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Abstract

Promoting mesenchymal stem cell (MSC) proliferation has numerous applications in stem cell 

therapies, particularly in the area of regenerative medicine. In order for cell-based regenerative 

approaches to be realized, MSC proliferation must be achieved in a controlled manner without 

compromising stem cell differentiation capacities. Here we demonstrate that 6-bromoindirubin-3’-

oxime (BIO) increases MSC β-catenin activity 106-fold and stem cell-associated gene expression 

~33-fold respectively over untreated controls. Subsequently, BIO treatment increases MSC 

populations 1.8-fold in typical 2D culture conditions, as well as 1.3-fold when encapsulated within 

hydrogels compared to untreated cells. Furthermore, we demonstrate that BIO treatment does not 

reduce MSC multipotency, where MSCs maintain their ability to differentiate into osteoblasts, 

chondrocytes, and adipocytes using standard conditions. Taken together, our results demonstrate 

BIOs potential utility as a proliferative agent for cell transplantation and tissue regeneration.
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1. Introduction

The self-renewal capacity of mesenchymal stem cells (MSCs), also referred to as marrow 

stromal cells or multipotent mesenchymal stem cells was first identified in the early 1960s 

(Becker et al., 1963). It is well established that MSCs maintain self-renewal capacities in 

vitro during early passage number (Bonab et al., 2006; Pittenger et al., 1999; Shahdadfar et 

al., 2005) but undergo senescence upon extensive passages (>8) (Bork et al., 2010; 

Roobrouck et al., 2008; Wagner et al., 2008). Many reports have supported multilineage 
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differentiation capacity, highlighting their ability to undergo osteogenic, chondrogenic, and 

adipogenic differentiation (Elisseeff et al., 2005; Jaiswal et al., 1997; Mackay et al., 1998; 

McBeath et al., 2004). Advancements in purification and amplification techniques have 

enabled MSCs to be isolated from fat, muscle, and bone marrow (Elisseeff et al., 2005; 

Pittenger et al., 1999). Most recently, preclinical models have demonstrated MSC 

therapeutic efficacy in the regeneration of a variety of musculoskeletal tissues (Banfi et al., 

2000; Elisseeff et al., 2005; Murphy et al., 2003; Xie et al., 2007). Unfortunately, MSCs are 

sparse, accounting for only 0.1-1% of the total bone marrow cell population (Tsutsumi et al., 

2001). Cell-based therapies that exploit MSCs require long culture periods to obtain 

adequate numbers of cells. From one bone marrow aspirate (~10 mL), it takes ~3 weeks to 

culture ~13×106 MSCs, the typical cell population used in articular cartilage repair strategies 

(Wakitani et al., 2002). Furthermore, this approximation does not take into account MSC 

proliferative quiescence in vivo (Baxter et al., 2004; Bruder et al., 1997), or the diminished 

MSC prevalence in the elderly, the target population for a number of MSC therapeutic 

strategies (Kasten et al., 2008; Wakitani et al., 2002). Reducing this waiting period to 

expedite patient treatment requires methods to efficiently and reproducibly expand MSCs ex 

vivo (Tsutsumi et al., 2001).

Numerous methods have been investigated to enhance MSC proliferation (Ball et al., 2007; 

Fierro et al., 2007; Ogawa et al., 2010; Rodrigues et al., 2010; Stewart et al., 2010; Tsutsumi 

et al., 2001). Often growth factors are utilized, including transforming growth factor beta 1 

and 3 (TGFβ-1, -3) (Ogawa et al., 2010; Rodrigues et al., 2010), bone morphogenic protein 

3 (BMP-3) (Rodrigues et al., 2010; Stewart et al., 2010), basic fibroblast growth factor 

(bFGF) (Rodrigues et al., 2010; Tsutsumi et al., 2001), vascular endothelial growth factor 

(VEGF) (Ball et al., 2007), and platelet-derived growth factor (PDGF) (Fierro et al., 2007). 

However these approaches are expensive (Awad et al., 2007) and limited by transient 

cellular responses (Bonewald and Dallas, 1994), compromised differentiation potential (Luu 

et al., 2007), and increased population heterogeneity (Shahdadfar et al., 2005). Furthermore, 

growth factor-treated MSCs have been shown to exhibit senescent phenotypes, reduced 

proliferation and homing capacities, and telomere shortening that may further hamper cell 

therapeutic applications (Baxter et al., 2004; Bruder et al., 1997).

As an alternative to growth factors, small molecule drugs have also been used to promote 

stem cell proliferation (Chen et al., 2006; Meijer et al., 2003; Pevsner-Fischer et al., 2007; 

Polychronopoulos et al., 2004; Ying et al., 2008; Yu et al., 2011). Small molecules are not 

readily susceptible to protease degradation or unfolding and can be synthesized using 

synthetic chemistry techniques, greatly reducing their production costs as compared to 

recombinant growth factors (Benoit et al., 2006b). For example, Pevsner-Fischer et al. 

observed 1.4-fold increases in MSC proliferation 48 hr after treatment with the small 

molecule Pam3Cys, a synthetic Toll-like receptor ligand (Pevsner-Fischer et al., 2007). 

Similarly, embryonic stem cell (ESC) proliferation has been increased using the rat sarcoma 

GTPase-activating protein/extracellular signal-regulated kinase 1 (RasGAP/ERK1) inhibitor 

Pluripotin (Chen et al., 2006), the TGF-β/Activin/Nodal receptor inhibitor A83-01 (Yu et al., 

2011), and both CHIR99021 (Ying et al., 2008) and BIO (Meijer et al., 2003; 

Polychronopoulos et al., 2004), agonists of Wnt/β-catenin signaling. Furthermore, small 
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molecule drugs can be incorporated into controlled release strategies without compromising 

their bioactivity, making them more readily applicable for in situ tissue engineering 

strategies. For example, hydrolytic degradation of lactic acid ester tethers have been used to 

control the release of both fluvastatin (Benoit et al., 2007b; Benoit et al., 2006b) and 

dexamethasone (Nuttelman et al., 2006) from poly(ethylene glycol) (PEG) hydrogels to 

initiate MSC osteogenic differentiation.

Amongst the cohort of small molecule drugs explored to increase proliferation, BIO acts as a 

glycogen synthase kinase 3 beta (GSK3β) specific inhibitor and prevents proteosomal 

degradation of β-catenin (Meijer et al., 2003; Polychronopoulos et al., 2004) (Supplemental 

Figure S1). Increased cytosolic concentrations of active β-catenin translocate into the 

nucleus and bind to the Transcription Factor/Lymphoid Enhancing-Binding Factor (TCF/

LEF) transcription factors, resulting in Wnt target gene expression (Sato et al., 2004; Sineva 

and Pospelov, 2010; Tseng et al., 2006). Previously, BIO has been shown to agonize Wnt/β-

catenin signaling, and enhance self-renewal and pluripotency of ESCs (Sato et al., 2004; 

Sineva and Pospelov, 2010) and mammalian cardiomyocytes (Tseng et al., 2006). However, 

the effect of BIO on MSCs has not been reported.

In this work, we sought to investigate BIO's effect on MSC expansion in both tissue culture-

plated (2D) MSCs as well as MSCs encapsulated in PEG hydrogels (3D). Following BIO-

treatment MSC proliferation and Wnt target gene expression was monitored over 6 weeks. 

In addition, BIO-treated cells assessed for maintenance of multilineage potential in 2D and 

3D culture to further support the use of BIO for MSC-based stem cell therapies.

2. Materials and Methods

All materials were purchased from Sigma-Aldrich unless otherwise specified.

2.1 Synthesis of 6-Bromoindirubin-3’-oxime (BIO)

The small molecule BIO was synthesized as previously described (Meijer et al., 2003; 

Polychronopoulos et al., 2004) (Supplemental Figure S2A). The resulting product was 

verified via 1H-NMR and matrix-assisted laser desorption/ionization time of flight (MALDI-

TOF) mass spectroscopy (m/z 356 g/mol).

2.2 Synthesis of Poly(ethylene glycol) (PEG) Macromers

Hydrolytically-Degradable PEG Macromers—To synthesize degradable PEGPLADM 

tri-block copolymers [poly(lactide)-b-PEG-b-poly(lactide) dimethacrylate], linear PEG (Alfa 

Aesar, MW 10 kDa, n=227) was functionalized with d,l-lactide as previously described 

(Sawhney et al., 1993) (Supplemental Figure S2B). PEG was reacted with d,l-lactide at a 

molar ratio of 1:2 (d,l-lactide:PEG) in the presence of stannous octoate catalyst for 4 hrs in a 

140 °C oil bath. The reaction was cooled and the product (PEGPLA) was precipitated three 

times in cold ethyl ether, collected by filtration, and dried under vacuum. 1H-NMR analysis 

was used to determine the number of lactide (δ=5.19, 2H) units per PEG macromer (δ=3.64, 

908H). PLA NMR analysis revealed m~2.
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Methacrylation was performed as described previously (Lin-Gibson et al., 2004). 

Methacrylic anhydride was combined with PEGPLA at a molar ratio of 5:1 (methacrylic 

anhydride:PEGPLA) in a glass scintillation vial and microwaved (1100 W, Sharp) for 5 min. 

The reaction was cooled and the product (PEGPLADM) was dissolved in dichloromethane, 

precipitated three times in cold ethyl ether, collected by filtration, and dried under 

vacuum. 1H-NMR analysis was used to determine the number of methacrylate functional 

groups (δ=5.6, 1H/end and 6.1, 1H/end) per PEG macromer (δ=3.64, 908H) and the percent 

methacrylation was determined to be >95%.

Synthesis of Acrylate-PEG-RGDS—The amino acid sequence Arg-Gly-Asp-Ser 

(RGDS; 433 Da, EMD Chemicals, San Diego CA) was coupled to acrylated-PEG through 

the amino terminus by dissolving 20 mg of peptide in 2 mL of dimethyl sulfoxide (DMSO) 

and adding a single drop of N,N-Diisopropylethylamine. To this, acrylate-PEG-N-

Hydroxysuccinimide (acrylate-PEG-NHS, MW 3500 Da, Jenkem Technology, Beijing 

China, m/z 3707 Da, p=79) was added at a molar ratio of 1:1.1 (peptide:acrylate-PEG-NHS). 

The reaction was vortexed for 1 min and allowed to incubate overnight with gentle agitation. 

The product (acrylate-PEG-RGDS, Supplemental Figure S2C) was dialyzed against 

deionized water (molecular weight cutoff = 1000 Da, Spectrum Labs, Rancho Dominguez 

CA), lyophilized, analyzed via MALDI-TOF (m/z Na+, 4070 Da), and stored at 4 °C.

2.3 The effect of BIO on two-dimensionally treated mesenchymal stem cell (MSC) functions

Cell Culture—MSCs were isolated from human donor bone marrow obtained from Lonza 

(Walkersville, MD) as described previously (Pittenger et al., 1999). MSCs were grown at 37 

°C and 5% CO2 in growth media (GM) consisting of low-glucose Dulbecco's Modified 

Eagle Medium (DMEM, Thermo) supplemented with 10% Fetal Bovine Serum (FBS) 

(Atlanta Biologicals, Lawrenceville, GA, USA), 100 units/ml penicillin (Lonza), 100 μg/ml 

streptomycin (Lonza), 0.25 μg/ml amphotericin B (Lonza) (low-glucose GM). In this study 

MSCs from a single donor at passage 3 were used. It should be noted however that similar 

results as presented herein were obtained in preliminary studies using MSCs from at least 

one other donor cell population at passages ranging from 2 to 5 (data not shown).

Mouse embryonic fibroblasts (C3H10T1/2, Clone 8) were obtained from American Type 

Culture Collection (ATCC) (Manassas, VA). C3H10T1/2s were grown at 37 °C and 5% 

CO2 in Basal Medium Eagle (cellgro) supplemented with 10% FBS, 100 units/ml penicillin, 

100 μg/ml streptomycin, 0.25 μg/ml amphotericin B (BME media). In this study 

C3H10T1/2s at passage 10 were used instead of MSCs for transfection experiments. It has 

been demonstrated that C3H10T1/2s exhibit enhanced transfection efficiencies and 

comparable differentiation capacities as MSCs, making them an ideal and often used 

surrogate cell type for these experiments (Bilkovski et al., 2010; Bowers and Lane, 2008; 

Reznikoff et al., 1973; Shea et al., 2003; Tang and Lane, 2012; Zhao et al., 2009).

Cell Treatment with BIO—MSCs or C3H10T1/2s were seeded (3,000 cell/cm2) in 24-

well tissue culture plates (Greiner Bio-One, Monroe NC) and allowed to become adherent 

over 24 hr. 10 μL of BIO in DMSO was added to 1 mL of culture media to achieve final 
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BIO concentrations of 0, 2, and 5 μM. Cells were cultured with BIO-containing media for 24 

hr after which media was replaced by media without BIO.

Analyzing β-catenin activity in C3H10T1/2s—C3H10T1/2s seeded in 48-wells plates 

were transfected with 0.4 μg/well of TOPFlash or FOPFlash reporter plasmid (Addgene 

Plasmid #12456 and #12457 (Biechele and Moon, 2008)) using Lipofectamine LTX and 

PLUS reagents (Invitrogen) for 3 hrs at 37 °C and 5% CO2. Transfection media was then 

removed and replaced with medium containing 0, 2, or 5 μM BIO. Cells were incubated at 

37 °C and 5% CO2 for 24 hr, after which BIO containing media was removed and replaced 

with normal BME media. Total luminescence was measured (BioTek Synergy Mx plate-

reader) prior to BIO treatment (day 0), as well as on days 1, 2, 3, 4, and 5 after treatment 

using the Luciferase Assay Kit (lysis reagent and luciferase reagent, Promega, Madison WI). 

Total luminescence was normalized to cellular DNA concentration measured using a Quant-

iT PicoGreen dsDNA Assay Kit (Invitrogen) to account for well-to-well variability in cell 

density.

Analyzing the effects of BIO on 2D MSC proliferation—To assess 2D MSC 

proliferation, cells were trypsinized and counted using trypan blue exclusion and a 

hemocytometer. Average cell counts were normalized to data collected on day 0 to illustrate 

the effect of BIO on MSC proliferation over time.

Assessment of MSC cell layer thickness—MSC cell layer thickness was measured 

using the z-directional controls of a FV1000 Olympus Laser Scanning Confocal 

Microscope. On days 1, 14, and 40 cells, seeded on glass bottom 24-well plates (MatTek, 

Ashland MA) were stained using a fluorescent LIVE/DEAD Viability/Cytotoxicity kit 

(Invitrogen). Cell layer thickness was recorded as the distance from the cell-plate interface 

to the focal plane where live fluorescently stained cells were no longer visible.

Analyzing the effects of BIO on MSC differentiation—MSCs seeded (3,000 

cell/cm2) in 24-well plates and treated with BIO were allowed to proliferate for 3 weeks 

before being cultured for an additional 3 weeks in standard osteogenic, chondrogenic, and 

adipogenic induction media (Jaiswal et al., 1997; Mackay et al., 1998; McBeath et al., 

2004). For osteogenic differentiation MSCs were grown in GM supplemented with 100 nM 

dexamethasone, 10 mM β-glycerophosphate, and 50 μM ascorbic acid-2-phosphate (2-

phospho-L-ascorbic acid) (Jaiswal et al., 1997). Similarly, for adipogenic differentiation, 

MSCs were cultured with adipogenic supplements, switching between 3 days in adipogenic 

differentiation medium (high-glucose GM, 1 μM dexamethasone, 0.2 mM indomethacin 

(Alfa Aesar), 10 μg/mL insulin, and 0.5 mM methylisobutylxanthine (Calbiochem, La Jolla 

CA) and 1 day in adipogenic maintenance medium (high-glucose GM, 10 μg/mL insulin) 

(McBeath et al., 2004). Differentiated cell cultures were fixed in 4% paraformaldehyde and 

stained for mineralization (von Kossa, osteogenic), or the presence of lipid droplets (oil red 

o, adipogenic). For chondrogenic differentiation, BIO-proliferated MSCs were placed into 

pellet cultures (250,000 cells/pellet) and cultured for 3 weeks in GM supplemented with 10 

ng/mL TGF-β3 (PeproTech, Rocky Hill NJ), 100 nM dexamethasone, 50 μg/mL ascorbic 

acid-2-phosphate, 40 μg/mL proline, and 0.1% v/v ITS+premix (BD Biosciences, Bedford 
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MA) (Mackay et al., 1998). Pellet cultures were fixed in 4% paraformaldehyde, 

cryosectioned, stained for glycosaminoglycan production (toluidine blue, chondrogenic). 

Images were taken on a Motic AE20 inverted light microscope using a modified Canon EOS 

Rebel T2i.

Evaluation of BIO-mediated alterations in MSC gene expression—Reverse 

transcription polymerase chain reaction (RT-PCR) was used to assess gene expression of 

MSCs over time. Sample RNA was isolated using the ENZA Total RNA Kit (Omega) and 

RNA concentration was normalized across groups to account for experimental variations in 

cell number between treated and untreated populations. RT was performed using the iScript 

cDNA Synthesis Kit (Bio-Rad) incubated at 25 °C for 5 min, 42 °C for 30 min, and 

terminated at 85 °C for 5 min. PCR was performed using a CFX96 Real-Time PCR System 

(Bio-Rad), monitoring sybrgreen products (SsoFastEvaGreen Master Mix, Bio-Rad). 

Primers for β-actin, sex determining region Y-box 2 (Sox2), homeobox transcription factor 

NANOG (NANOG), octamer-binding transcription factor 4 (Oct4), G1/S-specific cyclin D1 

(Cyclin D1), core binding factor alpha-1 (Cbfa1), sex determining region Y-box 9 (Sox9), 

and peroxisome proliferator-activated receptor gamma (PPARγ) were used (Supplemental 

Figure S3). The PCR parameters used were as follows: hold at 95 °C for 5 min, followed by 

40 cycles of: 95 °C for 15 sec denaturation, 60 °C (β-actin, Sox2, Cyclin, D1, Sox9), or 57 

°C (NANOG, Oct4, Cbfa1), or 55 °C (PPARγ) for 60 sec annealing, and 72°C for 20 sec 

extension. Threshold cycle (CT) analysis was used to quantify PCR products normalized to 

the cellular housekeeping gene β-actin. Relative gene quantification was performed using 

the Pfaffl Method, taking into account the variation between calculated primer efficiencies 

(Pfaffl, 2001).

2.4 The effect of BIO on PEG-encapsulated MSC Function

Photoencapsulation of MSCs in PEG hydrogels—A 10 wt% solution of 

PEGPLADM was prepared in phosphate buffered saline with 2.0 mM acrylate-PEG-RGDS 

to maintain MSC viability through integrin interactions (Benoit et al., 2007a; Benoit et al., 

2007b; Benoit et al., 2007c; Benoit et al., 2008). The photoinitiator lithium phenyl-2,4,6-

trimethylbenzoylphosphinate was synthesized as previously described (Fairbanks et al., 

2009) and added at a final concentration of 0.05 wt%. Trypsinized MSCs added to the PEG 

macromer solution to achieve a final concentration of 25 million cells/mL. Using a sterile 1 

mL syringe with the tip removed as a mold, 40 μL of PEG/cell solution was added and 

exposed to long-wavelength 365 nm light (5 mW/cm2 intensity) for 10 min at room 

temperature. Encapsulated MSC viability, BIO treatment, and assessment of gene expression 

were performed as described in Section 2.3 with exception of cell lysate collection. As 2D 

proliferation results revealed no statistical significance between 2 and 5 μM treatment, 

encapsulated MSCs were treated with only 5 μM BIO in an effort to reduce sample size. For 

assessment of gene expression PEG/cell constructs were homogenized in lysis buffer and 

centrifuged to pellet polymerized PEG. The supernatant was then collected for analysis.

Encapsulated MSC proliferation analysis—Encapsulated MSC proliferation was 

assessed using total cellular DNA concentration, assuming constant DNA per cell, using a 

Quant-iT PicoGreen dsDNA Assay Kit. Average encapsulated DNA concentrations were 
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normalized to data collected on day 0 to illustrate BIOs effect on MSC proliferation over 

time.

Encapsulated MSC differentiation analysis—MSCs were treated with BIO, and 

allowed to proliferate for 21 days in 2D before being encapsulated in PEGPLADM 

hydrogels and differentiated osteogenically, chondrogenically, and adipogenically using 

standard induction media (Jaiswal et al., 1997; Mackay et al., 1998; McBeath et al., 2004). 

Samples were collected for gene analysis, or fixed in 4% paraformaldehyde, cryosectioned, 

and stained for mineralization, glycosaminoglycan production, or the presence of lipid 

droplets.

2.5 Statistical Analysis

All data is presented as mean +/- standard deviation with at least three replicate samples 

averaged for each data point. Statistics were assessed with GraphPad Prism Software using a 

two-way ANOVA with Bonferroni post-hoc analysis.

3. Results

3.1 BIO-mediated agonism of Wnt/ β-catenin signaling

BIO-mediated enhancement of β-catenin activity is well established (Meijer et al., 2003; 

Sato et al., 2004; Sineva and Pospelov, 2010). Herein, the efficacy of BIO as an agonist of 

Wnt/β-catenin signaling was quantified using a luminescent reporter plasmid specific for 

active β-catenin (Figure 1A) (Biechele and Moon, 2008). Mouse embryonic fibroblasts 

(C3H10T1/2) were used as a surrogate for MSCs due to poor MSC transfection rates 

observed in our studies and in literature (Bilkovski et al., 2010; Bowers and Lane, 2008; 

Reznikoff et al., 1973; Tang and Lane, 2012). Previously, it has been demonstrated that 

C3H10T1/2s have similar multi-lineage potential as MSCs (e.g., can be differentiated into 

chondrogenic, osteogenic, and adipogenic lineages) (Shea et al., 2003; Zhao et al., 2009). β-

catenin activity (represented as TOPFlash relative luminescence units/ng DNA) supported 

dose-dependent BIO-mediated increases after 24 hr BIO treatments. As illustrated in Figure 

1B, cells exhibited a 71- and 106-fold increase in β-catenin activity compared to untreated 

controls immediately after treatment with 2 and 5 μM BIO, respectively. Furthermore, β-

catenin activation persisted for 3 days after BIO treatment before returning to basal levels 

(Figure 1C).

3.2 Proliferative effect of BIO on tissue culture plated (2D) MSCs

Wnt/β-catenin signaling has been shown to regulate proliferation and survival in numerous 

cell types, including ESCs and endothelial cells (Masckauchan et al., 2005; Sineva and 

Pospelov, 2010). As an agonist of Wnt/β-catenin signaling, BIO has been shown to increase 

ESC (Sato et al., 2004; Sineva and Pospelov, 2010) and cardiomyocyte (Tseng et al., 2006) 

proliferation. To evaluate the effect of BIO on MSC proliferation, cells were counted 

manually just before and at several time points (1, 3, 6, 19, 27, 34, 37, and 41 days) after 

treatment with 0, 2, or 5 μM BIO (Figure 2A). The results, shown in Figure 2B, were 

normalized to day 0 cell counts. Normalized cell populations increased in BIO dose-

dependent fashions over 41 day culture periods. Compared to day 0, at day 41, MSCs treated 
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with 2 or 5 μM BIO exhibited a 4.5- and a 5.5-fold increase in cell number, respectively. 

Comparatively, untreated MSC exhibited a 3.0-fold increase in cell number.

By day 18 of the proliferation study, all experimental groups (0, 2, and 5 μM) had reached 

confluence based on visual inspection. To further investigate how BIO was increasing MSC 

proliferation beyond the limits of contact inhibition, cell morphology was examined using 

LIVE/DEAD staining and confocal microscopy. Qualitative assessment of images taken on 

day 14 showed greater cell density for BIO-treated cells than for untreated controls (Figure 

2C). This trend continued at day 40 where there were noticeably denser cell clusters in the 

BIO-treated cultures, while the untreated controls looked uniformly confluent. Closer 

analysis of the 2 and 5 μM BIO treated cultures at day 40 revealed these denser cell regions 

had thicknesses of 23.5 μm and 24.0 μm respectively, as compared to the untreated controls 

(17.5 μm, Figure 2D). Measurements made at day 1 and 14 respectively showed no 

statistically significant differences between groups. Comparison between days 1 and 40 for 

the untreated MSC controls showed a slight and statistically significant increase in cell layer 

thickness. This is attributed to cell crowding as the cultures reach confluence.

3.3 Proliferation of BIO-treated MSCs encapsulated in PEG hydrogels (3D)

Having demonstrated that BIO enhanced MSC proliferation in 2D culture conditions, we 

sought to assess if this proliferative effect could be translated to cells within hydrogel 

microenvironments. PEG hydrogels are commonly used in tissue engineering applications 

(Benoit et al., 2007b; Benoit et al., 2006b; Elisseeff et al., 2005; Lin and Anseth, 2009; 

Nuttelman et al., 2006). They are highly hydrophilic, biologically inert, are easily modified 

to incorporate biomolecules and cell-adhesive ligands, and resemble soft tissues with respect 

to mechanical properties, water content, and elasticity (Benoit et al., 2007b; Benoit et al., 

2006b; Elisseeff et al., 2005; Lin and Anseth, 2009; Nuttelman et al., 2006). Furthermore, 

hydrogels can be easily modified to incorporate controlled drug release mechanisms (Benoit 

et al., 2007b; Benoit et al., 2006b; Nuttelman et al., 2006).

To accommodate MSC proliferation and expansion, hydrolytically degradable poly(lactide)-

b-PEG-b-poly(lactide) dimethacrylate (PEGPLADM) tri-block copolymers were utilized 

(Benoit et al., 2006a). PEGPLADM-encapsulated MSCs were treated with 0 or 5 μM BIO 

for 24 hr (Figure 3A). As 2D proliferation results revealed no statistical significance 

between 2 and 5 μM BIO treatment (Figure 2B) 2 μM treatment was not investigated in 3D. 

Just before, and 1, 7, 14, and 21 days after BIO treatment, MSC proliferation was assessed 

by quantifying DNA content within hydrogels. The results shown in Figure 3B were 

normalized to initial DNA concentrations (day 0), and are a reflection of relative cell 

number assuming constant DNA per cell. BIO-treated MSCs exhibited statistically 

significant 1.3-fold increases in cell numbers compared to untreated controls. Additionally, 

BIO-treated MSC viability (>90%) was verified by LIVE/DEAD confocal imaging 

throughout the culture period, as illustrated in Figure 3C (Benoit et al., 2007c).

3.4 BIO-treated MSC gene expression (2D)

To more closely examine how BIO-mediated increases of active β-catenin concentrations 

affect MSC phenotype and proliferation, expression of Wnt target genes were analyzed. 
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Specifically, stem cell-associated transcription factors Sox2, NANOG, Oct4, as well as the 

cell cycle regulator Cyclin D1. These genes were selected, as their elevated expression and 

subsequent enhancements in pluripotency and proliferation (Kashyap et al., 2009; Kelly et 

al., 2011; Yi et al., 2011; Yu et al., 2007) have previously been shown in BIO-treated ESCs 

(Sato et al., 2004). RNA was collected just before, and several days (1, 3, 6, 19, 27, 34, 37, 

and 41) after BIO-treatment. Gene profiles (Supplemental Figure S4) were normalized to 

both the housekeeping gene β-actin as well as untreated controls, and are expressed as a 

fold-increase over initial gene expression prior to BIO treatment (day 0).

Immediately after BIO-treatment (day 1), an increase in transcription factor expression was 

observed (Figure 4A). Sox2 expression was elevated 7.1- and 96.4-fold with 2 and 5 μM 

BIO treatment, compared to untreated controls (Figure 4A). Similarly, NANOG expression 

was increased to 5.4- and 15.3-fold (Figure 4A), and Oct4 expression was increased to 5.1- 

and 16.9-fold untreated controls (Figure 4A). The expression of these transcription factors 

remained up-regulated in a BIO dose-dependent fashion through day 3 before returning to 

basal levels (Supplemental Figure S4A-C). By day 19, BIO-treated MSC Sox2, NANOG, 

and Oct4 expression levels were not significantly increased over untreated controls (Figure 

4B). This spike in stem cell-associated transcription factor expression directly coincided 

with enhanced β-catenin activity (Figure 1C). This is indicative of BIO-mediated activation 

of canonical Wnt/β-catenin signaling, and subsequent transcription of Wnt target genes.

Cyclin D1 was increased immediately after 2 and 5 μM BIO treatments (day 1) to 2.8- and 

4.5-fold untreated controls (Figure 4A). Unlike Sox2, NANOG, and Oct4, for 5 μM BIO 

treatment, Cyclin D1 remained up-regulated through day 19 (3.2-fold vs. untreated controls) 

(Figure 4B; Supplemental Figure S4D). Day 19 was significant as it corresponded to the 

time of greatest BIO-mediated MSC proliferation (Figure 2B). Therefore, it is possible that 

elevated Cyclin D1 is the primary executor for the observed BIO-mediated increases in 

MSC proliferation.

3.5 BIO-treated MSC gene expression in PEG hydrogels (3D)

Stem cell-associated transcription factor expression for 5 μM BIO-treated, encapsulated 

MSCs were also analyzed. Immediately following BIO-treatment (day 1), relative Sox2, 

NANOG, and Oct4 gene expression increased to 2.3-, 3.6-, and 1.9-fold untreated controls, 

respectively (Figure 5A). However, as observed in 2D, Sox2, NANOG, and Oct4 expression 

returned to basal levels by day 7 (Figure 5B; Supplemental Figure S5A-C), which coincided 

with the time of greatest BIO-mediated, encapsulated MSC proliferation (Figure 3B).

Cyclin D1 expression increased 1.9-fold compared to untreated controls for 5 μM BIO-

treated encapsulated MSCs (Figure 5A). As in 2D, Cyclin D1 remained significantly up 

regulated through the period of encapsulated MSC proliferation (Supplemental Figure S5D). 

Cyclin D1 expression at day 7 was 2.8-fold that of untreated controls for 5 μM BIO-treated 

PEGPLADM networks (Figure 5B). In combination with expression profiles obtained in 2D, 

this data further supported the hypothesis that BIO increased MSC proliferation via Wnt/β-

catenin-mediated transcription and sustained up-regulation of Cyclin D1.
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3.6 Controlled differentiation of BIO-treated MSCs

The ability to increase MSC populations has countless applications in stem cell therapies, 

including regenerative medicine. Therefore, it is imperative that expanded MSCs maintain 

their ability to differentiate into tissue-specific cell types. To evaluate the multilineage 

potential of BIO-treated MSCs, cells were cultured for 3 weeks to exploit BIOs proliferative 

effects (Figure 2B). Cells were then differentiated into osteogenic, chondrogenic, and 

adipogenic lineages using standard culture conditions (Jaiswal et al., 1997; Mackay et al., 

1998; McBeath et al., 2004) (Figure 6A). Qualitative histological analysis showed no effect 

of BIO-mediated proliferation on histological stains used to evaluate differentiation. 

Identical mineralization, glycosaminoglycan production, and lipid droplet accumulation 

were observed between BIO-treated and untreated groups (Figure 6B). In parallel, Cbfa1 

(Figure 6Ci, osteogenic marker), Sox9 (Figure 6Cii, chondrogenic marker), and PPARγ 

(Figure 6Ciii, adipogenic marker) gene expression were analyzed. Gene expression was 

normalized to both the housekeeping gene β-actin as well as undifferentiated controls. 

Results are shown as fold-increases over initial expression obtained after BIO treatment but 

prior to differentiation.

BIO-treated MSCs exhibited no reduction in differentiation capacity as compared to 

untreated controls, demonstrating that BIO did not negatively affect MSC multipotency. 

BIO-treated, osteogenic-differentiated, MSCs exhibited 2.1-fold increases in relative Cbfa1 

expression compared to untreated, differentiated MSCs (Figure 6Ci). Similarly, BIO-treated, 

adipogenic-differentiated MSCs exhibited 5.0-fold increases in relative PPARγ expression 

compared to untreated controls (Figure 6Ciii). Although not statistically significant, Sox9 

expression for 5 μM BIO-treated, chondrogenic-differentiated MSCs was reduced slightly to 

0.5-fold that of chondrogenic-differentiated controls that were not treated with BIO (Figure 

6Cii). In addition to demonstrating that BIO-treatment does not alter MSC multipotency, 

this data suggests that BIO may enhance MSC differentiation capacity for osteogenic and 

adipogenic lineages.

3.7 Differentiation of PEG hydrogel encapsulated BIO-treated MSCs

To evaluate the multipotency of BIO-treated MSCs within PEG-based hydrogels, treated 

cells were expanded in 2D for 3 weeks and encapsulated in PEGPLADM hydrogels (Figure 

7A). Subsequently, encapsulated MSCs were treated with common media supplements to 

induce osteogenic, chondrogenic, and adipogenic differentiation (Jaiswal et al., 1997; 

Mackay et al., 1998; McBeath et al., 2004). Qualitative histological analysis showed no 

effect of BIO on encapsulated MSC differentiation capacity. Identical mineralization, 

glycosaminoglycan production, and lipid droplet accumulation were observed between BIO-

treated and untreated groups (Figure 7B). Furthermore, gene expression for osteogenesis 

(Figure 7Ci), chondrogenesis (Figure 7Cii), and adipogenesis (Figure 7Ciii) was normalized 

to housekeeping gene β-actin as well as undifferentiated, untreated controls.

Encapsulated MSCs treated with BIO exhibited no reduction in differentiation capacity as 

compared to untreated controls, further supporting that BIO did not negatively affect MSC 

multipotency. BIO-treated MSCs treated with osteogenic supplements exhibited 1.9-fold 

increases in relative Cbfa1 expression compared to differentiated MSCs that were not BIO-
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treated (Figure 7Ci). Similarly, BIO-treated MSCs differentiated using adipogenic 

supplements exhibited 2.1-fold increases in relative PPARγ expression compared to 

untreated controls (Figure 7Ciii). Although not statistically significant, Sox9 expression for 

BIO-treated chondrogenic differentiated MSCs was reduced to 0.7-fold that of untreated, 

chondrogenic differentiated controls (Figure 7Cii).

4. Discussion

The focus of this study was to investigate the effect of BIO, a small molecule GSK3β 

inhibitor, on MSC expansion. Based on previous studies with other cell types, it was 

hypothesized that BIO would enhance MSC proliferation. Through experiments described 

herein, this hypothesis was confirmed. Our results demonstrate that BIO enhances stem cell-

associated gene expression and subsequent proliferation of 2D cultured MSCs as well as 

MSCs encapsulated in PEG hydrogels, a common material employed in regenerative 

medicine applications (Benoit et al., 2007b; Benoit et al., 2006b; Elisseeff et al., 2005; Lin 

and Anseth, 2009; Nuttelman et al., 2006). Furthermore, treatment with BIO does not reduce 

MSC multipotent differentiation capacity. These results provide evidence that BIO has 

potential utility to expand MSCs for cell transplantation applications.

Commonly, growth factors are used to achieve ex vivo MSC expansion (Ball et al., 2007; 

Fierro et al., 2007; Ogawa et al., 2010; Rodrigues et al., 2010; Stewart et al., 2010; Tsutsumi 

et al., 2001). MSCs treated with bFGF (1ng/mL) (Tsutsumi et al., 2001), VEGF (10 ng/mL) 

(Ball et al., 2007), and PDGF (10 ng/mL) (Fierro et al., 2007) have been shown to exhibit 

2.0-, 1.6-, and 2.4-fold increases in MSC doubling rates. Herein we demonstrated that BIO-

treated MSCs exhibited up to 1.5-fold increases in doubling rates. Unlike typical growth 

factors, which require continuous administration (Ball et al., 2007; Fierro et al., 2007; 

Tsutsumi et al., 2001), BIO achieves comparable MSC expansion using only a single 24 hr 

exposure. Furthermore, growth factors are highly pleiotropic, and often result in multiple, 

unintended biological effects, such as senescence and impaired homing capacity (Baxter et 

al., 2004; Bonewald and Dallas, 1994; Bruder et al., 1997; Luu et al., 2007; Rodrigues et al., 

2010; Shahdadfar et al., 2005). BIO, on the other hand, has been shown to act in a 

homogenous, reproducible fashion via GSK3β-specific inhibition (Meijer et al., 2003; 

Polychronopoulos et al., 2004).

Several previous studies have investigated the role of Wnt/β-catenin signaling and 

subsequent cellular responses (Brack et al., 2007; Kashyap et al., 2009; Krause et al., 2010; 

Liu et al., 2009; Wu et al., 2008; Yi et al., 2011; Yu et al., 2007; Zhang et al., 2011). 

Classically, Wnt target gene transcription via increased β-catenin has been associated with 

the induction of osteogenesis in mesenchymal cells (Krause et al., 2010; Liu et al., 2009; Wu 

et al., 2008). For example, Wu et al. demonstrated that over-expression of Wnt/β-catenin 

signaling in periosteum cells and chondrocytes results in increased osteogenesis and 

enhanced endochondral ossification (Wu et al., 2008). Furthermore, Wnt/β-catenin signaling 

has also been implicated in cellular aging of MSCs (Zhang et al., 2011) and muscle stem 

cells (Brack et al., 2007). However, recent evidence suggests that agonism of Wnt/β-catenin 

signaling also plays vital roles in maintenance of stem cell differentiation capacity (Kashyap 

et al., 2009; Kelly et al., 2011; Yi et al., 2011; Yu et al., 2007). While conflicting viewpoints 

Hoffman and Benoit Page 11

J Tissue Eng Regen Med. Author manuscript; available in PMC 2014 October 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



remain, contributing effects of TCF-dependent and independent mechanisms (Kelly et al., 

2011), and the post-transcriptional roles of Sox2, NANOG, and Oct4 interactions (Kashyap 

et al., 2009; Yi et al., 2011; Yu et al., 2007), have been cited as possible mediators of multi- 

and/or pluripotency. Literature has shown that nuclear transfer of post-transcriptional Sox2, 

NANOG, Oct4, and Lin28-homolog A (Lin28) reprograms human somatic cells to 

pluripotent stem cells (Yu et al., 2007). These induced cells exhibit enhanced proliferation 

and stem cell-associated transcription factor expression (Yu et al., 2007). Furthermore, 

Sox2, NANOG, and Oct4 have been shown to play an integral role in Wnt-dependent ESC 

self-renewal (Yi et al., 2011), acting synergistically to post-transcriptionally maintain stem 

cell phenotypes (Kashyap et al., 2009; Yi et al., 2011). As an agonist of Wnt/β-catenin 

signaling, BIO has been shown to enhance ESC pluripotency through expression of 

NANOG, Oct4, as well as RNA exonuclease 1 homolog-like 1 (Rex1), another stem cell-

associated gene (Sato et al., 2004; Sineva and Pospelov, 2010). In addition, the effect of BIO 

was shown to be reversible, where removal of the drug caused transcription factor 

expression to return to basal levels (Sato et al., 2004). Similarly, in this work, BIO treatment 

transiently increased β-catenin activity and Sox2, NANOG, and Oct4 expression.

BIO-treated MSCs in 2D cultures (Figure 2B) and 3D PEG hydrogels (Figure 3B) exhibited 

1.8- and 1.3-fold increases in cell population, respectively, compared to untreated controls. 

BIO-mediated population increases have been demonstrated in ESCs (~5.8-fold) (Sineva 

and Pospelov, 2010) and mammalian cardiomyocytes (~8.1-fold) (Tseng et al., 2006) in 2D 

culture conditions, while no work has established the effect of BIO in 3D culture. The 

discrepancy in proliferation between these reports and our own work is likely due to 

confounding or synergistic effects with other stimulatory factors employed. Sineva et al. 

pre-cultured ESCs using Leukemia Inhibitory Factor (LIF), an inhibitor of differentiation 

and known agonist of Wnt/β-catenin signaling (Sineva and Pospelov, 2010). Similarly, 

Tseng et al. repeatedly exposed cardiomyocytes to FGF-1. It has previously been 

demonstrated that embryonic germ cell proliferation is synergistically enhanced 1.3- and 

3.8-fold over BIO-treated cells when supplemented with BIO+LIF and BIO+bFGF 

respectively (Wen et al., 2010). The observed 1.8-fold (2D) increases in MSC populations 

described here (Figure 2B) would result in halved culture periods (Kasten et al., 2008; 

Tsutsumi et al., 2001) to obtain the therapeutically-relevant cell populations needed for 

articular cartilage, as previously discussed (Kasten et al., 2008; Tsutsumi et al., 2001; 

Wakitani et al., 2002). As a result, BIO may be useful to reduce the period between injury 

and therapeutic intervention.

As previously noted, BIO-treated MSCs in 2D exhibited a 1.8-fold increase in cell number, 

while encapsulated MSCs exhibited a 1.3-fold proliferative enhancement. This discrepancy 

is likely due to cooperative Notch-Wnt signaling that is precluded in 3D PEG hydrogel 

culture. Intestinal epithelial cells of Wnt knockout mice, which effectively eliminates Notch-

Wnt cooperation, exhibit a 0.55-fold reduction of proliferation (Fre et al., 2009). Reduced 

cell-cell contacts prevent cleavage of the Notch intracellular domain, which, in its 

membrane bound form actively degrades β-catenin and reduces Wnt target gene 

transcription (Kwon et al., 2011). Cell-cell contacts are significantly reduced when cells are 

encapsulated in hydrogels. This is best exemplified in LIVE/DEAD confocal images where 
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cells appear as singular cells in 3D (Figure 3C). This is in stark contrast to traditional 2D 

cultured cells where cell-cell interactions are plentiful due to over-confluence (Figure 2C), 

Notch-Wnt cooperative signaling occurs, and Wnt gene transcription is robust. In fact, closer 

analysis of the 2D BIO-treated MSC cultures (Figure 2D) reveals some regions of cell 

stacking (not shown) as compared to the uniform monolayer of MSCs that occurs in the 

untreated controls. This may be a result of increases in Notch-Wnt cooperative signaling 

acting in a self-regulatory feed-forward manner that further enhances MSC proliferation (Fre 

et al., 2009; Kwon et al., 2011).

Another mechanism by which BIO may be increasing proliferation is through Cyclin D1. 

We demonstrate that peak rates of BIO-mediated MSC proliferation correspond directly 

with the greatest expression of Cyclin D1. This holds true for both 2D cultured MSCs 

(Figure 4B) as well as encapsulated MSCs (Figure 5B). Similar to our results, 

cardiomyocytes treated with BIO also increased proliferation in parallel with elevated 

Cyclin D1 expression (Tseng et al., 2006). Furthermore, BIO has been shown to shorten 

circadian periods within fibroblasts, suggesting enhanced proliferation by more rapid cell 

cycle progression, which assumes Cyclin D1 involvement (Vougogiannopoulou et al., 

2008). Prolonged expression of Cyclin D1 (Tseng et al., 2006; Vougogiannopoulou et al., 

2008) (Figures 4B and 5B), in combination with post-transcriptional activity of Sox2, Oct4, 

and NANOG (Kashyap et al., 2009; Kelly et al., 2011; Yi et al., 2011; Yu et al., 2007) may 

explain sustained, BIO-mediated, MSC proliferation (Figures 2B and 3B) beyond the time 

frame of enhanced Wnt/β-catenin signaling (Figure 1C). Transient BIO treatment may 

therefore be sufficient to jump-start the self-regulatory cycle of stem cell-associated gene 

expression (Kashyap et al., 2009; Kelly et al., 2011; Tseng et al., 2006; Vougogiannopoulou 

et al., 2008; Yi et al., 2011; Yu et al., 2007), thereby sustaining MSC proliferation and 

multipotency.

While increasing MSC populations using BIO is a worthy achievement, the therapeutic 

efficacy of this approach is lost if treated cells undergo phenotypic changes that preclude 

tissue-specific differentiation. Herein, we demonstrate that BIO-treated MSCs exhibit 

increased apparent osteogenic and adipogenic differentiation potential based on Cbfa1, and 

PPARγ gene expression data (Figure 6 and 7). It should be noted that increased cell-cell 

contacts has been shown to increase osteogenic and adipogenic differentiation of MSCs 

(Tang et al., 2010). In 2D MSC cultures herein, BIO-mediated MSC proliferation and 

resulting increases in cell-cell contacts may contribute to increased differentiation capacity 

or potency. However, similar increases in differentiation capacity are observed within 3D 

cultures in which MSCs are relatively isolated from cell-cell contacts due to the physical 

constraints of hydrogel encapsulation (see Figure 3C). Thus BIO-mediated Wnt/B-catenin 

signaling, and not increased cell number or cell-cell contacts is likely to be the dominant 

factor in observed enhancements in MSC differentiation capacity following BIO treatment. 

Statistically similar, albeit reduced chondrogenic gene expression with BIO-treatment was 

also observed in both 2D and 3D, and may be explained by the Wnt-inducible transcription 

factor Twist-related protein 1 (Twist1). Reinhold et al. previously showed that increased 

expression of Twist1 inhibited chondrogenesis in murine limb bud mesenchyme (Reinhold 

et al., 2006). Furthermore, Twist1 expression, induced by transient BIO treatment may delay 
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the temporal expression of the chondrogenic transcription factor Sox9 and thereby delay 

chondrogenic differentiation within BIO-treated MSCs. As this data represents a single time 

point examined during differentiation we may be failing to capture alterations in temporal 

gene expression due to an overall increase in rates or efficiencies of differentiation within 

BIO-treated MSC populations. Regardless, by demonstrating that BIO-treated MSCs 

maintain their differentiation capacity in 2D and in 3D hydrogels, we have provided 

evidence to support the therapeutic utility of BIO. BIO-mediated expansion of MSCs 

followed by encapsulation and subsequent differentiation matches the clinical progression of 

MSC-based regenerative medicine approaches. Thus, to achieve clinical translation, patient-

specific MSCs can be isolated, expanded by treatment with BIO, transplanted, and, with a 

variety of cues (Benoit et al., 2007a; Benoit and Anseth, 2005; Benoit et al., 2007b; Benoit 

et al., 2006a; Benoit et al., 2006b; Nuttelman et al., 2006), differentiated into tissue-specific 

cell types (Kasten et al., 2008).

In summary, we have demonstrated that BIO has therapeutic utility for expansion of stem 

cells ex vivo for regenerative medicine applications. Through increased Wnt/β-catenin 

signaling, and subsequent increases in Cyclin D1 expression, BIO enhances MSC 

proliferation and differentiation capacity in both 2D culture conditions as well as when 

encapsulated in PEG hydrogels.

5. Conclusion

In this work, we provide the first evidence that the small molecule GSK3β inhibitor, BIO, 

increases MSC proliferation. We demonstrate that BIO increases β-catenin activity in a 

dose-dependent manner. Agonism of Wnt/β-catenin increases gene expression of several 

Wnt target genes, including Sox2, NANOG, Oct4, and Cyclin D1. MSC proliferation was 

increased in typical 2D culture conditions and when MSCs were encapsulated in PEG 

hydrogels. Finally, BIO-treated MSCs maintain their multipotency, as indicated through 

osteogenic, chondrogenic, and adipogenic differentiation assays, examining both 

histological staining and gene expression. In summary, BIO-mediated MSC proliferation 

can be achieved in 2D and 3D, making BIO, in combination with tissue engineering 

scaffolds, a viable therapeutic strategy for musculoskeletal tissue regeneration.
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Figure 1. BIO Treatment Enhanced Active Nuclear β-catenin Concentrations
C3H10T1/2 transfection with DNA reporter plasmids (A). Active β-catenin (TOPFlash) 

shows a BIO-mediated increase compared to controls (FOPFlash) (****P<0.0001 vs. 

FOPFlash) (mean +/− SD) (B). Increased active β-catenin persists for 3 days after BIO-

treatment before returning to basal levels (**p<0.01, ****p<0.0001 vs. 0 μM) (mean +/− 

SD) (C).
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Figure 2. BIO Enhances Proliferation of Tissue Culture Plated (2D) MSCs
2D MSC culture after 24 hr BIO-treatment (A). Cells were shown to undergo a BIO-

mediated increase in proliferation (*p<0.0001 vs. 0 μM) (mean +/− SD) (B). LIVE/DEAD 

(live = green, dead = red) confocal imaging of 2D BIO-treated MSCs revealed increased cell 

density (Bar = 500 μM) (C), and cell layer thickness compared to untreated controls 

(#p<0.05 vs. day 1 0 μM, **p<0.01, ***p<0.001 vs. 0 μM) (mean +/− SD) (D).
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Figure 3. BIO Enhances Proliferation of PEGPLADM Encapsulated (3D) MSCs
3D PEGPLADM-encapsulated MSC culture after 24 hr BIO-treatment (A). Encapsulated 

MSCs were shown to undergo a BIO-mediated increase in proliferation (*P<0.05, 

****p<0.0001 vs. 0 μM) (mean +/− SD) (B). Representative LIVE/DEAD (live = green, 

dead = red) confocal images of encapsulated BIO-treated MSC cultures (Bar = 500 μm) (C).
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Figure 4. BIO Enhances 2D MSC Expression Sox2, NANOG, Oct4, and Cyclin D1
Profiles of Wnt target genes Sox2, NANOG, Oct4, and Cyclin D1 following 24 hr BIO 

treatment (Day 1) (A), and 18 days post-BIO treatment (Day 19) (B) of 2D cultured MSCs. 

Profiles are normalized to the housekeeping gene β-actin and 0 μM controls, and are 

expressed as a ratio of initial gene expression (day 0) prior to BIO treatment (**p<0.01, 

***p<0.001, ****p<0.0001 vs. 0 μM) (mean +/− SD).
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Figure 5. BIO Enhances 3D MSC Expression of Sox2, NANOG, Oct4, and Cyclin D1
Profiles of Wnt target genes Sox2, NANOG, Oct4, and Cyclin D1 following 24 hr BIO 

treatment (Day 1) (A), and 6 days post-BIO treatment (Day 7) (B) of encapsulated MSCs. 

Profiles are normalized to the housekeeping gene β-actin and 0 μM controls, and are 

expressed as a ratio of initial gene expression (day 0) prior to BIO treatment (*p<0.05, 

****p<0.0001 vs. 0 μM) (mean +/− SD).
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Figure 6. BIO-treated MSCs Retain Multipotent Potential in 2D
Differentiation of 2D BIO-treated MSCs (A). BIO-treated MSCs were allowed to proliferate 

for 3 weeks before induction of osteogenesis (von Kossa, hydroxyapatite), chondrogenesis 

(toluidine blue, glycosaminoglycans), and adipogenesis (oil red o, lipid droplets) (Bar = 100 

μM) (B). Subsequent gene analysis for markers of osteogenesis (Cbfa1) (Ci), 

chondrogenesis (Sox9) (Cii), and adipogeneis (PPARγ) (Ciii) normalized to both the 

housekeeping gene β-actin and undifferentiated 0 μM controls (**p<0.01, ****p<0.0001 vs. 

0 μM) (mean +/−SD).
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Figure 7. BIO-treated MSCs Retain Multipotent Potential in 3D
Differentiation of BIO-treated encapsulated MSCs (A). BIO-treated MSCs underwent 

proliferation in 2D for 3 weeks before encapsulation and subsequent induction of 

osteogenesis (von Kossa, hydroxyapatite), chondrogenesis (toluidine blue, 

glycosaminoglycans), and adipogenesis (oil red o, lipid droplets) (Bar = 50 μM) (B). 

Subsequent gene analysis for markers of osteogenesis (Cbfa1) (Ci), chondrogenesis (Sox9) 

(Cii), and adipogeneis (PPARγ) (Ciii) normalized to both the housekeeping gene β-actin and 

undifferentiated 0 μM controls (*p<0.05, **p<0.01 vs. 0 μM) (mean +/− SD).
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