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Abstract

Fetal tissue-derived mesenchymal stromal cells (MSC) share fundamental MSC 

characteristics with adult MSC. There are also pivotal differences in differentiation and 

proliferation capacity. In the current study we further explored the differences between adult 

and fetal bone marrow-derived MSC (ABMSC and FBMSC) in a gene expression profiling 

approach, with particular focus on the Wnt-pathway. 

Micro-array analysis demonstrated that 687 were differentially expressed between ABMSC 

and FBMSC. This set was, amongst others, functionally enriched for genes involved in 

developmental (tissue morphogenesis) and cellular processes (cell cycle regulation), 

adhesion and locomotion. Amongst the differentially expressed genes were 16 Wnt-related 

genes, mainly Wnt-inhibitors. Expression of SFRP4, WISP1, WISP2, WISP3, FZD1, FZD5, 

FZD8 and MYCBP2 were upregulated in ABMSC, whereas DKK1, DKK2, CCND2, WNT5a, 

MYC, FZD2, FZD6 and FZD7 are expressed at a higher level in FBMSC. The differential DKK1 

expression was shown to be mainly culture density dependent, but the differences between 

AMBSC and FBMSC for at least Wnt5a, DKK2 and SFRP4 were consistent at various cell 

densities. 

The variation in expression of Wnt-inhibitors probably leads to profound differences in 

Wnt-signaling between adult and fetal BMSC. Although both MSC seem to have a similar 

basal level of canonical Wnt-signaling, the abrogation of autocrine Wnt-production by the 

small molecule IWP2 leads to a strong decrease in expression of downstream targets of 

canonical Wnt-signaling in FBMSC only and it even inhibited the response to exogenous 

Wnt3a. ABMSC autocrine canonical signaling seemed to be prevented by the presence of 

endogenous soluble Wnt-inhibitors. ABMSC had a faster response and were more sensitive 

to low concentrations Wnt3a, and remained responsive to Wnt3a after incubation with 

IWP2. 

In conclusion, our data demonstrate that ABMSC and FBMSC have a different Wnt-

signature. Since except for Wnt5a, no other Wnt-proteins were differentially expressed 

between ABMSC and FBMSC, the differences in the response to exogenous Wnt3a and the 

distinct response to inhibition of endogenous Wnt-production may be explained by variation 

in expression of Wnt-inhibitors and Frizzled receptors on the two MSC sources. This seems 

to lead to a different net balance in autocrine Wnt-signaling between these cells, established 

through distinct intracellular mechanisms. 
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Introduction

Mesenchymal stromal cells (MSC) have regenerative and immune modulatory capacities, and 

for this reason MSC are suitable candidates for tissue engineering and cellular (immune) 

therapies. MSC are present in various adult and fetal tissues (1-4), however most studies 

have focused on adult and in particular human bone marrow-derived MSC. Although adult 

bone marrow derived MSC are currently most frequently applied in the clinic, fetal MSC have 

already been transplanted in patients for treatment of osteogenesis imperfecta, a rare bone 

disorder (5). 

MSC represent a relatively rare cell population in adult bone marrow, and the frequency of 

MSC declines with increasing age from 1 per 104 nucleated bone marrow cells in a newborn 

to about 1 per 106 nucleated marrow cells in the elderly (6). The prevalence of MSC in fetal 

tissues is significantly higher compared to adult tissues (reviewed in(7)). In second trimester 

fetal bone marrow, the frequency of MSC has been estimated at 2.5 per 103 bone marrow 

cells (4). Fetal MSC are frequently present in first trimester fetal blood between 8-14 weeks 

of gestation. In addition, they are found at all sites of fetal hematopoiesis (1). MSC can be 

derived from fetal bone marrow from the 10th week of gestation onwards (7-9).

Culture-expanded adult and fetal MSC share some fundamental properties, which define 

them as bona fide MSC (10). They can both be derived by plastic adherence and they express 

CD73, CD90 and CD105 and lack expression of hematopoietic markers. In addition, both 

adult and fetal MSC have trilineage differentiation potential (4) and are able to suppress T-

cell proliferation (11;12). Although these MSC properties are shared by adult and fetal MSC, 

there are pivotal aspects that distinguish these two cell sources. 

Adult and fetal bone marrow-derived MSC (ABMSC and FBMSC) are isolated at different 

developmental stages, which is likely to reflect on the MSC. It is suggested that FBMSC are 

important for bone formation and generating the bone marrow niche that still has to become 

the site of definitive hematopoiesis (8;13), while ABMSC are believed to be important for the 

maintenance and support of HSC in the fully matured bone marrow. 

Although the developmental ontogeny of MSC is unknown, there are several indications 

that adult and embryonic or fetal MSC arise from phenotypically distinct cells. In the 

murine system, the first wave of MSC is derived from Sox1+ neural crest cells, which are 

transiently replaced by cells with an undefined ontogeny (14). Also in the human system, 

different subpopulations of MSC seem to exist during development and aging. In fetal bone 

marrow at 15-20 weeks of gestation, colony forming units-fibroblast (CFU-F, a measure for 

the number of clonogenic MSC in bone marrow) can only be derived from CD271+CD146+ 

and CD271-CD146+ bone marrow cells (15). In adults however, the latter fraction no longer 

contains CFU-F and all assayable clonogenic cells reside in CD271+CD146+ and also 

CD271+CD146- bone marrow cells (15;16). Fetal MSC are distinct from adult MSC in their 
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proliferation rate; they grow faster and have longer telomeres (17). Both adult and fetal MSC 

are reported to have multilineage differentiation capacity, however fetal cells have a superior 

osteogenic capacity in vitro and in vivo (18).

Several studies have compared ABMSC and FBMSC, but these studies only focused on the 

expression and functionality of genes involved in proliferation or osteogenesis (17-19). 

Here we describe and compare the total gene expression profile of these MSC, cultured 

under similar circumstances. After the initial broad screen, we particularly focused on the 

differences observed in Wnt (target)-gene expression, as it is known that this pathway is 

involved in the processes that discriminate adult and fetal MSC; i.e. regulation of tissue 

development (20;21), bone formation (22), MSC differentiation (23-25) and proliferation 

(23;26;27). Wnts are a large family of secreted lipid-modified glyco-proteins that are 

expressed in a variety of tissues. Wnt signaling is crucial for human and animal embryonic 

development, and defects in the pathway are associated with tumorigenesis (20;21). Wnt 

proteins bind a receptor complex consisting of a Frizzled receptor and the LDL receptor-

related proteins LRP5 or LRP6. The canonical Wnt pathway leads to stabilization of 

beta-catenin, which accumulates and translocates to the nucleus where it activates target 

gene expression, amongst others the transcription factors lymphocyte-enhancer-binding 

factor (LEF) and T-cell factor (TCF). Non-canonical pathways do not signal through beta-

catenin, but induce the release of Ca2+ or the phosphorylation of Jun N-terminal kinase 

(JNK) (Reviewed in (28)).There is accumulating evidence that stromal cell-derived Wnt 

signaling is crucial for the maintenance of hematopoietic stem cells (29;30). Cultured adult 

bone marrow-derived MSC express a variety of Wnt proteins and receptors (31), but to our 

knowledge there are no reports on Wnt-signaling in FBMSC. 

In the current study, we demonstrate that 16 Wnt-related genes are differentially expressed 

between ABMSC and FBMSC, which suggests that the balance in Wnt-signaling between 

these MSC is slightly different. The response to Wnt-3a-mediated induction of canonical 

Wnt-signaling was delayed in FBMSC compared to ABMSC. In addition, inhibition of 

endogenous Wnt-production, predominantly consisting of non-canonical Wnt-proteins, 

suppressed TCF and LEF expression in FBMSC but not in ABMSC, suggesting that 

endogenous produced Wnts may signal through distinct mechanisms in these two cell types. 
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Materials and methods

Cell culture
Fetal bones were obtained from legally terminated second trimester pregnancies (15-20 

weeks) after informed consent and with approval of the medical ethical review board of 

the AMC (MEC: 03/038). To obtain fetal bone marrow MSC (FBMSC), fetal bones were 

flushed with IMDM (Lonza, Verviers, Belgium) containing 10% FCS (Bodinco, Alkmaar, 

The Netherlands), 50U/mL penicillin and 50µg/mL streptomycin (Gibco, Paisley, UK). The 

remaining erythrocytes were lysed using NH
4
Cl for 10’ on ice. Subsequently, cells were rinsed 

in PBS. 1.6 x 106 cells were seeded per well in 6 well dishes in M199 (Gibco) supplemented 

with 10% FCS, penicillin (50 IU/mL), streptomycin (50 µg/mL), 20 µg/mL ECGF (Roche 

Diagnostics, Indianapolis, IN) and 8 IU/mL heparin (Leo Pharma, Breda, The Netherlands), 

hereafter referred to as M199c. After 48 hours, the non-adherent cells were removed and the 

remaining cells were considered FBMSC. 

Adult bone marrow derived MSC (ABMSC) were isolated from bone marrow aspirates from 

the sternum of patients undergoing cardiac surgery after informed consent and approval of 

the medical ethical review board of the AMC (MEC:04/042#04.17.370). Briefly, MSC were 

isolated by density gradient centrifugation (Ficoll-paque, 1.077 g/ml, GE Health care Bio-

Sciences AB, Uppsala, Sweden). Remaining erythrocytes were lysed as described. 5 x 106 cells 

were seeded per well in a 6 well dish in culture medium. After 48 hours, the non-adherent 

cells were removed. The remaining cells were considered ABMSC and were cultured for an 

additional 12 days or until reaching 80% confluency. 

Upon reaching 80% confluency after initial plating, ABMSC and FBMSC were replated and 

further cultured in T80 tissue culture flasks at an initial density of 2500 cells/cm2. For all 

experiments, 80% confluent passage 3-5 MSC were used.

Flow cytometry
MSC were characterized for surface expression by flow cytometry. Cells were rinsed, 

trypsinized, washed and resuspended in PBS containing 0.2% BSA prior to incubation 

(20 minutes at RT) with monoclonal antibodies. Antibodies purchased from BD, San Jose 

CA: CD73 (clone AD2), CD90 (clone 5E10), CD45 (clone HI30). Antibodies from other 

companies: CD105 (clone SN6, Ancell, Bayport MN), CD34 (clone 581, IQ-products, 

Groningen, The Netherlands). As a negative control, cells were labeled with IgG1 isotype 

controls (monoclonal antibodies; Sanquin, BD). A minimum of 10.000 events was recorded, 

using a FACS LSR II flow cytometer (BD). 
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Differentiation experiments
To study the multilineage differentiation capacity, MSC were cultured under conditions 

promoting differentiation towards osteoblasts or adipocytes as previously described (32). 

For differentiation experiments, MSC were plated in a 24 well dish at a plating density of 

2.5 x 104 cells/cm2 in α-MEM (Gibco). For osteogenic induction, α-MEM was supplemented 

with 10% FCS and penicillin (50 IU/ml), streptomycin (50 µg/ml) to which ascorbic acid 

(50 μg/mL, Sigma, St Louis, MI) and dexamethasone (10-7 M, Sigma) were added. From day 

7 onwards, β-glycero-phosphate (5 mM, Sigma) was added. Cultures were incubated in a 

humidified atmosphere of 5% CO
2
 at 37˚C. Medium was replaced every 4th and 7th day of the 

week. For induction of adipogenesis, indomethacine (50 μM, MP Biomedicals, Solon, OH), 

IBMX (0.5 mM, Sigma) and insulin (1.6 µM, Sigma) were used. 

At day 21, the cells induced towards osteogenic differentiation were stained for alkaline 

phosphatase and calcium deposition. Cells were incubated with a substrate solution (0.2 

mg/ml α-naphthyl-1-phosphate (Sigma), 3 mg/mL sodium borate, 0.3 mg/ml magnesium 

sulphate and 0.8 mg/mL fast blue RR acid (Sigma) for 15 minutes, resulting in the formation 

of an insoluble purple reaction product. To detect calcium deposition, cells were fixed 

with 3.7% formaldehyde (Merck, Darmstadt, Germany) for 10 minutes, and stained 

with 2% Alizarin Red S (ICN Biomedicals, Aurora, OH) and 0.1 NH
4
OH [pH 5.4] for 1 

minute. Mineralization was indicated by the presence of red depositions. To demonstrate 

the presence of adipocytes, expanded cells were fixed as described above. Cytoplasmic 

inclusions of neutral lipids were stained with Oil-Red-O (3 mg Oil-Red-O/ml 60% 

isopropanol, Sigma) for 10 minutes.

RNA extraction and micro array analysis
RNA was extracted from third passage adult or fetal MSC (3 adult donors, 3 fetal donors) 

using a RNeasy mini kit (Qiagen) according to the manufacturers instructions and RNA 

integrity was analyzed on a Agilent 2100 bioanalyzer (Agilent Technologies, Inc, Waldbronn, 

Germany) using the Agilent RNA 6000 Non Assay protocol. 300ng RNA was hybridized to 

an Affymetrix Human Exon 1.0 ST array (Affymetrix Inc, Santa Clara, CA). Hybridized assays 

were scanned with a GeneChip scanner 3000 7G (Affymetrix). Affymetrix CEL-files were 

imported into Partek® (Partek® Genomic Suite software, version 6.4 Copyright © 2008 

Partek Inc., St. Louis, MO, USA) where only core probe sets were extracted and normalized 

using the RMA algorithm with GC background correction. Core transcript summaries were 

calculated using the mean intensities of the corresponding probe sets, representing the 

quantitative expression levels of all genes. The correspondence of the three replicate adult 

and fetal samples was confirmed using Principle Component Analysis (PCA) and Pearson 

correlation analysis. We performed an analysis of variance (ANOVA) on the log2 probe 

intensities, representing the gene expression intensities, of 15 samples and did a post-hoc 

analysis to compare adult and fetal MSC samples. Data were corrected for multiple testing. 
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Genes were considered significantly differentially expressed when pα0.05. Data will be 

deposited in Gene Expression Omnibus.

cDNA synthesis and RQ-PCR
A maximum of 1 µg total RNA was used for cDNA synthesis using random hexamers (25 

µmol/L, Gibco-BRL life technologies, Breda, The Netherlands). RQ-PCRs were performed 

on a StepOne Plus (Applied Biosystems, Nieuwerkerk a/d IJssel, The Netherlands) using 

Sybrgreen dye for detection (Sybrgreen mastermix, Applied Biosystems. Primer sequences 

are listed in Supplementary table 1).

Wnt stimulation
L-cells, L-Wnt3a and L-Wnt-5a were a kind gift from Dr. D. ten Berge (Dept. of Cell Biology, 

Erasmus Stem Cell Institute, Rotterdam), and were cultured in DMEM supplemented 

with 10% FCS, 50U/mL penicillin and 50µg/mL streptomycin, 4mM L-Glutamine 

(Gibco) and G418 (PAA Laboratories, Pasching, Austria, for L-Wnt3a and Wnt-5a only). 

L-cell conditioned medium was diluted 1:1 in M199c for stimulation of MSC. In separate 

experiments, MSC were stimulated with recombinant human Wnt3a (R&D systems, 

Abingdon, UK). 30.000 MSC were plated two days prior to Wnt-stimulation in 12-well 

plates, resulting in a sub-confluent cell density. At t=0, fresh medium with or without 

Wnt3a was added to the cells. For inhibition of endogenous Wnt-production, MSC were 

preincubated with the small molecule IWP2 (0.5-25 µM, Miltenyi Biotec) (33) for 16 hours 

in fresh medium. For Wnt-stimulation following IWP2 pre-incubation, half of the medium 

was replaced with the corresponding L-cell CM supplemented with IWP2 in the presence or 

absence of recombinant human Wnt3a. The final concentrations were 50% L-cell CM, 25µM 

IWP2 and 200ng/ml Wnt3a. 

Production of lentiviral particles
The lentiviral Wnt (reporter) 7TGC (“Addgene plasmid 24304”) was purchased from 

Addgene (Addgene Inc, Cambridge MA), and has been previously described (34). DNA was 

harvested by maxiprep (Nucleobond, Clontech). For production of lentivirus, 293T cells 

were transfected with psPax2, pMD2.G and 7TGC by Calcium Phosphate method. Viral 

particles containing supernatant was harvested after 1 and 2 days. MSC were infected with 

concentrated virus at a multiplicity of infection (MOI) of 100. Transduction efficiency was 

measured by flow cytometry. 

Cell proliferation experiments 
MSC were seeded at 2500 cells/cm2 and analysis of cell counts was performed by flow 

cytometry using Flow-Count Fluorospheres (Beckman Coulter, Fullerton CA). To analyze the 
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effect of Wnt on MSC proliferation, cells were cultured in presence of 50% Wnt- or control 

L-cell conditioned medium. 

Cell lysis and Western blot 
Transduced or control MSC were lysed in RIPA buffer (containing protease and phosphatase 

inhibitors (Roche) and DNase I (Invitrogen)) for 10 minutes on ice. Lysates were clarified 

by centrifugation at 14000 rpm at 4˚C for 10 minutes. For Western blotting, protein 

samples were separated by electrophoresis using a Criterion Pre-cast Gel 4-20% (Bio-Rad 

Laboratories, Hercules, CA) and transferred onto iBlot gel transfer stacks PVDF membranes 

(Invitrogen). Membranes were incubated with antibodies for beta-catenin (sc-7199, Santa 

Cruz Biotechnology, Heidelberg, Germany), phospho-SAPK/JNK (9255, Cell Signaling 

Technology, Danvers MA), SAPK/JNK (9252, Cell Signaling Technology), p-Src (pY418, 

Invitrogen), Src (2110, Cell Signaling Technology), Rac1 (Santa Cruz Biotechnology), and 

loading controls RhoGDI (clone 16, BD transduction labs, San Jose CA) or tubulin (clone 

DM1A, Sigma) for 1 hour in TBST (Tris-buffered saline, Tween 20) containing either 5% BSA 

(Sigma) for antibodies to detect phosphorylated proteins or 5 % nonfat dry milk for others, 

followed by 45 minutes incubation with horseradish peroxidase-conjugated goat-anti-mouse 

(Pierce, Rockford, IL) or goat-anti-rabbit (Dako) secondary antibodies. Immunoreactive 

bands were revealed using an enhanced chemiluminescence kit (ECL, Pierce). 

Statistical analysis
Statistical significance was determined by Man-Whitney U Test, using SPSS 15.0 (SPSS Inc, 

Chicago, IL), Results were considered significant when p≤0.05.
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Results

Gene expression profiling of ABMSC and FBMSC
ABMSC and FBMSC derived from all donors had a spindle shaped morphology and 

differentiated towards osteoblasts and adipocytes upon induction of differentiation (data not 

shown). In addition, these MSC expressed CD73, CD90 and CD105, and lacked expression 

of hematopoietic markers CD34 and CD45 (data not shown). Because the ABMSC and 

FBMSC were derived from bone marrow in a different developmental stage, the composition 

of the fetal bone marrow at 15-20 weeks gestation was characterized by flow cytometry 

(Supplementary table 2). 

RNA from third passage ABMSC and FBMSC was isolated and hybridized to Affymetrix 

Human Exon 1.0 ST array, containing multiple probes per exon for the large majority of 

human genes. We performed an analysis of variance (ANOVA) on the log2 probe intensities 

(representing the gene expression intensities) of 6 samples (3 adult and 3 fetal BMSC) and 

did a post-hoc analysis to compare adult and fetal samples. 687 genes were significantly 

differentially expressed (303 genes up in ABMSC, 384 upregulated in FBMSC; p<0.05) after 

multiple testing correction with a minimum fold change of 2 between ABMSC and FBMSC. 

The top 10 known genes most strongly expressed in ABMSC or FBMSC are listed in Table 1. 

Differentially expressed genes between Adult versus Fetal BMSC  Table 1

Symbol Gene name Fold change (95% CI) Step-up p-value

Top 10 upregulated in ABMSC 

FMO3 Flavin containing monooxygenase 3 67.7 (84.5; 54.3) 3.79E-08

SFRP4 Secreted frizzled-related protein 4 50.7 (211.9; 12.2) 0.0156

ENTPD1
Ectonucleoside triphosphate 
diphosphohydrolase 1 49.5 (84.8; 28.8) 5.40E-06

CHRDL1 Chordin-like 1 33.2 (65.3; 16.9) 6.92E-05

PNMA2 Paraneoplastic antigen MA2 25.3 (87.8; 7.3) 0.0034

SMOC2 SPARC related molecular calcium binding 2 18.5 (30.8; 11.1) 0.0002

LEPR Leptin receptor 18.5 (24.5; 13.9) 3.35E-05

CSTA Cystatin A 16.8 (26.1; 10.8) 8.85E-06

CFD Complement factor D 15.9 (31.9; 7.9) 0.0011

DEPDC6 DEP domain containing 6 14.9 (31.9; 6.9) 0.0003

Top 10 upregulated genes in FBMSC 

MMP1 Matrix metallopeptidase 1 60.4 (133.5; 27.4) 0.0016

GREM1 Gremlin 1 41.7 (79.5; 21.8) 1.82E-05

FBN2 Fibrillin 2 41.0 (73.8; 22.8) 0.0008

RRM2 Ribonucleastide reductase M2 38.0 (46.8; 30.9) 0.0003

ASPN Asporin 35.1 (56.1; 21.9) 0.0002

HIST1H3C Histone cluster 1, H3c 28.7 (52.5; 15.7) 0.0002

SEMA3A Sema domain 3A 21.9 (27.7; 17.4) 0.0004

SCD Stearoyl-CoA desaturase 20.8 (39.4; 10.9) 0.0002

CDC20 Cell division cycle 20 homolog (S. cerevisiae) 20.2 (40.3; 10.2) 0.0042

COLEC12 Collectin sub-family member 12 18.5 (97.3; 3.5) 0.0176

95% CI: 95% Confidence Interval 
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The large group of differentially expressed genes was, amongst others, significantly enriched 

for genes involved in developmental and cellular processes, adhesion and locomotion 

(Figure 1A). The cluster cellular processes predominantly contained gene ontology 

terms associated with cell cycle processes and cell division. This is in agreement with the 

previously reported increased proliferation rate of fetal MSC compared to adult MSC. (17). In 

the group developmental processes, gene ontology terms were linked to morphogenesis of a 

variety of tissues, including skeletal morphogenesis. 

On the second place in the list of genes with strongest expression in ABMSC an 

inhibitor of the Wnt-pathway is listed, secreted frizzled related protein-4 (SFRP4) was 

50 fold upregulated compared to FBMSC. Because the Wnt-pathway is involved in MSC 

differentiation (23-25) and proliferation (23;26;27), processes that are known to distinguish 

adult and fetal MSC, we particularly focused on differentially expressed genes that are 

involved in the Wnt-pathway. 8 Wnt-proteins, 12 Wnt-receptors and 6 Wnt-inhibitors were 

detected above the cut off value of the array in ABMSC and FBMSC (Supplementary table 

3). Wnt1, Wnt6, Wnt7a and Wnt10a could not be confirmed by RQ-PCR (data not shown), 

so these genes are probably not expressed. 13 genes listed in Supplementary table 3 and 

in addition 3 Wnt-target genes were differentially expressed between adult and fetal MSC 

(Table 2). 8 genes were significantly higher expressed in ABMSC, whereas 8 genes were 

increased in FBMSC (table 2). Amongst these differentially expressed genes are three Wnt 

inhibitors, such as DKK1, DKK2 and SFRP4, which interact with the Wnt-signaling pathway 

at different levels. DKK1 and DKK2 bind to LRP co-receptors, thereby blocking the receptor. 

Table 2  Differentially expressed Wnt (target)-genes between adult and fetal BMSC

Symbol Gene name Fold change (95% CI) p-value

Upregulated in ABMSC 

SFRP4 Secreted frizzled related protein 4 50.7 (211.9; 12.2) 0.000631

WISP1 WNT1 inducible signaling pathway protein 1 10.7 (18.3; 6.2) 1.51E-06

FZD5 Frizzled homolog 5 5.5 (9.1; 3.4) 9.3E-07

WISP3 WNT1 inducible signaling pathway protein 3 5.4 (12.9; 2.3) 0.000218

WISP2 WNT1 inducible signaling pathway protein 2 3.2 (6.4; 1.6) 0.034

FZD1 Frizzled homolog 1 2.8 (3.4; 2.2) 8.1E-05

MYCBP2 MYC binding protein 2 2.0 (2.4; 1.6) 0.0057

FZD8 Frizzled homolog 8 1.6 (2.1; 1.3) 0.008/

Upregulated in FBMSC

DKK1 Dickkopf homolog 1 10.3 (47.1; 2.26) 0.002

CCND2 Cyclin D2 9.0 (8.8; 4.3) 5.62E-05

DKK2 Dickkopf homolog 2 5.4 (7.6; 3.8) 2.9E-05

WNT5a Wingless-type MMTV integration site family, member 5A 4.5 (6.8; 2.95) 0.0005

MYC v-myc myelocytomatosis viral oncogene homolog 2.2 (3.3; 1.27) 0.00181

FZD7 Frizzled homolog 7 2.1 (2.5; 1.5) 0.011

FZD2 Frizzled homolog 2 1.9 (2.6; 1.4) 0.0052

FZD6 Frizzled homolog 6 1.7 (2.6;1.2) 0.05

95% CI: 95% Confidence Interval
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SFRPs interacts directly with the Wnt proteins, which prevents binding of the Wnts to their 

covalent receptors (35). The array data for several targets were successfully confirmed by RQ-

PCR on micro array samples as well as on samples from other adult and fetal bone marrow 

donors (Figure 1B-G). 

Functional enrichment analysis and confirmation of micro array data by RQ-PCR Figure 1

(A): Pie chart represents the gene ontology terms that were significantly enriched in the set of differentially expressed 
genes between ABMSC and FBMSC. The numbers between brackets depict the enrichment score and the percentage 
of genes in this GO category compared to all differentially expressed genes.  Most genes in the cellular process genes 
were associated with cell cycle regulation and cell division. 
(B-G): Confirmation of micro-array data by RQ-PCR. The bars represent the mean fold change (2^-(∆∆Ct) ±SEM) for (B) 
JAG1; array result 3.1 fold up in ABMSC, (C) HES1; array result 4.1 fold up in FBMSC, (D) DKK1; array result 10.3 fold up 
in FBMSC, (E) SFRP4; array result 50.7 fold up in ABMSC, (F) KIT; array result 4.7 fold up in FMBSC, (G) DKK2; array 5.4 
fold up in FBMSC.
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Cell culture dependent expression of Wnt5a, DKK1, DKK2 and SFRP4
It has been demonstrated that expression of several Wnt proteins, Wnt-target genes and 

Wnt-inhibitors in ABMSC is dependent on cell culture conditions (36). To study whether 

the differential expression between ABMSC and FBMSC of DKK1, DDK2, Wnt5a and SFRP4 

was intrinsic or the result of variation in cell division kinetics, we analyzed the expression 

of these genes in MSC cultures that grew from low density to confluency. In ABMSC, 

confluency was reached at day 8-10, while FBMSC were confluent after 6-10 days. Also in 

Proliferation of adult (left) and fetal (right) BMSC in time. (B-E) mRNA expression of Wnt-inhibitors and Wnt5a during 
cell cultu re; (B) DKK1, (C) DKK2, (D) Wnt5a and (E) SFRP4 were analyzed during the culture period.. The bars depict 
the mRNA expression level (mean ± SEM, n=3) relative to the housekeeping gene ABL (2^-∆Ct, range ∆Ct values: DKK1: 
-5.5 to -2.4; DKK2: 0.2 to 6.1; Wnt5a -4.7 to -0.6; SFRP4 5.6 to -1.9.

Figure 2  Effect of cell culture on expression of Wnt-5a and Wnt inhibitors SFRP4, DKK1 and DKK2
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our hands, FBMSC proliferated faster than the adult counterparts (Figure 2A). In agreement 

with Gregory et al (27), DKK1 mRNA levels were high in low confluency cultures in ABMSC 

and expression gradually decreased with increasing confluency of the culture (Figure 2B). 

A similar DKK1 expression pattern was observed for FBMSC. Importantly, the increased 

expression in FBMSC detected in the array appeared to be culture dependent. Expression of 

DKK2, another member of the Dickkopf family, was indeed increased in FBMSC as observed 

in the array screen. Expression enhanced with increasing confluency levels (Figure 2C) but 

the expression level of DKK2 was lower than that of DKK1 (Figure 2B-C). Wnt5a expression 

slightly decreased with increasing confluency. At high confluency, Wnt5a was expressed at 

higher levels in FBMSC than in ABMSC, although the fold change in these experiments is 

lower than in the array experiments (Figure 2D). SFRP4 was consistently higher expressed 

in adult BMSC and its expression increased with culture confluency, which explains the 

large difference between ABMSC and FBMSC in the array (Figure 2E). These data show that 

although the expression of Wnt5a and the Wnt-inhibitors DKK1, DKK2 and SFRP4 in MSC is 

dependent on the cell density or confluency level of the cultures, the observed differences in 

expression of Wnt5a, DKK2 and SFRP4 seem to be intrinsic characteristics of adult and fetal 

BMSC. 

Wnt3a induced canonical Wnt-signaling 
To investigate whether there was a significant difference in canonical Wnt-signaling between 

the two MSC types, basal and Wnt3a induced canonical Wnt-signaling was analyzed. Similar 

beta-catenin protein levels or LEF and TCF mRNA expression were observed in FBMSC 

and ABMSC in unstimulated conditions (Figure 3A-B). To study induction of canonical 

Wnt-signaling, the MSC were stimulated with recombinant human Wnt-3a. The magnitude 

of the response was measured by RQ-PCRs for the canonical Wnt-target genes LEF and 

TCF, and data was normalized to the unstimulated control for each time point. Four hours 

after stimulation with Wnt3a, induction of LEF and TCF mRNA expression was observed 

in ABMSC. This induction was significantly higher than in FBMSC, in which TCF and 

LEF mRNA levels started to increase after 24 and 48 hours. These data show that ABMSC 

respond faster to Wnt3a than FBMSC, but FBMSC can also respond to Wnt3a by means of 

LEF and TCF induction (Figure 3C). Only in ABMSC we observed an increase in LEF and 

TCF expression in control stimulated cells compared to MSC at the start of the experiment 

(data not shown). In these experiments Wnt3a was added to the cells after complete medium 

change two days after seeding, and control treated cells only received fresh medium. 

Because ABMSC produce Wnt-inhibitors that can interact with Wnt at different levels of the 

pathway, we hypothesized that the increase in TCF/LEF in unstimulated cells was due to the 

removal of a soluble Wnt-inhibitor secreted by the MSC. Indeed, the basal expression of 

LEF and TCF did not change without removal of the medium and a lower absolute level of 

Wnt3a–mediated induction of these targets was observed (Figure 3D). These data indicate 

that secreted Wnt-inhibitor(s) present in ABMSC-conditioned medium interfere(s) with 

exogenous Wnt3a and endogenously produced Wnts and prevent(s) induction of TCF and 

LEF expression. 
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Figure 3  Wnt-3a induced canonical Wnt-signaling in adult and fetal BMSC

(A): WB for beta-catenin in MSC derived from three adult and fetal bone marrow donors   

(B): LEF and TCF mRNA expression in unstimulated FBMSC. The data depict (mean ± SEM, n=3) the relative expression 
of the indicated genes normalized to the house keeping gene ABL (∆Ct values Adult TCF 1.72 ± 2.97, LEF 4.84 ± 2.30; 
Fetal TCF 1.17 ± 2.09, LEF 4.07 ± 1.26). 

(C): BMSC were stimulated with 200ng/ml recombinant human Wnt3a for 4, 8, 24 and 48 hours and the induction of 
the canonical Wnt-target genes LEF (left panel) and TCF (right panel) were analyzed by Q-PCR. The data (mean ± SEM, 
n=3) were normalized to the unstimulated controls at the same time points, ∆Ct values unstimulated cells as described 
above. Induction of LEF and to a lesser extend TCF were induced earlier in ABMSC. 

(D): BMSC were stimulated with 200ng/ml recombinant human Wnt3a for 4, 8, 24 and 48 hours, with or without a 
medium change and the induction of the canonical Wnt-target genes LEF (left panel) and TCF (right panel) were 
analyzed by Q-PCR. The data (mean ± SEM, n=3) represent the fold change of LEF (left panel) or TCF (right panel) and 
were normalized to the unstimulated controls at time point 0. 
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Functionality of the Wnt3a response was also studied in MSC transduced with the TCF 

reporter 7TGC (Figure 3E-F). Upon stimulation with 200ng/ml Wnt3a, the percentage 

of GFP positive cells increased after 24 hours in FBMSC and ABMSC. Dose response 

experiments revealed that ABMSC cells are more sensitive to Wnt3a, because lower 

concentrations of 50 and 100ng/ml increased the percentage of GFP positive cells in adult 

BMSC only (Figure 3F). These data show that a similar low level of canonical Wnt-signaling 

is present in both MSC types. Canonical Wnt-signaling can be induced in both ABMSC and 

FBMSC, however the kinetics of the response differs between the two MSC sources. 

(E): BMSC were transduced with the 7TGC TCF reporter construct. Few cells mCherry positive cells also express GFP 
under basal conditions in both ABMSC and FBMSC (left panels), but exposure to Wnt3a induced GFP expression after 
24 hours. 

(F): Time course and dose response experiment of Wnt-3a induced GFP expression in 7TGC transduced BMSC. The 
bars represent the mean (± SEM, n=3) percentage of cells that expressed GFP, gated from the mCherry positive cells 
(transduction efficiency 80-90%).

Wnt-3a induced canonical Wnt-signaling in adult and fetal BMSC Figure 3
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Inhibition of endogenous Wnt-signaling 
The small molecule Inhibitor of Wnt Production-2 (IWP2) prevents the palmitoylation of 

Wnt-proteins by porcupine, which is required for Wnt secretion (33). Thereby, addition of 

IWP2 to cell cultures results in inhibition of autocrine Wnt-signaling. To verify the inhibitory 

effect, L-cells with an overexpression construct for Wnt3a (L-Wnt3a) were incubated with 

IWP2 for 24 hours. Indeed, addition of IWP2 to L-Wnt3a decreased the level of beta-catenin 

in a dose dependent manner (Figure 4A). IWP2 addition to FBMSC slightly decreased beta-

catenin protein level, but not in ABMSC (Figure 4B). In agreement with these observations, 

overnight incubation of FBMSC with IWP2 resulted in decreased LEF and TCF mRNA 

expression (Figure 4C-D) whereas no change was observed in ABMSC (Figure 4E-F). The 

decrease in LEF and TCF in IWP2-treated FBMSC was still present after 8 hours in the 

presence of L-cell control conditioned medium, however after 24 hours only the expression 

of TCF was decreased (Figure 4C-D). 

These data suggest that in FBMSC, the net balance of the autocrine Wnt-signaling results in 

canonical activation, whereas in ABMSC the canonical signaling is not affected by inhibition 

of endogenous Wnt-production. When ABMSC were stimulated with L-cell conditioned 

medium after preincubation with IWP2 by IWP2, the inhibition of Wnt-production even 

slightly increased LEF and TCF-production, indicative that the autocrine balance in ABMSC 

is towards inhibition of canonical signaling.

(A) Incubation L-Wnt3a with IWP2 for 24 hours resulted in a dose-dependent decrease in beta-catenin protein detected 
by Western Blot. RhoGDI: loading control 

(B): Culturing FBMSC in the presence of IWP2 decreased beta-catenin in FBMSC, but not in ABMSC. Tubulin: loading 
control. (C-F) ABMSC or FBMSC were treated with 25mM IWP2 or vehicle over night, followed by stimulation with 
50% L-cell conditioned medium, 200 ng/mL recombinant human Wnt3a, or 50% L-Wnt5a conditioned medium for the 
indicated time points and the effect on LEF and TCF mRNA expression was analyzed by RQ-PCR. 

(C): LEF mRNA expression in FBMSC. The bars (mean ± SEM, n=3) represent the normalized expression of LEF 
compared to the unstimulated controls at the same time points (2^-∆∆Ct). 
∆Ct values DMSO controls: t=0 1.33 ± 0.82, t=8 1.57 ± 0.66, t=24 1.29 ± 0.85. 

(D): TCF mRNA expression in FBMSC. The bars (mean ± SEM, n=3) represent the normalized expression of TCF 
compared to the unstimulated controls at the same time points (2^-∆∆Ct). ∆Ct values DMSO controls: t=0 -1.29 ± 0.43, 
t=8 -1.02 ± 0.41, t=24 -0.97 ± 0.48. 

(E): LEF mRNA expression in ABMSC. The bars (mean ± SEM, n=3) represent the normalized expression of LEF 
compared to the unstimulated controls at the same time points (2^-∆∆Ct). ∆Ct values DMSO controls: t=0 3.42 ± 1.12, t=8 
3.19 ± 1.01, t=24 3.58 ± 1.33. 

(F): TCF mRNA expression in ABMSC. The bars (mean ± SEM, n=3) represent the normalized expression of TCF 
compared to the unstimulated controls at the same time points (2^-∆∆Ct). ∆Ct values DMSO controls: t=0 -1.13 ± 0.56, 
t=8 -2.31 ± 0.22, t=24 -0.28 ± 0.47.

Figure 4 IWP2- mediated inhibition of endogenous Wnt-signaling
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IWP2- mediated inhibition of endogenous Wnt-signaling Figure 4
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Next we studied the effect of canonical Wnt-activation by exogenous Wnt3a on MSC in 

which endogenous Wnt-production is abrogated. MSC were pre-incubated with IWP2 for 16 

hours prior to stimulation. A striking difference between ABMSC and FBMSC was observed. 

While ABMSC were even more responsive to Wnt3a measured by induction of LEF and TCF 

expression under these conditions after 8 hours, the response to Wnt3a in FBMSC was 

almost completely abolished (Figure 4C-F). This slightly increased response in IWP2 treated 

ABMSC might be explained by the decreased production of non-canonical Wnts, which have 

been described to inhibit the induction of canonical signaling in MSC (23). Indeed addition 

of L-Wnt5a conditioned medium inhibited the Wnt-3a induced LEF and TCF expression 

(Figure 4E-F). Interestingly, except for Wnt5a, none of the Wnt-proteins were differentially 

expressed between ABMSC and FBMSC, and the other differentially expressed Wnt-related 

genes consisted largely of Wnt-receptors and inhibitors. Therefore, our data suggest a 

different balance in net-Wnt signaling in ABMSC and FBMSC, which may be caused by the 

secretion of distinct (quantities of ) Wnt-inhibitors and/or binding of endogenous Wnt-

proteins to different combinations of Frizzled/co-receptor complexes.
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Discussion

FBMSC are known to be distinct from ABMSC, as they proliferate faster and are more prone 

to differentiate towards osteoblasts (17;18). In this study we further explored the differences 

between ABMSC and FBMSC in a gene expression profiling approach with a particular 

emphasis on genes associated with the Wnt-pathway. 

The data show that 687 genes were significantly differentially expressed between ABMSC 

and FBMSC. Functional enrichment analysis revealed that genes associated with limb- and 

skeletal muscle development, cell cycle regulation and DNA-repair were enriched in both 

FBMSC compared to ABMSC. Genes involved in these processes were previously also 

reported to be enriched in an array screen comparing fetal liver-derived MSC compared 

to ABMSC (37). In addition, several genes that were differentially expressed in our micro-

array such as inter-cellular adhesion molecule-1 (ICAM1, increased in FBMSC), vascular 

cell adhesion molecule-1 (VCAM1) and HLA-DR (both upregulated in ABMSC), were also 

differentially expressed in a similar pattern between fetal liver-derived MSC and ABMSC in 

the study of Gotherström et al (37). Thus, fetal MSC share some intrinsic characteristics that 

discriminate them from ABMSC, which are independent of the fetal tissue of origin.

Although genes involved in the Wnt-signaling pathway were not functionally enriched, 

16 Wnt-related genes were differentially expressed between ABMSC and FBMSC. This set 

included Wnt5a, five Frizzled receptors, the Dickkopf family members DKK1 and DKK2, 

and the secreted Wnt-inhibitor SFRP4. ABMSC and FBMSC produce large quantities of 

Wnt-inhibitors that can either occupy the LRP/FZD receptors like DKK or that bind to Wnt 

to prevent its receptor binding. In fact, three of the differentially expressed Wnt-genes are 

inhibitors. The Dickkopf family member DKK2 can either inhibit (38;39) or activate (40;41) 

Wnt-signaling cell-type dependently and it is crucial for bone formation (42). 

The quantity and the variety of Wnt-inhibitors expressed by MSC suggest that tight control 

of the level of Wnt-signaling is important for MSC in an autocrine and paracrine manner 

in culture systems as well as in vivo. The Wnt-inhibitor DKK1 is required for cell cycle 

re-entry of arrested MSC (27). Wnt-signaling is also involved in MSC differentiation. In 

general, Wnt3a prevents differentiation towards osteoblasts, chondrocytes and adipocytes 

(reviewed in (43)), whereas Wnt5a promotes osteogenesis (23).Overexpression or knock-

out of the Wnt-inhibitors DKK1 or SFRP1 respectively, resulted in an increased proportion 

of proliferating HSC that upon serial transplantation could no longer reconstitute the 

hematopoietic system in irradiated wild type hosts (44;45). Co-culturing HSC on MSC that 

are transduced with a dominant active form of beta-catenin enhanced their repopulation 

capacity (29) whereas beta-catenin deficient stroma has impaired supportive capacity (30). 

These studies demonstrate that a precisely balanced level of Wnt-signaling in stromal cells is 

important for hematopoiesis. 
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It was previously shown that in culture-expanded ABMSC expression of Wnt-genes DKK1, 

LPR6 and Wnt5a is dependent on cell density of the culture (27) and we now provide 

evidence that this also holds for FBMSC for DKK1, Wnt5a and SFRP4. Except for DKK1, the 

differential expression of DKK2, Wnt5a and SFRP4 between ABMSC and FBMSC appeared 

to be intrinsic, however the fold change between the two MSC sources depends on the cell 

density. In contrast to Gregory et al, we found that Wnt5a expression was upregulated with 

increasing cell density, which may be explained by different culture conditions, as our initial 

seeding density was two fold lower (27). 

The different Wnt-signature seems not to result in a large difference in basal canonical 

Wnt-signaling in MSC as measured by Q-PCR. In agreement with previous results, activation 

of the canonical pathway using Wnt3a resulted in upregulation of TCF and LEF in ABMSC 

(26;46). A similar induction was observed in FBMSC, however the kinetics of the response 

was different. LEF and TCF expression increased earlier in ABMSC and these cells were 

able to respond to lower concentrations of Wnt3a. Attempts to analyze the induction of 

canonical signaling by means of increased beta-catenin levels have been inconclusive in our 

hands. This may be explained by the relatively large amount of beta-catenin present in the 

cytoskeleton and cell-cell junctions of MSC. Therefore, the minor proportion of Wnt3a-

induced beta-catenin accumulation is difficult to detect, a problem also encountered by 

others (47).

Our data on addition Wnt3a stimulation and the inhibition of endogenous Wnt-production 

indicate that the balance in Wnt-signaling as well as the autocrine signaling route differs 

between ABMSC and FBMSC. Only ABMSC seem to produce soluble Wnt-inhibitors that 

prevent(s) induction of TCF and LEF expression by endogenous Wnt-proteins, as an 

induction LEF and TCF mRNA was observed in ABMSC and not in FBMSC after a medium 

change. FBMSC, do not secrete this particular inhibitor(s) or it might be that endogenously 

produced Wnt-proteins (which do not differ between ABMSC and FBMSC) signal through 

different receptors in FBMSC. This may be supported by the differential expression of FZD1, 

FZD2, FZD7 and FZD8 detected in our micro array, as well as by the observation by others 

that different combinations of LRP, FZD co-receptors or alternative Wnt-receptors Ryk 

and Ror2, dictate the intracellular route and thereby the result of the Wnt signal induced 

(reviewed in (48)). For example, non-canonical Wnt5a can signal through beta-catenin in 

the presence of FZD4 and LRP5 in the 293 cell line (49). Furthermore, Wnt11 and FZD7 have 

been described to signal trough beta-catenin dependent (50-52) and independent pathways 

(53;54). This might explain why in ABMSC and FBMSC an opposite effect of the abrogation 

of endogenous canonical and presumably non-canonical Wnt-production with the small 

molecule IWP2 (33) was found. IWP2 treatment reduced the level of canonical signaling by 

means of beta-catenin protein level and the mRNA expression of TCF and LEF in FBMSC. 

Furthermore, activation of canonical Wnt-signaling by Wnt3a was almost completely 

abolished in IWP2 treated fetal cells. In ABMSC however, IWP2 treatment did not affect 

the canonical signaling and Wnt3a was still able to increase TCF and LEF expression in 



151Chapter 6 A different balance in Wnt-signaling in adult and fetal bone marrow-derived MSC 

IWP2 pre-treated ABMSC. It is important to note that BMSC hardly produce canonical Wnts 

(31) and except for the non-canonical Wnt5a, none of the Wnt-proteins was differentially 

expressed between ABMSC and FBMSC. This suggests that the balance in Wnt-signaling 

as well as the autocrine signaling route differs between ABMSC and FBMSC, but further 

experiments are needed to fully understand these differences. Our data indicate that the 

net-result of Wnt-signaling in FBMSC result in canonical activation, while in ABMSC, the 

balance may result in repression of the canonical pathway. 

Although an effect of IWP2 on the previously described non-canonical Wnt-targets such 

as the small GTPase Rac1 (55) Jun-kinase (JNK) (24) and the Src family kinases (56) could 

not be demonstrated because the amount of Rac-GTP, p-JNK and p-SRC protein in MSC is 

relatively low, we cannot exclude that IWP2-treatment can affect Wnt-signaling through 

these targets.

In conclusion, our data demonstrate that ABMSC and FBMSC have a different Wnt-signature 

that may be a reflection of their developmental ontogeny. Differences in the response to 

exogenous Wnt3a and endogenously produced Wnts may be the result of variation in the 

Wnt-receptor/inhibitor repertoire and the distinct intracellular mechanisms in these cell 

types. Therefore, mapping of the Wnt-Wnt-receptor interactions in MSC will complete the 

current knowledge on the role of Wnt-signaling in MSC differentiation, proliferation and 

hematopoietic support.
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Gene Forward primer 5’ > 3’ Reverse primer 5’> 3’

ABL TGGAGATAACACTCTAAGCATAACTAAAGGT TGGAGATAACACTCTAAGCATAACTAAAGGT

DKK1 GCTGCATGCGTCACGCT TGATCAGAAGACACACATATTCCATTT

DKK2 AAGAAGCGCTGCCACCG TGTGAGGGTTAAGATGCTTTCAGTAA

HES1 GACATTCTGGAAATGACAGTGAAGC CCCCAGCACACTTGGGTCTG

JAG1 AGGCGGCCTCTGAAGAAC AACAGATCCAAGCCACAGTTAAGA

KIT TCTCTGCGTTCTGCTCCTACTG TCCCCTGGACTCACAGATGG

LEF CCCACACTGACAGTGACCTAATGC AATGTGAGGTCTTTTTGGCTCC

SFRP4 TGATGGTACAGGAAAGGCCTCT CACCTTTTTACACTTGCACCGA

TCF GACCTCAGGCAGCATGGG AGAACCTAGCATCAACGATGGG

WNT5A AAGGGCTCCTACGAGAGTGCT ACCCCATGGCACTTGCAG

Cell type Definition Mean ± SD (n=6)

HSPC HSC (CD34+/CD45dim/lymphocyte gate) 6.60 ± 2.33

Immature HSC CD34+CD38- (% from HSC) 8.53 ± 1.18

MSC CD45-CD34-CD271+CD146+CD105+CD90+ 0.91 ± 0.06

Nucleated erythroid cells CD235a+CD45- 49.12 ± 8.61

B-lymphoid cells CD19+CD45+ 24.81 ± 10.96

Immature B-cells CD19+CD34+CD45+ (% from B-lymphoid cells) 11.57 ± 5.14

T-cells CD3+CD45+ 0.28 ± 0.24

Data represent the percentage of positive cells (mean ± SD) from the total cell population in fetal bone marrow from 
four individual donors at 15-20 weeks gestation, except for the CD34+CD38- and CD19+CD34+ population, which are 
shown as percentages from the CD34+ or CD19+ fractions respectively. The fetal bone marrow cell suspension was not 
enriched for mononuclear cells by density gradient centrifugation. Erythrocytes in the suspension were lysed using 
NH4Cl for 10 minutes on ice. 
Markers: CD3, T-cell co-receptor; CD19, B-lymphocyte antigen; CD34; hematopoietic progenitor cell antigen CD34; 
CD38, cyclic ADP-ribose hydrolase 1; CD45, Leukocyte Common Antigen; CD90 Thy-1; CD10,5 Endoglin; CD146, 
Melanoma Cell Adhesion Molecule (MCAM); CD235a, Glycophorin A; CD271, Nerve Growth Factor Receptor (NGFR). 

Supplementary table 1 Primer sequences

Supplementary table 2  Fetal bone marrow composition at 15-20 weeks gestation.
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Gene ABMSC FBMSC Gene ABMSC FBMSC

WNT1 5.68 ± 0.09 5.29 ± 0.36 FZD1 8.22 ± 0.15 6.76 ± 0.22

WNT2 3.68 ± 0.06 4.36 ± 0.50 FZD2 7.35 ± 0.03 8.27 ± 0.40

WNT2B 4.35 ± 0.24 4.93 ± 0.66 FZD3 3.83 ± 0.22 3.47 ± 0.14

WNT3 4.73 ± 0.16 4.43 ± 0.17 FZD4 5.28 ± 0.12 4.84 ± 0.33

WNT3A 4.90 ± 0.19 4.46 ± 0.27 FZD5 5.52 ± 0.60 3.04 ± 0.10

WNT4 5.53 ± 0.13 5.71 ± 0.17 FZD6 6.31 ± 0.45 7.09 ± 0.27

WNT5A 6.25 ± 0.17 8.61 ± 0.49 FZD7 7.40 ± 0.26 8.35 ± 0.18

WNT6 5.95 ± 0.26 6.38 ± 0.15 FZD8 6.47 ± 0.24 7.15 ± 0.15

WNT7A 5.58 ± 0.18 5.04 ± 0.35 FZD9 6.59 ± 0.27 5.99 ± 0.18

WNT7B 3.81 ± 0.18 3.41 ± 0.37 LRP5 7.14 ± 0.09 7.11 ± 0.17

WNT8A 3.57 ± 0.07 3.34 ± 0.21 LRP6 5.77 ± 0.08 5.58 ± 0.28

WNT8B 3.29 ± 0.18 3.18 ± 0.27 ROR2 5.23 ± 0.53 5.90 ± 0.27

WNT10A 6.33 ± 0.18 5.83 ± 0.37 RYK 8.43 ± 0.21 8.68 ± 0.48

WNT10B 5.76 ± 0.11 5.29 ± 0.38

WNT11 5.41 ± 0.24 5.55 ± 0.57 DKK1 5.88 ± 1.79 9.25 ± 0.71 

WNT16 4.39 ± 0.24 4.25 ± 0.16 DKK2 3.62 ± 0.09 6.06 ± 0.42

DKK3 8.94 ± 0.17 9.95 ± 0.40

WISP1 7.39 ± 0.67 3.97 ± 0.10 SFRP1 8.38 ± 0.40 8.17 ± 0.31

WISP2 9.38 ± 0.40 7.69 ± 0.77 SFRP2 3.50 ± 0.68 4.62 ± 0.36

WISP3 6.09 ± 1.07 3.65 ± 0.16 SFRP4 10.81 ± 0.59 5.14 ± 1.68

WIF1 3.56 ± 0.10 3.52 ± 0.24 SFRP5 5.57 ± 0.14 5.34 ± 0.19

The values depict the mean fluorescence intensity of expression on a log scale (± SD, n=3) detected by micro-array. 
Genes in bold are considered to be expressed, values in normal font are assumed to be not expressed or at the 
detection limit of the array.

Wnt-related genes expressed in ABMSC and FBMSC  Supplementary table 3


