 20 µm (middle and right lane). (B): Immunoblot analysis 

showing the mean expression of osteoblastic markers in hESC-RUNX2-YFP derived 

osteogenic cells differentiated in osteogenic conditions as indicated. Saos2 cells, human 

bone marrow derived MSC and hESC-RUNX2-YFP cells differentiated in osteogenic media 

supplemented with 10% FBS served as positive controls. hESC-RUNX2-YFP cells 

differentiated in basal media supplemented with 10% KOSR was taken as negative control 

(NC). β-Actin was taken as a loading control. Error bars indicate the mean ± SEM (n = 3). * 

= p < .05 versus OSTEOCALCIN of Sample “NC”. # = p < .01 versus RUNX2 of Sample 

“NC”, ** = p < .05 versus OSTERIX of Sample “NC”. (C): qRT-PCR showing of 

pluripotency genes in hESC-RUNX2-YFP derived osteogenic cells differentiated in 

osteogenic conditions as indicated. Undifferentiated hESC-RUNX2-YFP cells were taken as 

positive control. hESC-RUNX2-YFP cells differentiated in osteogenic media supplemented 
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with 10% FBS and in basal media with 10% KOSR served as negative control. Three 

technical replicates of same samples were analysed. Error bars indicate the mean ± SD. (D): 

Images showing the immunofluorescence staining of OCT 4 in hESC-RUNX2-YFP derived 

osteogenic cells differentiated in osteogenic conditions as indicated. Undifferentiated hESC-

RUNX-YFP cells were taken as positive control. hESC-RUNX-YFP cells differentiated in 

osteogenic media supplemented with 10% FBS was taken as negative control. (E): Von 

Kossa staining showing the calcification in osteogenic cells derived from hESC-RUNX2-

YFP differentiated using conditions as indicated. hESC-RUNX-YFP differentiated in 

osteogenic media supplemented with 10% FBS and Saos2 cells were taken as positive 

controls. hESC-RUNX-YFP differentiated in basal media supplemented with 10% KOSR 

was taken as negative control. (D and E): Scale bar represents 50 µm. (A–E): All analyses 

were done at Day 28. Abbreviations: Ab: antibody; Fib: fibrinogen; FBS: fetal bovine 

serum; GF: growth factors; hESC: undifferentiated human embryonic stem cells; MSC: 

mesenchymal stem cells; NC: negative control; Osteo: osteogenic media; OP: osteopontin; 

Saos2: sarcoma osteogenic cell.
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Figure 7. 
Characterization of fibrinogen-mediated osteogenic cells derived from iPSC: (A): qRT-PCR 

of osteogenic genes and pluripotency genes in iPSC derived osteogenic cells differentiated in 

osteogenic media supplemented with 10% KOSR and 1.5 ug/ml of fibrinogen or AGF (BMP 

+ Wnt3a + FGF9 and rapamycin). iPSC differentiated in osteogenic media supplemented 

with 10% FBS was taken as positive control. iPSC differentiated in basal media 

supplemented with 10% KOSR and undifferentiated iPSC were taken as negative controls. 

Error bars = mean ± SEM (n = 3); ++ = p < .05 versus OCT 4 gene of undifferentiated iPSC, 
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* = p < .05 versus RUNX2 gene of undifferentiated iPSC, # = p < .05 versus DLX5 gene of 

undifferentiated iPSC, + = p < .05 versus OSTERIX gene of undifferentiated iPSC. Analysis 

was done at day 6. (B): Immunofluorescence staining of OSTEOCALCIN (green) and 

OSTEOPONTIN (red) in iPSC-derived osteogenic cells differentiated in osteogenic 

conditions as indicated. Undifferentiated iPSC served as negative control. iPSC 

differentiated in osteogenic media supplemented with 10% FBS served as positive controls. 

Samples without primary antibody (1°) were used as staining control. (C): Von Kossa 

staining showing the calcification in iPSC derived osteogenic cells differentiated in 

osteogenic conditions as indicated. iPSC differentiated in osteogenic media supplemented 

with 10% FBS and Saos2 cells were taken as positive controls. iPSC differentiated in basal 

media supplemented with 10% KOSR was taken as negative control. (B and C): Scale bar 

represents 50 µm. Analyses were done at Day 28. Abbreviations: Ab: antibody; AGF: all 

growth factors; Fib: fibrinogen; FBS: fetal bovine serum; GF: growth factors; iPSC: 

undifferentiated induced pluripotent stem cells; Osteo: osteogenic media; OC: osteocalcin; 

OP: osteopontin; Saos2: sarcoma osteogenic cell.
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