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Abstract

PURPOSE: The use of pro-osteogenic growth factors, such as BMP2, in human adipose-derived 

stem cell (ASC) osteogenesis is well described. Because these growth factors work via signal 

transduction pathways, such as the mitogen-activated protein kinase (MAPK) cascade, a study of 

the relationship between MAPK signaling and ASC osteogenesis was conducted.

METHODS: ERK, JNK, and p38MAPK activation were measured in ASCs osteo-induced using 

either dexamethasone or vitamin D3 and correlated to mineralization. Activation and 

mineralization were also measured without dexamethasone or using the glucocorticoid, cortisone. 

The expression of the MAPK phosphatase, MKP1, and its relationship to mineralization was also 

assessed. The effect of decreasing MAPK activation on mineralization through the use of 

exogenous inhibitors was examined along with siRNA-knockdown and adenoviral overexpression 

of ERK1/2. Finally, the effect of ERK1/2 overexpression on ASCs induced on PLGA scaffolds 

was assessed.

RESULTS: ASC mineralization in dexamethasone or vitamin D3-induced ASCs correlated with 

both increased ERK1/2 and JNK1/2 activation. ASCs induced without dexamethasone also 

mineralized, with JNK1/2 signaling possibly mediating this event. No link between cortisone 

induction and MAPK signaling could be ascertained. ASCs treated with ERK, JNK, or p38MAPK 

inhibitors showed decreased osteogenic gene expression and diminished mineralization. 

Mineralization levels were also affected by viruses designed to inhibit or augment ERK1/2 

expression and activity. Finally, ASC mineralization appeared to be a balance between MAPK 

kinase activity and MKP1.

CONCLUSIONS: It is likely that MAPK signaling plays a significant role in ASC osteogenesis, 

affecting differentiation in kinase- and stage-specific manners.
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INTRODUCTION

In the field of regenerative medicine, the adipose-derived stem cell (ASC) with its 

osteogenic potential has become a popular cellular component of many in vitro and in vivo 
tissue engineering protocols [1–9]. Osteogenic induction of ASCs can be achieved through 

the use of simple agents such as dexamethasone or 1,25-dihydroxyvitamin D3/VD [1, 10–

13] or with growth factors such as bone morphogenic protein-2 (BMP2). BMP2, in 

particular, has been used to increase the low osteogenic capacity of ASCs in many in vivo 
model systems [2, 4, 14, 15] and has transitioned to the clinic over 20 years ago [16, 17]. 

Unfortunately, the clinical use of BMP2 in bone regeneration is often contraindicated when 

dealing with young patients undergoing maxillofacial repair [18] and a recent study has 

suggested that BMP2 may not affect ASC osteogenic potential [19, 20]. Therefore, 

manipulating a growth factor’s downstream signaling pathway as an alternative strategy in 

promoting osteogenesis might allow ASCs to be used in younger patients.

The induction of MAPK signaling by growth factors, such as BMP2, is well described [21–

25]. The MAPK cascade can be divided into: 1) the extracellular signal-related protein 
kinase/ERK1/2 path, 2) the jun N-terminal kinase/JNK path, 3) the p38MAPK path and 4) 

the ERK5 pathway (Supplemental Figure S1) [26, 27]. Each of these paths is composed of a 

linear, three-tiered series of kinases known as the MAP kinase kinase kinase/MAPKKK 

(MAPK3 or MKK), the MAP kinase kinase/MAPKK (MAPK2 or MEK) and the MAPK. 

Dual phosphorylation of the terminal MAPK is performed by the “upstream” MEK family 

of kinases – a group of kinases that are phosphorylated by members of the MKK family. 

Specificity is a hallmark of MAPK signaling, with each MKK and MEK showing negligible 

activity on substrates other than their target kinase. It is an elegant system whereby stimuli 

such as growth factors, cellular stress, heat shock, and inflammatory cytokines are 

transduced from the cell membrane (where the MKK is found) into the nucleus (or other 

organelle) via the terminal MAPK. The link between MAPK signaling and mesodermal fate 

decisions and differentiation, including osteogenic commitment, matrix synthesis, and 

calcification is extensive [28–32]. MAPK signaling has been studied in mesenchymal stem 

cells (MSCs) following dexamethasone or VD3 induction of osteogenesis [31, 33–35]. In 

ASCs, MAPK signaling has been studied in osteogenesis and adipogenesis [36–39], in 

ASCs pre-conditioned by hypoxia for chondrogenesis [40], and in ASCs maintained under 

three-dimensional osteogenic conditions [41].

The ability of osteogenic growth factors to act via MAPK signaling may make it possible to 

mediate osteogenesis in ASCs without the use of upstream factors. However, before this 

would be possible, the role of ERK, JNK, and p38MAPK signaling in ASC osteogenesis 

needs to be understood. Therefore, kinase activation and ASC mineralization, as an indicator 

of osteogenesis, were assessed in this study under conventional osteogenic conditions (i.e. 

dexamethasone or VD3 induction) and after treating cells with MAPK inhibitors and siRNA. 

Mineralization levels were also measured after kinase overexpression by ASC monolayers 

and in cells seeded onto three-dimensional scaffolds. Taken together, this data suggest that 

ERK1/2 and JNK1/2 signaling are involved ASC osteogenesis.
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METHODS

Materials:

Human ASC populations (n=15) were isolated from human lipoaspirates under an approved 

IRB protocol [1, 42] and were cultured as described in the supplemental data section. 

Confirmation of osteogenic potential is also presented in this section (Supplemental Figure 

2). Cell culture reagents for maintenance and expansion of ASCs (high glucose DMEM, 

PBS, antibiotics/antimycotics) were purchased from Mediatech Cellgro (Manassas, VA). 

Inductive factors for osteogenic differentiation were purchased from Sigma (Sigma-Aldrich, 

St. Louis, MO). FBS was purchased from Gemini Bioproducts (West Sacramento, CA) or 

Omega Scientific (Tarzana, CA). Real time PCR reagents were purchased from Applied 

Biosystems (Foster City, CA). Antibodies to unphosphorylated ERK1/2, JNK1/2 and 

p38MAPK were purchased from Invitrogen Life Technologies (Carlsbad, CA) and EMD 

Millipore (Billerica, MA). Polyclonal antibodies to the dual phosphorylated forms of 

ERK1/2, JNK1/2 and p38MAPK were also purchased from Invitrogen. A monoclonal β-

actin antibody was purchased from Abcam (Cambridge, MA). MAPK signaling inhibitors 

were purchased from EMD Biosciences/Calbiochem (Gibbstown, NJ).

SEM-EDX analysis of ASC extracellular mineralization:

Elemental composition of ECM deposits upon OM induction was determined using 

Scanning Electron Microscopy Energy-Dispersive X-ray (SEM-EDX) analysis. ASC 

monolayer cultures (n=8) were induced as in OM for 21 days and fixed in 4% 

paraformaldehyde at room temperature for 30 min. Following washing with PBS and 

distilled water, the extracellular deposits were dehydrated using increasing grades of ethanol 

(50% to 100%, 60 min each grade) and immersed in hexamethyldisilazone (HMDS, EM 

Sciences, PA) for two h to preserve structure, following by air-drying overnight. An area 

around an ECM deposit was cut using a soldering iron, mounted onto scanning electron 

microscopy (SEM) stubs using double-sided carbon tape, and gold-coated. SEM-EDX 

analysis was performed using an EDX spectrometer (Noran System 7 X-ray Microanalysis 

System, ThermoFisher). Multiple points were selected within each analyzed mineral deposit, 

and elemental calcium, phosphorus, sodium, and potassium measured.

Western Analysis of MAPK Activation:

ASC populations were maintained in non-inductive CM or induced with the following: 1) 

OM plus dexamethasone (n=15), 2) OM without this glucocorticoid (OM/NoDexa; n=8), 3) 

OM/NoDexa containing 0.01 μM vitamin D3 (OM/VD; n=6) or 4) OM/NoDexa containing 

0.1 μM hydroxycortisone (OM/Cortisone; n=6). Samples were harvested after three and five 

weeks. Mineral content of extracted ECM deposits and the cellular lysates used for western 

blotting were measured prior to western analysis [10]. Phosphorylation of ERK1/2, JNK1/2 

and p38MAPK was measured via western blotting as an indication of kinase activation. 

Equivalent amounts of ASC lysates from each harvested time point were loaded onto SDS-

PAGE gels (12% NuPAGE, Invitrogen), separated electrophoretically and transferred to 

nitrocellulose membranes (0.45 μM, Whatman Protran Nitrocellulose). The membranes 

were probed with both kinase-specific and phosphorylation-specific primary antibodies. The 

primary antibodies were detected with HRP-conjugated secondary antibodies. Band 
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densities were quantified by conventional densitometry (Image J). Unphosphorylated kinase 

expression was normalized to β-actin as an internal control for total protein loading. 

Phosphorylated kinase levels were then normalized to their unphosphorylated counterpart. 

Western analysis was performed at least twice for each ASC population.

Role of MAPK phosphatases in ASC osteogenesis:

Expression levels of the ERK/JNK phosphatase MAPK-phosphatase 1 (MKP-1) were 

measured via Western blotting in osteogenic ASC populations and normalized to CM 

controls. To functionally assess MKP-1, ASCs were treated with either 1 μM or 10 μM 

sodium orthovanadate (an MKP inhibitor) for the first 48 hours of OM induction or 

continuously for 21 days. Samples were harvested and ASC mineralization measured 

biochemically [10]. Levels were compared with OM controls.

Functional assessment of MAPK signaling in ASC osteogenesis using MAPK inhibitors:

MEK-ERK signaling was studied using the following inhibitors: raf-1 Kinase Inhibitor (an 

inhibitor to the MEKK, raf-1), U0126 (MEK1/2 inhibitor), PD98059 (MEK/ERK1/2 

inhibitor), Tyrphostin/AG126 (ERK1/2 inhibitor), and the ERK2 inhibitor ERK2 Activation 
Inhibitor Peptide I/ERK2 Inhibitor. p38MAPK signaling was assessed using SB203580 and 

SB202190. JNK1/2 signaling was studied using SP600125 and JNK Inhibitor III. Raf-1 

Kinase Inhibitor, U0126, SB203580, and SP600125 were first solubilized in DMSO and 

working stocks made by diluting in 70% ethanol as a vehicle. Working stocks of JNK 

Inhibitor III, SB202190, Tyrphostin, and PD98059 were prepared directly in DMSO as a 

vehicle, while a working stock of ERK2 Inhibitor was prepared in water. All controls were 

treated with OM/vehicle to account for any effects of the solubilizing agent. The lowest 

inhibitor concentration that decreased kinase activation relative to controls (as confirmed by 

western blotting, Supplemental Fig. S3) was then used to assess its effect on ASC 

osteogenesis. ASCs (n=9) were plated overnight in CM in multi-well culture dishes at 75% 

confluency. The cells were treated with OM + inhibitor (or OM/vehicle) in four ways: 1) for 

the first 24 hours of induction, followed by OM induction for a total of 21 or 35 days, 2) at 

the onset of matrix synthesis – from 7–14 days followed by OM induction for a total of 21 

days, 3) at the onset of matrix mineralization – from 14–21 days followed by OM induction 

for a total of 21 days or 4) continuously for 21 or 35 days. For treatment conditions 2–4, 

inhibitors were changed every 72 hours. Cells were harvested and matrix mineralization was 

quantified biochemically [10]. Mineralization was compared with OM/vehicle controls.

Real-time analysis of ASC Osteogenesis:

OM-induced and inhibitor-treated ASC samples (n=8) were harvested after 21 days and 

cDNA was synthesized from 1 μg total RNA using Taqman Gold reagents (Applied 

Biosystems). Real-time PCR reactions were prepared using the Quantitect Probe PCR Kit 

(Qiagen) and run on an ABI 7700 Fastcycler. Customized primer/probe mixes to Runx-2, 

Osteonectin (ON), Osteopontin (OP), Osteocalcin (OC) and Alkaline Phosphatase (AP) 

were purchased from Applied Biosystems (FAM-labelled probes, TAMRA quencher). 

Primer information is given in Supplemental Table S1. For each primer/probe mix, 

regression lines were calculated using serial dilutions prepared from known cDNA amounts. 

Expression levels were determined using these regression values (ΔCt method) and were 
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normalized using GAPDH and 18S rRNA. OM + inhibitor expression levels were compared 

with OM controls and OM gene expression levels were compared with CM controls.

shRNA knockdown of ERK1/2 activity:

Replication-deficient shRNA lentiviruses for siRNA-directed knockdown of ERK1/2 were 

created using the Block-iT Lentiviral RNAi Gateway Expression System (Invitrogen). 

Doubled-stranded ERK1 or ERK2 oligos (50-mer length) were designed using a proprietary 

algorithm (Invitrogen). Oligo sequences and their homology to ERK1/2 are given in 

Supplemental Table S2. Double-stranded oligos were cloned into a pLenti6-Block-iT/DEST 

shuttle vector for transfection into 293FT cells along with the requisite lentiviral packaging 

genes (gag, pol, rev, VSV-G; ViraPower Packaging mix – Invitrogen). Supernatants 

containing the replication-deficient shRNA-lentiviral ERK1/2 particles were harvested 48 

hours following transfection and used to transduce ASCs. Knockdown of ERK1 and ERK2 

by the resulting siRNA particles was confirmed after 72 hours and 14 days by western 

blotting prior to use. For functional assays, ASCs (n=4) at 75% confluency were transduced 

for 16–24 hours in CM supplemented with shRNA-lentiviral supernatants. The medium was 

removed and the cells induced for a total of 14 days or 21 days with OM. Matrix 

mineralization was quantified biochemically [10] and normalized to ASCs undergoing a 

mock transduction followed by osteo-induction for 14 or 21 days. Two shRNA ERK1/2 

lentiviruses were tested and denoted as 1A5 and 2A1.

Adenoviral mediated overexpression of ERK1/2 expression:

Full-length coding sequences for human ERK1 or mouse ERK2 were purchased as plasmids 

from Genecopoeia (ERK1wt, ORFExpress Shuttle clone #GC-A0161) or Upstate 

Biotechnology (ERK2wt-pUSEamp, cat#21–112). Recombinant adenoviruses (AdERK1wt 

or AdERK2wt) were made at the UCLA Virology Core as follows: full-length open reading 

frames were cloned into the adenoviral shuttle vector pShuttle-CMV, followed by 

homologous recombination with the pAdEasy-1 vector (AdEasy XL Adenoviral Vector 

System, Agilent Technologies, Santa Clara, CA). Expression constructs were digested with 

PacI to expose the ITRs, transfected into a 293AD cell line (ATCC), and the cells were 

cultured for 48 h to allow development of the cytotoxic effect. Viral particles were purified 

from the supernatant using a commercial kit (Agilent Technologies) and a TCID50 titration 

performed. ASC monolayers were then transduced for 16–24 hours in CM with either 

AdERK1wt or AdERK2wt at multiplicities of infection (MOIs) of 1, 10, or 100. The 

transduction medium was removed and the monolayers induced for 21 days in OM. 

Overexpression of ERK1 and ERK2 was confirmed by western blotting and matrix 

mineralization was quantified biochemically [10]. ERK1/2 expression and mineralization 

levels were compared with controls transduced under mock conditions and induced in OM. 

ASCs transduced overnight with AdERK1wt or AdERK2wt at an MOI of 10 and induced in 

OM for 72 hours, were seeded at a density of 1 × 106 cells onto 3D PLGA scaffolds coated 

with hydroxyapatite [43] to assess the effect of ERK1/2 overexpression on three-

dimensional ASC osteogenesis. Scaffolds seeded with mock-transduced ASCs were also 

cultured under the same conditions. All scaffolds were OM-induced in vitro for 21 days, and 

the cells were harvested for western analysis by soaking the scaffolds for several minutes in 

a RIPA buffer with mild agitation. Harvested cell lysates were analyzed for ERK1/2 
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overexpression by western blotting. The de-cellularized scaffolds were fixed for 10 min with 

4% paraformaldehyde prepared in 1× PBS, washed with distilled water and then air-dried. 

Matrix mineralization was detected by staining the scaffolds for 60 sec with 1% silver 

nitrate. The silver nitrate was removed and the scaffolds rinsed with water, then dried. 

Scaffolds were imaged using conventional light microscopy and matrix mineralization 

observed after ERK1/2 overexpression compared with mock-transduced controls.

Statistical Analysis:

Multiple ASC populations (n=15) were used in this study. A minimum of three ASC 

populations was used for each assay, with each population assayed at least twice. For each 

assay, the experimental groups were compared with control ASCs and the mean change ± 

standard deviation groups were determined using a t-test (one-tailed) or analysis of variance 

(ANOVA) as indicated in the text. A p value < 0.05 was considered significant.

RESULTS

Functional confirmation of MAPK signaling during ASC osteogenesis: MAPK activation 
levels

The initial microarray and real-time PCR analysis of several osteogenic ASC populations 

identified the MAPK cascade as a potential signaling pathway involved in ASC osteogenesis 

(Supplemental Fig. S4 and accompanying text). To functionally study MAPK signaling and 

ASC osteogenesis, the expression and activities of ERK1/2, JNK1/2 and p38MAPK were 

assessed in multiple ASC populations (n=15) to detect trends in kinase activity. When 

viewed under the light microscope, OM-induced ASC populations produced granular, 

extracellular deposits (Fig. 1A) that stained for phosphate using a von Kossa stain (see 

Supplemental Fig. 2A for a representative population). Biochemical analysis of these 

deposits [10] confirmed their calcium content (data not shown), while energy-dispersive X-

Ray (EDX) analysis measured a calcium to phosphorus ratio of 1.38±0.17 (Fig. 1B). Having 

confirmed the presence of calcium phosphate within these deposits, they were subsequently 

used to identify osteogenic ASC populations.

Activation/phosphorylation levels of ERK, JNK, and p38MAPK were then measured in 

these populations and compared with non-induced controls. No difference in the expression 

of unphosphorylated ERK1/2, JNK1/2, or p38MAPK proteins relative to controls was 

measured at any induction point (data not shown). However, OM induction was associated 

with significant changes in kinase activity. When ERK1/2 activation levels were measured 

after 2–3 weeks induction and compared with non-induced controls, three distinct kinase 

groups emerged: ASC populations with decreased pERK1/2 levels, ASCs with basal 

pERK1/2 levels, and ASCs with elevated pERK1/2 levels (Fig. 1C). Similar groupings were 

observed when pJNK1/2 levels were assessed. When matrix mineralization was examined 

with respect to pERK1/2 and pJNK1/2 levels, three distinct categories became apparent (Fig. 

2 and Supplemental Table S3). In Category 1, negligible mineralization was associated with 

decreased or basal ERK1/2 or JNK1/2 activation. In Category 2, moderate mineralization 

levels (2 to 10-fold increase) were associated with increased activation of either ERK1/2 or 

JNK1/2 kinases. However, there was a substantial amount of variability in ERK1/2 and 
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JNK1/2 expression in this category. In Category 3, enhanced mineralization (over 10-fold 

increase) coincided with significant increases in both pERK1/2 and pJNK1/2 levels relative 

to controls. When ASC populations from Category 1 and 3 were examined for p38MAPK 

activation, no obvious correlation between ASC mineralization and p38MAPK activation 

was observed (Supplemental Fig. S5).

MAPK signaling, mineralization and dexamethasone

To determine if increased MAPK activation and augmented mineralization were a 

dexamethasone-induced artifact rather than osteogenesis, Category 3 ASC populations were 

induced for up to 3 weeks with 1,25-dihydroxyvitamin D3 (VD3). Like dexamethasone, 

VD3 induction resulted in increased extracellular mineral deposition versus controls (data 

not shown) together with increased ERK1/2 and JNK1/2 activation (Fig. 3A). ASCs were 

also induced in OM containing hydroxycortisone in lieu of dexamethasone to assess for any 

non-specific glucocorticoid effect. Although some of these ASC populations mineralized, a 

definitive link between mineralization and increased MAPK signaling could not be made 

(Fig. 3B). Finally, ASCs were cultured for 21 days in OM without dexamethasone (OM/

NoDexa). Despite lacking dexamethasone, many ASC populations underwent 

mineralization, albeit at a lower level than that of their OM counterparts (an average of 2.25-

fold lower vs. OM, data not shown). In these populations, the extent of mineralization was 

associated with JNK1/2 activity (Fig. 3C).

ASC osteogenesis and MAPK phosphatase expression

Kinase phosphorylation levels are affected by MAPK phosphatases [44–46]. In light of our 

Western data, expression levels of the MAPK phosphatase 1 MKP1 were measured in 

Category 1 (low capacity) and Category 3 populations (enhanced capacity). Nonsignificant 

changes in ERK1/2 and JNK1/2 activation, together with elevated levels of MKP-1 

expression, were measured in Category 1 populations, with decreased MKP-1 expression 

and elevated ERK1/2 and JNK1/2 activities found in Category 3 populations (Fig. 4A). A 

preliminary examination of another ERK/JNK phosphatase, MKP3, also indicated a 

reciprocal relationship between phosphatase expression and kinase phosphorylation/

activation (data not shown). Low mineralizing Category 1 ASCs treated with sodium 

orthovanadate, an MKP expression inhibitor [47] demonstrated significant mineralization, 

with continuous administration with 10 μM vanadate over 21 days being the most effective 

(Fig. 4B). Increased ERK1/2 activation compared with non-treated controls was also 

measured in these cells (ERK1 = 12.4±4.8 fold increase; ERK2 = 7.5±3.9 fold increase). In 

Category 3 populations with basal levels of MKP-1 expression, vanadate did not effect on 

mineralization (Fig. 4B) or ERK1/2 activation (data not shown).

Functional confirmation of MAPK activation in ASC osteogenesis: Use of exogenous 
MAPK Inhibitors

Category 3 ASCs were then treated with OM containing inhibitors to kinase activation and 

their effect on Runx-2, AP, ON, OP and OC gene expression were compared by real-time 

PCR with OM controls. The average mineralization potential of these OM-induced Category 

3 ASC populations was 43.3-fold higher compared with controls and elevated expression of 

Runx-2 (9.5-fold), AP (4.5-fold) and OC (6.0-fold) was measured, together with decreases 
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in ON and OP (Fig. 5A). Decreases in each of these five osteogenic markers was measured 

after continuous treatment of ASCs for 21 days in OM plus the MEK/ERK inhibitor 

PD98059, the p38MAPK inhibitor SB202190, or the JNK1/2 inhibitor SP60015 (Fig. 5B).

Inhibitor treatment of Category 3 ASCs also affected osteogenic potential. A dose-dependent 

effect on kinase phosphorylation was measured for each inhibitor and optimal inhibitor dose 

and efficacy was confirmed using phospho-specific Westerns (Supplemental Fig. S3). 

Proliferation/MTT assays also confirmed that each inhibitor did not affect ASC proliferation 

(data not shown). Inhibitors were initially administered continuously over the entire OM 

induction period of 21 or 35 days. Both PD98059 and U0126 significantly decreased 

mineralization versus untreated OM controls at these time points (Fig. 5C). Decreased 

mineralization was also measured after 3 weeks using Tyrphostin at doses for ERK1 or 

ERK2 inhibition. However, ASCs continuously treated with an upstream raf-1 Kinase 

inhibitor demonstrated no change in osteogenic potential at either assay point (data not 

shown). Decreased mineralization was also measured after 3 and 5 weeks of p38MAPK 

inhibition using SB203580, or SB202190 and when the JNK1/2 inhibitor SP600125 was 

used. JNK Inhibitor III was unable to significantly affect ASC mineralization, a likely 

consequence of its inability to decrease JNK1/2 phosphorylation levels (data not shown). In 

some ASC populations, SP600125 at 10 μM increased cell death levels as induction time 

increased (data not shown). These levels decreased when SP600125 concentrations were 

lowered to 1 μM. However, this concentration had no significant effect on kinase activation 

or ASC osteogenesis and was not used (data not shown). Thus, ASCs were treated with 

SP600125 at 10 μM for only the first 7 days of induction. When AP activity was measured 

after 3 weeks as an alternate marker of osteogenesis, PD98059, SB203580, and SB202190 

significantly decreased activity compared with controls (Supplemental Fig. S6).

Inhibitors were also added during the first 24 hours of OM induction to assess MAPK 

signaling in osteogenic commitment, at the onset of matrix synthesis (7–14days) and at the 

onset of matrix mineralization (14–21 days) (Fig. 6). Mineralization after 24 hour addition 

was assessed after 21 and 35 days, while the 7–14 and 14–21 day treatment conditions were 

assessed after 21 days. No significant effect on mineralization was found using raf-1 Kinase 

Inhibitor or U0126 under each of these restricted induction conditions (data not shown). 

Decreased ASC mineralization was measured when ERK1/2 activation was inhibited for the 

first 24 hours using PD98059, Tyrphostin, or ERK2 Inhibitor, with cultures showing 

decreases in mineral content after either 21 days (Tyrphostin), 35 days (ERK2 Inhibitor), or 

both (PD98059). When these inhibitors were used either from 7–14 days or 14–21 days, 

only PD98059 decreased mineralization (Fig. 6). Only the 24-hour administration of 

SP600125 and JNK Inhibitor III significantly inhibited mineralization. Finally, with the 

exception of the SB202190-treated samples measured at 5 weeks, inhibiting p38MAPK for 

the first 24 hours did not affect ASC mineralization. A more consistent effect was seen when 

the two p38MAPK inhibitors were given during the matrix synthesis and onset of 

mineralization time points.
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Functional confirmation of ERK1/2 signaling in ASC osteogenesis: shRNA knockdown

Because the ERK1/2 inhibitors used in this study can inhibit other kinases, specific 

knockdown of ERK1/2 was achieved using shRNA lentiviruses designed to produce ERK1/2 

specific siRNA. The overall scheme of siRNA-mediated silencing is shown in Supplemental 

Figure S7. The shRNA oligos 1A5 and 2A1 showed extensive homology to both ERK1 and 

2 (Supplemental Table S2). Therefore, the 1A5 and 2A1 siRNAs knocked down both ERK 

isoforms. Western blotting confirmed decreased ERK1/2 activation at 48 hours and 21 days 

post-transduction for the 1A5 and 2A1 shRNA lentiviruses (Fig. 7A). Both lentiviruses 

significantly decreased mineralization versus mock-transduced OM controls when measured 

after either 14 or 21 days (Fig. 7B). When osteogenic induction was increased to 4 weeks, a 

substantial drop in mineralization was also measured (approximately 25-fold decrease vs. 

OM mock controls, data not shown). ERK1/2 knockdown using shRNA adenoviruses also 

resulted in significant decreases in mineralization at these two time points (data not shown).

Functional confirmation of ASC osteogenesis and ERK1/2 signaling: Overexpression of 
ERK1/2 isoforms

Mineralization was also measured after overexpressing ERK1/2 isoforms using recombinant 

adenoviruses (AdERK1wt and AdERK2wt). Western blotting confirmed an MOI-dependent 

effect on kinase overexpression (Fig. 8A). At an MOI of 1, no significant increase in either 

ERK1 or ERK2 expression was measured following transduction with the respective 

adenoviruses. Increasing the AdERK1wt MOI to 10 resulted in increased ERK1 expression. 

However, increasing the MOI to 100 increased both ERK1 and ERK2 expression. The same 

non-specific effect resulted after increasing the AdERK2wt MOI to either 10 or 100. 

AdERK1wt and AdERK2wt-transduced ASCs demonstrated increased mineralization 

compared with mock-transduced OM controls. Again, MOI-dependent effects were noted 

(Fig. 8B). Consistent with its failure to augment ERK1 expression, AdERK1wt viruses at an 

MOI of 1 did not significantly increase ASC mineralization capacity, whereas increasing the 

MOI to 10 or 100 did. In contrast, although AdERK2wt transduction at MOI 1 did not 

significantly increase ERK2 isoform expression, this low MOI did increas ASC 

mineralization. Mineralization levels induced by AdERK2wt almost doubled when the MOI 

was increased from 1 to 10. No further increase in mineralization was measured when the 

MOI was increased to 100. However, in many populations significant apoptosis was 

associated with this high MOI and may be the reason for the lack of increased mineralization 

(data not shown).

Role of ERK1/2 expression in 3D ASC osteogenesis

AdERK1wt and AdERK2wt-transduced ASCs were then seeded and induced for 21 days on 

PLGA scaffolds coated with hydroxyapatite [48] to assess if they could increase 

mineralization by ASCs in a 3D environment. With the exception of AdERK2wt-transduced 

ASCs at an MOI of 100, viral isoform-specific increases in kinase expression were measured 

in the AdERK1wt or AdERK2wt-transduced scaffolds (Table 1). As with 2D monolayers, 

AdERK2wt at MOI 100 increased expression of both ERK1 and ERK2, with a greater 

increase in the ERK2 isoform being measured. Because the scaffolds were coated with 

hydroxyapatite, determining extracellular mineralization levels was not possible 
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biochemically. Therefore, the scaffolds were von Kossa stained and sections of the scaffold 

visualized under light microscopy. ASC-seeded scaffolds maintained in CM for three weeks 

showed little extracellular matrix deposition, demonstrating that the calcium phosphate 

composition of the scaffold is not detectable histologically (Fig. 8C). OM induction of the 

scaffolds produced a low level of extracellular mineralization, as staining levels were 

slightly increased. When compared with these OM controls, extracellular mineralization was 

significantly increased in scaffolds seeded with AdERK1wt or AdERK2wt-transduced cells 

at 10 and 100 MOI, and in scaffolds seeded with AdERK2wt-transduced cells at an MOI of 

1. In these scaffolds, obvious dark brown to black mineral deposits were evident throughout 

the scaffold.

DISCUSSION

Enhanced ERK1/2 and JNK1/2 activation is associated with ASC mineralization

The present study investigated the role of ERK, JNK, and p38MAPK signaling on ASC 

osteogenesis. The signaling pathways involved in ASC osteogenesis were initially identified 

using a small, focused microarray and confirmed through real-time PCR. Osteogenesis was 

associated with changes in the expression of numerous MAPK signaling genes. Although 

MAPK activity and osteogenesis has been studied in osteoblasts and bone marrow stem cells 

[49, 50], a functional link between MAPK signaling and osteogenesis has only recently been 

suggested [39]. Since this seminal paper, a role for p38MAPK signaling in TGFβ1-mediated 

osteogenesis has been described in rat ASCs [51] and osteo-induction of human ASCs has 

been linked to JNK1/2 signaling [52]. Therefore, the current study involved a series of 

functional studies to examine the link between MAPK signaling and ASC osteogenesis.

We first screened numerous ASC populations to determine their osteogenic capacity. 

Mineralization was observed as granular extracellular deposits that increased in number and 

size as osteo-induction progressed. The ASC populations producing these deposits 

demonstrated higher mineralization levels versus controls, while basal mineralization similar 

to non-induced controls were measured in ASC populations failing to produce these 

deposits. EDX analysis of the deposits measured an atomic calcium to phosphorus (Ca/P) 

ratio of approximately 1.40. Although in vivo apatite has values closer to 1.67 [53], lower 

Ca/P ratios of 1.41–1.47 have been measured in newly formed dental enamel [54]. Ratios of 

1.49 have also been measured in murine osteoblast cultures producing nodular 

mineralization patterns [55]. Aggregates with poor crystallinity and low Ca/P ratios have 

also been recorded in chicken osteoblast cultures [56]. Thus, the lower Ca/P ratio measured 

in the granular deposits produced by our ASC cultures may be consistent with poor 

crystalline apatite - a consequence of the artificial conditions inherent to in vitro culture 

conditions.

In our study, increased pERK and pJNK levels appeared after approximately two weeks in 

ASCs induced with either dexamethasone or VD3 and remained elevated over the entire 

induction period. In contrast, no change in p38MAPK activation was observed. This increase 

in ERK/JNK activation was not an artifact of dexamethasone induction as no link could be 

found between MAPK signaling and mineralization when induced with another 

glucocorticoid, hydroxycortisol. This mineralization of ASC cultures with hydroxycortisol 
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was surprising as was the mineralization observed with OM containing only ascorbic 

acid/AA and β-glycerophosphate/BGP (OM/NoDexa). To our knowledge, our study is the 

first to suggest that ascorbic acid/AA and BGP alone can induce ASC mineralization. 

However, osteogenic-like mineralization has been found in suspension mononuclear cells 

exposed to these agents [57] and inorganic phosphate can increase calcification by smooth 

muscle cells [58, 59]. The mechanism of ASC mineralization in OM/NoDexa medium is 

unclear but may require some degree of MAPK signaling, as these populations had increased 

JNK1/2 signaling compared with controls. In support of this, 3D scaffolds of calcium 

phosphate increase JNK1/2 activation in osteoblast precursor cells [60] and inhibition of 

JNK1/2 activation can block Pi transport through type III transporters and decrease 

mineralization [61]. Therefore, it is not unreasonable to propose that AA and βGP may 

promote JNK1/2 signaling in mineralizing ASCs.

Correlations between elevated ERK activation and mineralization have been found in MSCs 

[31], in calvarial osteoblasts [62], in several in vivo bone models [62, 63] and, most recently, 

in ASCs [51]. Moreover, increased JNK activity has been measured in MSCs [64] and in 

periodontal stem cells [65]. Therefore, our results in osteogenic ASCs were not unexpected. 

However, when ERK and JNK activation were considered together with ASC 

mineralizationcapacity, three categories emerged. Category 3 populations with their high 

osteogenic potential demonstrated increased JNK1/2 and ERK1/2 activation versus controls, 

whereas Category 1 cultures with negligible mineralization exhibited both basal pERK and 

pJNK levels. Although cooperativity between ERK and JNK pathways in MSC osteogenesis 

is well known [31, 66, 67], we believe our study is the first to identify possible cooperation 

between ERK and JNK signaling and ASC osteogenesis. However, the nature of this 

signaling will require further study as the relationship between ERK and JNK is not likely to 

be straightforward, as evidenced in the Category 2 ASC populations with their moderate 

mineralization levels correlating to the activation of either ERK1/2 or JNK1/2. Therefore, 

how each kinase contributes to mineralization will need to be examined further. Moreover, 

how kinase activation and mineralization may be affected by ASC source should also be 

considered. The segregation of ASC populations into three distinct osteogenic categories 

may be a non-specific effect attributable to differences in donor age or the depot site used for 

ASC isolation. Age-related differences in proliferation, senescence, and mineralization 

potential have been noted in ASCs [68–70]. However, a correlation between adipose depot 

site and ASC behavior is less obvious [71–73]. Because our study used cosmetic 

lipoaspirates obtained from anonymous donors, the exact age and adipose depot for each 

donor were not known and conclusions about ASC source and the observed results cannot be 

made. Future studies will need to correlate these parameters to levels of mineralization and 

MAPK activation to increase the chances of successful bone regeneration using ASCs.

ASC osteogenesis is also mediated through the action of MAPK phosphatases

Previous work in HeLa cells [74] links dexamethasone action to increases in the expression 

and activity of MAPK phosphatase 1/MKP-1, a nuclear phosphatase that dephosphorylates 

members of the MAPK family [46, 75]. Because ERK and JNK phosphorylation are affected 

by phosphatases [76, 77], ASC mineralization, kinase activation, and the expression of the 

MKP-1 were examined in this study. Not surprisingly, we found that Category 3 ASCs with 
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their increased kinase phosphorylation levels and significant mineralization were also 

associated with decreased MKP-1 expression. Category 1 ASC populations showed the 

opposite; increased MKP-1 expression, basal phosphorylation and negligible mineralization. 

The inhibition of MKP-1 expression (and activity) using sodium orthovanadate provided 

additional support for this relationship, augmenting ERK1/2 phosphorylation levels and 

promoting mineralization in low capacity Category 1 ASC samples, while having no effect 

on high capacity Category 3 samples. The mechanism of MKPs in ASC osteogenesis 

currently remains unknown. However, dexamethasone-mediated mineralization in dermal 

fibroblasts is associated with MKP1-dependent de-phosphorylation of a key serine residue in 

Runx-2 [78], while MAPK-driven phosphorylation of additional residues on this 

transcription factor has been linked to osteogenesis in C3H10T1/2 cells [79] Although no 

study to date has examined this in ASCs, the observed correlation between MKP-1 

expression, ERK1/2 and JNK1/2 activation, and mineralization levelsin ASCs may be due to 

a similar Runx-2-mediated mechanism. Future studies, perhaps using siRNA directed to 

MKP-1 and an examination of Runx-2 phosphorylation will help uncover this mechanism.

Functional assessment of MAPK signaling in ASCs identifies possible stage-specific roles 
in promoting osteogenesis

Decreased expression of Runx-2 and other osteogenic markers has been reported in 

PD98059-treated MSCs grown on chemically modified surfaces [66, 80] and in periodontal 

ligament stem cells treated with SB203580 [81]. A link between PD98059, U0126, or 

SB203580 addition and decreased osteogenic capacity has also been reported in MC3T3 

pre-osteoblasts, C2C12 cells, and MSCs [29, 32, 49] and human ASCs treated with 

PD98059 show a substantial decrease in mineralization [39]. Consistent with this, inhibiting 

ERK1/2, p38MAPK, or JNK1/2 activation in our study significantly decreased the 

expression of several key osteogenic genes, including Runx-2 and osteocalcin, along with 

extracellular mineralization (and AP activity), supporting a role for MAPK signaling in ASC 

osteogenesis. The level of the kinase affected appeared to be important, as the inhibition of 

upstream kinases, MEK1/2 or raf-1, did not significantly and consistently impact osteogenic 

gene expression, ERK1/2 phosphorylation, or ASC mineralization, suggesting that ERK1/2 

activity in ASCs might be affected by MEK-independent pathways. Additional pathways 

such as the phosphoinositide-3-kinase (PI3K) and protein kinase C (PKC) paths are thought 

to intersect with ERK1/2 [82] and mediate its activation outside of MEK. MEK-independent 

ERK activation has also been reported in human neutrophils [83] and breast cancer cells 

[84]. Whether ERK1/2 signaling in ASC osteogenesis is under MEK-independent control 

will need to be examined in the future.

Three critical stages have been identified in osteogenesis: commitment, matrix synthesis, 

and matrix calcification/terminal differentiation [85]. Previous work has suggested similar 

stages in ASC osteogenesis [10]. Although the continuous addition of inhibitors to 

differentiating ASC cultures and the resulting decreases in mineralization suggests MAPK 

signaling is involved in the overall process of osteogenesis, it cannot provide information 

about stage-specific function. Therefore, inhibitors were also added at specific time points 

during differentiation to affect commitment, matrix synthesis, and the onset of 

mineralization. Overall, osteogenic commitment in ASCs may involve JNK1/2 signaling, 
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with p38MAPK playing a role in matrix synthesis and mineralization. In support of this, 

mineralization levels decreased when p38MAPK activation was inhibited during the matrix 

synthesis stage (7–14 days) and during the onset of mineralization (14–21 days), whereas 

mineralization was impacted only when JNK1/2 inhibitors were added during the first 24 

hours of induction. Because ERK1/2 inhibitors, with the exception of PD98059, had a more 

pronounced effect on ASC osteogenesis when added continuously and not during individual 

stages, this signaling pathway may mediate several events in this process. Our findings are 

consistent with those of others. A role for JNK in osteogenic commitment has been proposed 

in C3H10T1/2 cells [86] and periodontal ligament stem cells [65] while inhibiting 

p38MAPK activity decreases mineralization in bone marrow osteogenic precursors and AP 

activity in MC3T3 cells [32]. ERK-mediated mineralization has been proposed in human 

osteoblasts [62, 87] and osteosarcoma cells [88]. However, one should be cautious when 

making conclusions based solely on exogenous inhibitors. U0126 can target both MEK1/2 

and ERK1/2. As a tyrosine phosphorylation inhibitor, Tyrphostin can also inhibit several 

growth factor receptor kinases and attenuate signaling though NF-κB [89]. Furthermore, 

PD98059 is thought to have an estrogenic effect [90]. Therefore, the reduction in ASC 

mineralization may be due to these alternative kinase functions.

Viral manipulation of ERK1/2 supports a role for ERK signaling in ASC osteogenesis

Because non-specificity is a problem with ERK1/2 inhibitors, targeted inhibition of ERK1/2 

activation was achieved using shRNA lentiviruses and their production of cytoplasmic 

siRNA [91, 92]. siRNA in the study of ASC osteogenesis is relatively new. siRNA-

dependent knockdown of PPARγ dramatically enhances ASC osteogenesis [93], while 

knockdown of osterix has been used to study the role of p38MAPK signaling in this process 

[94]. Due to homology in the region targeted by the shRNA oligos used in our study, the 

activation of both ERK isoforms was inhibited in ASCs, mimicking the effect of ERK1/2 

exogenous inhibitors, such as PD98059 and Tyrphostin, but without their non-specific 

effects. The significant decreases in mineralization produced by ERK1/2 shRNA-transduced 

cells support our inhibitor studies and suggest that ERK1/2 signaling is involved in ASC 

osteogenesis. However, because ERK1/2 shRNA decreased pERK1/2 levels as far out as 21 

days, mimicking that of continuous inhibitor administration, we cannot identify the specific 

stage at which ERK1/2 mediates osteogenesis. Future studies where ASCs are transduced 

with ERK1/2 shRNA at specific stages of osteogenesis could resolve this issue.

As an extension of our siRNA studies, the effect of ERK1/2 overexpression on ASC 

osteogenesis was also examined using recombinant ERK1 or ERK2 adenoviruses. Both 

ERK1 and ERK2 adenoviruses significantly increased kinase expression and mineralization 

levels in ASC monolayers as compared with mock-transduced controls. This pro-osteogenic 

effect was also observed on hydroxyapatite-coated PLGA scaffolds, with scaffolds 

overexpressing ERK1/2 demonstrating qualitatively more mineral deposition compared with 

controls expressing basal levels of these isoforms. Increased ERK1/2 activity on 3D 

scaffolds has translated to augmented mineralization and bone formation in vivo [95–97], 

making our results promising for future animal studies. Interestingly, when the ERK1 and 

ERK2 expressing scaffolds were compared with one another, it appeared that more mineral 

was deposited on the ERK2-expressing scaffolds. A few studies have proposed isoform-
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specific actions for ERK1/2. In vascular smooth muscle cells, increased ERK2 activation is 

measured after exposure to homocysteine, a risk factor for atherosclerosis [98], thereby 

suggesting a link between calcification and ERK2. Similarly, a link between ERK2, 

enhanced AP activity and taurine-induced osteogenesis has also been suggested in 

osteoblast-like cells [99]. Therefore, although the two ERK isoforms may appear to work 

cooperatively to promote osteogenesis in ASCs, the possibility of isoform-specific roles 

cannot be discounted and will need to be studied in the future.

In the current study, we propose a link between MAPK signaling and ASC osteogenesis. 

Direct manipulation of activation levels using inhibitors or viral technology supports this 

link, with osteogenic commitment mediated by JNK1/2, with matrix synthesis/

mineralization mediated by p38MAPK and with ERK1/2 activity playing a more general 

role in the overall process of osteogenesis. Although the precise mechanism of MAPK 

signaling during these osteogenic stages remains unclear, future studies may clarify the 

matter and allow us to mimic the effects of powerful osteogenic agents, such as BMP2, by 

directly manipulating their downstream pathways and their osteogenic targets. Such an 

approach might open up a new cohort of patients available for regenerative medicine 

strategies as it would eliminate the need for growth factors and their potentially undesirable 

systemic effects.
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Figure 1: ASC mineralization is associated with increased ERK1/2 activation.
Panel A: Production of extracellular mineral deposits (arrows) by ASCs maintained for 21 

days in non-inductive CM or inductive OM (top panels). Scanning electron microscopy 

(SEM) of the extracellular deposits is shown below (2000× and 25,000× magnifications). 

Panel B: SEM energy dispersive X ray (SEM EDX) microscopy analysis confirms the 

presence of calcium and phosphorus within the deposits of several ASC populations (n=8). 

Panel C: ERK1/2 activation (pERK) following OM induction of the indicated ASC 

populations for either 14 or 21 days was categorized as being either: 1) lower than that of 

CM controls (pERK OM<CM), 2) equivalent to controls (pERK OM=CM) or 3) 

significantly higher than controls (pERK OM>CM). Mineralization of these populations 

compared with controls (ASC Mineralization Capacity – fold change vs. CM) are shown 

with respect to these three pERK categories. For clarity, the average pERK1/2 level for each 

ASC population was plotted without its standard deviation. The trend in ERK1/2 activation 

and mineralization is shown (dotted line). ANOVA confirmed significant differences 

between the three activation groups.
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Figure 2: ASC mineralization correlates to ERK1/2, JNK1/2 activation.
ASC populations (n=15) after OM induction for 14 (Panel A) or 21 days (Panel B) are 

shown categorized based on mineralization and activation level of ERK1/2 and JNK1/2 

(pERK1/2, pJNK1/2) versus non-induced controls (Kinase Activation – fold change vs. 

CM). ASCs were determined to have: 1) negligible mineralization versus CM controls 

(Category 1); 2) moderate mineralization versus controls (Category 2) or 3) enhanced 

mineralization versus controls (Category 3). TAverage mineralization levelfor each Category 

is given at the top of the graph. * indicates a significant difference in kinase activation vs 

controls (p<0.05; t-test). ANOVA also confirmed a statistically significant difference 

between the Category 1 and Category 3 activation levels.
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Figure 3: ERK1/2 and JNK1/2 activation mediate ASC osteogenesis in alternate osteoinduction 
conditions.
Activation levels of ERK1/2 and JNK1/2 following osteogenic induction of Category 3 ASC 

populations (n=6) for either 14 (Panel A) or 21 days (Panel B) is shown after conventional 

OM induction, in addition to induction with OM containing 1,25-dihydroxyvitamin D3 

(OMVD) or hydroxycortisol (OMcortisone) in lieu of dexamethasone. ERK1/2 and JNK1/2 

activation levels (pERK1/2, pJNK1/2) are shown normalized to non-induced controls 

(Kinase Activation -fold change vs. CM). Activation levels of ERK1/2 and JNK1/2 

following 21 days induction of Category 1 and 3 ASC populations (n=8) in OM lacking 

dexamethasone (OMNoDex) are shown compared with non-induced controls (Panel C). 

Average mineralization levels versus controls are given for each condition. * indicates a 

significance difference (p<0.05; t-test) versus CM controls.
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Figure 4: MKP1 expression level upon ASC osteogenesis.
Panel A: Normalized expression of the MAPK phosphatase, MKP-1 (Expression level, -fold 

change vs CM), together with activation levels of ERK1/2 and JNK1/2 versus controls are 

shown for Category 1 and Category 3 ASCs induced with OM for 14 and 21 days. 

Mineralization versus non-induced controls are given at the top of each graph. Panel B: The 

effect on mineralization following treatment of these ASCs with 1 μM or 10 μM of the 

phosphatase inhibitor sodium orthovanadate either for the first 48 hours of OM induction or 

continuously for 21 days is shown. Mineralization is presented compared with non-treated 

OM controls (-fold change vs. OM). MKP-1 expression levels are indicated at the top of the 

graph. * indicates a significance difference (p<0.05; t-test) between groups.
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Figure 5: Inhibition of MAPK activity may inhibit ASC osteogenesis.
Panel A - Expression of the osteogenic genes Runx-2, AP, OP, and OC after ASC osteo-

induction was quantified after 21 days and expressed relative to non-induced controls (Gene 

Expression, -fold change vs. CM) to confirm ASC osteogenic capacity. Panel B - The effect 

of continuous administration of the indicated MAPK inhibitors on the expression of these 

osteogenic genes is shown relative to untreated OM controls containing inhibitor vehicle (-

fold change vs. OM/vehicle). Panel C – Decreased mineralization versus controls was 

measured in osteo-induced ASCs treated either continuously for 21 or 35 days with the 

indicated MAPK inhibitors (ASC Mineralization Capacity, -fold change vs. OM/vehicle). 

The kinase affected by each inhibitor is given in parentheses. SP600125 was administered 

during the first seven days of induction to minimize cell death. * indicates a significance 

difference (p<0.05; t-test) between groups. MAPK inhibitors not significantly affecting 

mineralization versus controls are not shown.
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Figure 6: Restricted inhibition of MAPK activity inhibits ASC mineralization.
Panel A – Mineralization levels following treatment for the first 24 hours of induction with 

the indicated MAPK inhibitors was measured after 21 or 35 days of osteogenesis and 

compared with non-treated controls (ASC Mineralization Capacity, -fold change vs. OM/

vehicle). Panel B – Inhibitors were also added for 7 days to induce cells either at the start of 

matrix synthesis (7–14 days) or matrix mineralization (14–21 days) and then OM induction 

continued until 21 days. The ERK1/2 inhibitor Tyrphostin was administered at 

concentrations affecting either ERK1 or ERK2. * indicates a significance difference 

(p<0.05; t-test) between groups. MAPK inhibitors not significantly affecting mineralization 

versus controls are not shown.
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Figure 7: siRNA inhibition of ERK1/2 activity decreases ASC mineralization.
Panel A – ERK1/2 activation levels following transduction with the shRNA lentiviruses 1A5 

or 2A1 is shown after 21 days induction in OM. Activation levels were normalized to OM-

induced controls transduced under mock conditions (Kinase Activation, -fold change vs. OM 

mock). A representative western blot of pERK1/2 and ERK1/2 expression 21 days after 

lentiviral transduction is shown. Panel B – Mineralization levels by the transduced ASCs 

were measured after 14 or 21 days induction and normalized to controls (Mineralization 

Capacity, -fold change vs. OM Mock). * indicates a significance difference (p<0.05; t-test) 

between groups
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Figure 8: Overexpression of ERK1/2 increases ASC mineralization.
Panel A - Overexpression of ERK1 or ERK2 by OM-induced ASC monolayers transduced 

by recombinant ERK1 or ERK2 adenoviruses (AdERK1wt or AdERK2wt) at the indicated 

MOIs (pfu/cell) was confirmed after 21 days through western blotting and compared with 

OM mock controls (Expression, -fold change vs. OM mock). ERK1/2 overexpression is 

shown in a representative Western blot. Panel B- Mineralization by transduced ASCs was 

quantified after 21 days of OM induction and compared with controls (Mineralization 

Capacity, -fold change vs. OM mock). Panel C - 3D hydroxyapatite-coated PLGA scaffolds 

seeded with AdERK1wt- or AdERK2wt-transduced ASCs and cultured in OM for 21 days 

are shown after von Kossa staining to detect mineralization. Staining within a scaffold layer 

is shown compared with controls maintained in CM or OM. A representative Western blot 

showing isoform-specific overexpression of ERK1/2 following transduction with 

AdERK1wt or AdERK2wt at MOI 10 is shown on the right. For Panels A and B, * indicates 

a significance difference (p<0.05; t-test) between groups.
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Table 1:

ERK1/2 Expression Levels by AdERKwt-transduced ASCs on 3D scaffolds

Adenovirus MOI (pfu/cell)

OM+AdERK1/2wt – 21 days
(-fold change vs. OM mock)

ERK1 ERK2

AdERK1wt

1 1.50±0.28 1.37±0.38

10 2.77±0.60 2.28±0.81

100 3.58±0.64 2.04±0.28

AdERK2wt

1 0.95±0.28 1.05±0.34

10 1.36±0.52 5.89±1.48

100 12.17±5.45 33.78±8.00

n=4;

statistical significance (p<0.05) shown in bold
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