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Abstract
AIM: To investigate the effect of secreted frizzled-
related proteins (sFRPs) on CXC chemokine expression 
in human mesenchymal stem cells (hMSCs).

METHODS: CXC chemokines such as CXCL5 and 
CXCL8 are induced in hMSCs during differentiation with 
osteogenic differentiation medium (OGM) and may be 
involved in angiogenic stimulation during bone repair. 
hMSCs were treated with conditioned medium (CM) from 
L-cells expressing non-canonical Wnt5a protein, or with 
control CM from wild type L-cells, or directly with sFRPs 
for up to 10 d in culture. mRNA expression levels of both 
CXCL5 and CXCL8 were quantitated by real-time reverse 
transcriptase-polymerase chain reaction and secreted 
protein levels of these proteins determined by ELISA. 
Dose- (0-500 ng/mL) and time-response curves were 
generated for treatment with sFRP1. Signal transduction 
pathways were explored by western blot analysis with 
pan- or phosphorylation-specific antibodies, through use 
of specific pathway inhibitors, and through use of siRNAs 
targeting specific frizzled receptors (Fzd)-2 and 5 or the 

Induction of CXC chemokines in human mesenchymal stem 
cells by stimulation with secreted frizzled-related proteins 
through non-canonical Wnt signaling

David S Bischoff, Jian-Hua Zhu, Nalini S Makhijani, Dean T Yamaguchi

David S Bischoff, Jian-Hua Zhu, Nalini S Makhijani, Dean 
T Yamaguchi, Research Service, VA Greater Los Angeles 
Healthcare System, Los Angeles, CA 91343, United States

David S Bischoff, Dean T Yamaguchi, Department of 
Medicine, David Geffen School of Medicine at UCLA, Los 
Angeles, CA 90073, United States

Author contributions: Bischoff DS performed many of the 
experiments, designed some of the experiments, analyzed the data 
and contributed to writing the manuscript; Zhu JH performed the 
majority of the experiments; Makhijani NS maintained cell lines; 
Yamaguchi DT coordinated the research, designed some of the 
experiments, interpreted the data and contributed to writing the 
manuscript.

Supported by Merit Review Award from the United States, 
Department of Veterans Affairs Biomedical Laboratory Research 
and Development Service of the VA Office of Research and 
Development, No. I01BX000170.

Institutional review board statement: Not applicable.

Institutional animal care and use committee statement: Not 
applicable.

Conflict-of-interest statement: To the best of our knowledge, 
no conflict of interest exists. All authors are employees of the 
United States Federal Government and the work is part of their 
official duties.

Data sharing statement:  No additional data are available.

Open-Access: This article is an open-access article which was 
selected by an in-house editor and fully peer-reviewed by external 
reviewers. It is distributed in accordance with the Creative 
Commons Attribution Non Commercial (CC BY-NC 4.0) license, 
which permits others to distribute, remix, adapt, build upon this 
work non-commercially, and license their derivative works on 
different terms, provided the original work is properly cited and 
the use is non-commercial. See: http://creativecommons.org/
licenses/by-nc/4.0/

ORIGINAL ARTICLE

Submit a Manuscript: http://www.wjgnet.com/esps/
Help Desk: http://www.wjgnet.com/esps/helpdesk.aspx
DOI: 10.4252/wjsc.v7.i11.1262

World J Stem Cells  2015 December 26; 7(11): 1262-1273
ISSN 1948-0210 (online)

© 2015 Baishideng Publishing Group Inc. All rights reserved.

1262 December 26, 2015|Volume 7|Issue 11|WJSC|www.wjgnet.com

Basic Study



receptor tyrosine kinase-like orphan receptor-2 (RoR2) 
prior to treatment with sFRPs. 

RESULTS: CM from L-cells expressing Wnt5a, a non-
canonical Wnt, stimulated an increase in CXCL5 mRNA 
expression and protein secretion in comparison to control 
L-cell CM. sFRP1, which should inhibit both canonical 
and non-canonical Wnt signaling, surprisingly enhanced 
the expression of CXCL5 at 7 and 10 d. Dickkopf1, an 
inhibitor of canonical Wnt signaling prevented the sFRP-
stimulated induction of CXCL5 and actually inhibited 
basal levels of CXCL5 expression at 7 but not at 10 d post 
treatment. In addition, all four sFRPs isoforms induced 
CXCL8 expression in a dose- and time-dependent manner 
with maximum expression at 7 d with treatment at 150 
ng/mL. The largest increases in CXCL5 expression were 
seen from stimulation with sFRP1 or sFRP2. Analysis of 
mitogen-activated protein kinase signaling pathways 
in the presence of OGM showed sFRP1-induced pho
sphorylation of extracellular signal-regulated kinase 
(ERK) (p44/42) maximally at 5 min after sFRP1 addition, 
earlier than that found in OGM alone. Addition of a 
phospholipase C (PLC) inhibitor also prevented sFRP-
stimulated increases in CXCL8 mRNA. siRNA technology 
targeting the Fzd-2 and 5 and the non-canonical Fzd 
co-receptor RoR2 also significantly decreased sFRP1/2-
stimulated CXCL8 mRNA levels.

CONCLUSION: CXC chemokine expression in hMSCs 
is controlled in part by sFRPs signaling through non-
canonical Wnt involving Fzd2/5 and the ERK and PLC 
pathways.

Key words: CXC chemokines; Mesenchymal stem cell; 
Osteogenesis; Differentiation; Wnt signaling pathway; 
Frizzled-related protein; Frizzled receptors 
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Core tip: Chemokines have multiple functions during 
bone formation and fracture repair. The ELR+ chemo
kines classically have a role in blood vessel formation 
and were found to be stimulated by the non-canonical 
Wnt5a protein and also by soluble frizzled-related 
proteins (sFRPs) that are known inhibitors of both 
canonical and non-canonical Wnt signaling. This 
stimulation was mediated via  the p44/42 extracellular 
signal-regulated kinase and phospholipase C pathways 
signaling through the non-canonical frizzled receptors 
2 and 5. This is a newly identified role for the sFRPs in 
stimulation of ELR+ chemokines which may be involved 
in blood vessel formation during wound repair.

Bischoff DS, Zhu JH, Makhijani NS, Yamaguchi DT. Induction of 
CXC chemokines in human mesenchymal stem cells by stimulation 
with secreted frizzled-related proteins through non-canonical Wnt 
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INTRODUCTION
Bone fracture repair proceeds through a series of 
sequential steps including an inflammatory phase 
resulting in recruitment and differentiation of mesenchy­
mal stem cells (MSCs) into osteoblasts, restoration of 
blood supply, subsequent soft (cartilaginous, in the 
case of endochondral repair) and hard (bone, in both 
endochondral and intramembranous) callus formation, 
and ultimately remodeling of the new woven bone into 
lamellar bone. During the initial inflammatory stage, 
neutrophils, macrophages, and lymphocytes migrate 
to the wound, fight infectious organisms, scavenge 
tissue debris, and begin the process of granulation 
tissue formation[1]. Cytokines, chemokines, and growth 
factors released from these cells are necessary to 
initiate bone repair in the adult. The pro-inflammatory 
cytokine, tumor necrosis factor-α (TNF-α) is critical in 
both long bone fracture as well as intramembranous 
bone repair[2,3]. TNF-α can highly induce members of 
the CXC chemokine family via NF-κB signaling in osteo­
blasts[4]. CXC chemokines can be grouped as to whether 
or not they contain a Glu-Leu-Arg (ELR) motif. ELR+ CXC 
chemokines, such as CXCL8 (IL-8), are present during 
the inflammatory phase to serve as chemoattractants 
for neutrophils[5,6] and exhibit angiogenic activity[7-9]. 
Chemokines without the ELR sequence are anti-angio­
genic[9].

Human MSCs (hMSCs) express CXCL8 mRNA[10-12] 
and it has been reported that TNF-α can prime hMSCs 
to upregulate production of several CXC chemo­
kines (highest upregulation with CXCL5 and CXCL8) 
and induce hMSC migration[13]. In humans, CXCL8 
is a ligand for both CXC receptor 1 (CXCR1) and 
CXCR2 whereas CXCL5 interacts solely with CXCR2. 
Angiogenesis in response to CXCL8 has only been 
associated with CXCR2 signaling[14-16]. We previously 
demonstrated that CXCL8 expression can be stimulated 
with dexamethasone treatment during osteoblastic 
differentiation[17] and by low extracellular pH[18] in 
hMSCs. We also demonstrated that secreted CXC 
chemokines induced angiogenic tube formation of a 
human microvascular endothelial cell line (HMEC-1)[17] 
consistent with in vitro angiogenesis. 

The mouse CXC receptor (mCXCR) is functionally 
related to hCXCR2[19]. Mice lacking the mCXCR 
(mCXCR2-/-) have been described[20] and some healing[21] 
and bone[22-24] defects have been reported. A second 
murine CXCR (mCXCR1) has also been identified; 
although, it has no discernable defect phenotype when 
inactivated (Jackson Laboratory Stock #005820). 
We have shown by DEXA and micro computerized 
tomography analysis that the mCXCR2-/- mice (Jackson 
Laboratory Stock #002724) have an osteopenic 
phenotype with decreased trabecular bone volume, 
number, and thickness without any changes in bone 
formation and resorption indices[25]. However, bone 
quality was affected as femurs had reduced stiffness 
and a lower ultimate load breaking point[25]. There was 
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also a reduction in the blood vessel density in the newly 
repaired bone in a cranial defect model[25]. During bone 
regeneration, ingrowth of blood vessels is required for 
endochondral bone formation[1]. These results suggest 
a potential coupling of mMSC differentiation, bone 
formation, and angiogenesis in response to mCXCR 
signaling.

The Wnt family of secreted glycoproteins is involved 
in differentiation of an assortment of tissues[26]. Wnts 
signal through specific seven transmembrane spanning 
G-protein coupled frizzled (Fzd) receptors via both 
canonical β-catenin signaling, and non-canonical Wnt/
calcium and Wnt/planar cell polarity pathways[27,28]. The 
highly conserved and redundant nature of the Wnt/Fzd 
system (19 Wnts and 10 Fzd in humans) only adds to 
the complexity of this system and confusion as to its 
role in osteogenesis. 

The canonical pathway is characterized by Wnt 
binding to both Fzd and LRP5/LRP6 co-receptors resul­
ting in activation of Disheveled (Dsh) which inhibits 
glycogen synthase kinase 3β (GSK3β) phosphory­
lation. In the absence of Wnt binding, GSK3β pho­
sphorylation ultimately results in β-catenin degradation, 
preventing its nuclear translocation for activation of 
target genes. In murine models, evidence suggests 
that canonical Wnt/β-catenin signaling is necessary 
for lineage commitment of pluripotent MSCs to osteo­
chondroprogenitor cells, then to osteoprogenitor cells, 
and for differentiation to mature osteoblasts while 
suppressing both chondrogenesis and adipogenesis[29,30]. 
However, in hMSC models, β-catenin and canonical 
Wnt3a can negatively regulate the differentiation of 
MSCs into the skeletal precursor cells that precede the 
appearance of the osteochondroprogenitor cells[31-35]. 
Additionally, de Boer et al[36] reported a dose-response 
relationship in which lower levels of β-catenin stimu­
lated hMSC proliferation while blocking adipogenesis; 
whereas, higher levels induced expression of alkaline 
phosphatase. The authors thus concluded that canonical 
Wnt/β-catenin signaling could initiate osteogenic differen­
tiation in the human system[36].

Signal transduction through the non-canonical or 
β-catenin-independent Wnt pathways has also been 
shown to inhibit adipogenesis and chondrogenesis 
in MSC models and to stimulate osteogenesis[33,37-40] 
mediated through activation of phospholipase C (PLC), 
and then through activation of the calcium-calmodulin 
kinase, nuclear factor of activated T-cells (NFAT), 
and protein kinase C (PKC) pathways or through the 
mitogen-activated protein kinase (MAPK) and RhoA 
pathways. Non-canonical Wnt signaling through tradi­
tional canonical Wnt ligands, Wnt3a and Wnt7b, and 
the non-canonical Wnt ligand, Wnt4, can also lead to 
osteogenic differentiation in both murine and human 
MSCs models through the activation of PKC and/or 
MAPK pathways[33,41,42]. Levels of non-canonical Wnt5a 
are increased in the inflammatory environment during 
early fracture healing[43] and non-canonical signaling 
(Wnt4 and Wnt5a) can affect the transition from 

proliferative osteoprogenitors to mature osteogenic 
cells[44,45]. However, as with canonical signaling, there 
are conflicting reports as to whether non-canonical 
Wnt5a can induce osteogenesis[30,33].

Wnt antagonists which include secreted frizzled 
related proteins (sFRPs), that can inhibit both canonical 
and non-canonical Wnt signaling[46], or the canonical 
Wnt/β-catenin Dickkopf (Dkk) inhibitors may also 
contribute to osteoblast differentiation and minerali­
zation[30,38,47]. sFRP1 knock-out mice exhibit increased 
trabecular bone mass due to reduced osteoblast and 
osteocyte apoptosis[48] suggesting that Wnt signaling 
is involved in bone formation. Additionally, long bone 
fracture healing is enhanced in sFRP knockout mice 
through canonical Wnt signaling as a consequence of 
MSCs directed to differentiate into osteoblasts rather 
than towards cartilage[49]. However, high sFRP1 levels 
expressed early in fracture repair in this model would 
suggest that both canonical and non-canonical Wnt 
signaling are inhibited in early callus formation. Wnt5a/
5b expression was decreased in the sFRP1 knockouts; 
although, contrary to conventional thought, canonical 
Wnt7a and Wnt1 were elevated[49]. There have been 
other reports of sFRPs enhancing rather than inhibiting 
Wnt activity[50] through mechanisms which may involve: 
(1) sFRP-Wnt binding to each other and facilitating 
transport and binding of Wnts to Fzd receptors on 
distant cells; or (2) binding to both Wnt molecules and 
Fzd receptors simultaneously to activate downstream 
Fzd signaling[51]. Many repair processes are stimulated 
by sFRP2-Wnt interactions including the enhancement of 
vascular density during granulation tissue formation[52]; 
inhibition of cardiomyocyte apoptosis during cardiac 
repair[53]; establishment of MSC-endothelial and smooth 
muscle contacts to stabilize new blood vessel forma­
tion[54]; and stimulation of angiogenesis by sFRP1 (FzlA) 
independent of VEGF, bFGF2, or angiopoietin1[55]. 

A key observation made by several laboratories 
is that canonical Wnt/β-catenin signaling may be 
important in osteoblastogenesis through the cooperation 
of Wnt signaling with other known osteogenic factors 
such as BMP-2 and BMP-4[47,56]. Thus taken together, 
canonical Wnt/β-catenin signaling appears to be 
involved in determining a specific tissue fate of MSCs. 
However, further effects of Wnt signaling (both canonical 
and non-canonical) on osteogenic differentiation is 
dependent on several factors including: The species 
from which the MSCs are derived, the specific Wnt 
(and Fzd receptors) expressed, the stage of osteogenic 
differentiation, the amount of β-catenin available to 
translocate to the cell nucleus, and other biologically 
active molecules (e.g., growth factors) present in the 
MSC’s microenvironment[30,57]. These other factors 
could include the ELR+ CXC chemokines which are also 
elevated in the inflammatory phase of healing and which 
have been shown to be stimulated by non-canonical 
Wnt5a[58,59]. In this article, we report the observation 
that sFRP treatment of hMSCs leads to an increased 
expression of ELR+ CXCL5 and CXCL8 which may serve 
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HMSCGM) were added as needed. The PLC signal 
transduction inhibitor (U73122) and control (U73343) 
were used at 10 µmol/L (Calbiochem, San Diego, CA). 
Effects of siRNA inhibition of receptors were determined 
by transfection of hMSCs with siRNA (150 ng/mL) using 
the HiPerFect transfection reagent (Qiagen) followed by 
treatment of the cells with sFRPs for 48 h before gene 
expression analysis. siRNA were purchased from Qiagen 
and the nucleotide sequences indicated in Table 1. A 
scrambled oligonucleotide siRNA was used as a negative 
control. 

Quantitative reverse transcriptase-polymerase chain 
reaction
Relative mRNA levels of various genes were determined 
by real-time RT-PCR using the Opticon Continuous 
Fluorescence System (Bio-Rad Laboratories, Inc., 
Hercules, CA) and the SYBR Green RT-PCR kit (Qiagen). 
Primers used for RT-PCR are indicated in Table 2. 

PCR reactions were performed in triplicate. Reactions 
consisted of reverse transcription at 50 ℃ (30 min), 
inactivation at 95 ℃ (15 min); followed by 50 cycles of 
denaturing at 94 ℃ (15 s), annealing at 60 ℃ (30 s), 
and extension at 72 ℃ (30 s). Gene expression changes 
were calculated and normalized to 18S ribosomal 
levels and the reference time point using the 2-ΔΔC(T) 
method[60].

ELISA analysis
Secreted CXCL5 protein levels were determined with 
the human CXCL5/ENA-78 DuoSet (R and D Systems, 
Minneapolis, MN) after concentration of supernatants 
with microcon centrifugal filters (EMD Millipore Inc, 
Billerica, MA). Culture supernatant samples were 
compared to CXCL5 standard curves and were run in 
duplicate.

Western blot analysis
Cells were plated in 35 mm dishes and treated with 
OGM medium (7 d). sFRP1 (150 ng/mL) was added 
and cell lysates isolated at indicated time points in 
PhosphoSafe Extraction Reagent (EMD Chemicals, 
Gibbstown, NJ). Proteins were separated (SDS–PAGE), 
transferred to polyvinylidenedifluoride membrane, and 
probed with ERK-specific pan or phospho-antibodies (Cell 
Signaling Technology, Danvers, MA). Immunoreactive 
proteins were detected using the ECL kit (GE Healthcare 
Bio-sciences, Piscataway, NJ) and levels quantitated 
using AlphaView Software (ProteinSimple, San Jose, 

to attract MSCs to the wound or to couple angiogenesis 
to osteogenesis in the early phase of bone repair. 

MATERIALS AND METHODS
Cell culture
hMSCs, growth supplements, and basal medium were 
purchased from LonzaWalkersville, Inc. (Walkersville, 
MD). hMSCs from several donors were used: 19 years 
old male (Lonza Lot #6F4393; race unknown); 20 years 
old Caucasian male (Lot #0000351482); 27 years old 
Black male (Lot #0000318006). Cells were grown in 
complete medium (HMSCGM) at 37 ℃ under 95% 
air/5% CO2 atmosphere and subcultured once a week 
at 60%-70% confluence. 

For osteoblastic differentiation, hMSCs were treated 
every 3-4 d with osteogenic medium (OGM) consisting 
of complete growth medium with 50 mmol/L ascorbic 
acid-2-phosphate, 10 mmol/L b-glycerophosphate, and 
10-7 mol/L dexamethasone (Sigma-Aldrich, St. Louis, 
MO). 

Cells (passage 2-7) were plated at 5000-10000 
cell/cm2 in HMSCGM and allowed to adhere for 4 h 
prior to exposure to OGM (n ≥ 3 for all experiments). 
Differentiation toward the osteoblastic lineage was 
monitored by detection of mRNA levels of the reporter 
gene alkaline phosphatase or by Alizarin Red staining 
for calcium at 28 d as previously described[17]. Qiagen 
RNeasy Miniprep columns (Qiagen, Inc., Valencia, 
CA) were used to isolate RNA at the specified time-
points. In some experiments exogenous sFRPs (varying 
concentration from 0-500 ng/mL; PeproTech Inc., Rocky 
Hill, NJ), Dkk1 (50 ng/mL, PeproTech), and L-cell or 
Wnt5a-conditioned medium (CM) (1:1 mixture with 
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  Gene Qiagen product name Qiagen catalog No. Human target sequence

  siFZD2 Hs_FZD2_5 SI02757433 CACGGTCTACATGATCAAATA
  siFZD5 Hs_FZD5_5 SI02757650 TAAGGTTGGCGTTGTAATGAA
  siROR2 Hs_ROR2_6 SI00287525 CTGGTGCTTTACGCAGAATAA
  siScambled Ctrl_Control_1 SI03650325 AATTCTCCGAACGTGTCACGT

Table 1  siRNA oligonucleotide sequences

  Gene Human primer sequence

  hCXCL5 5’GCTGGTCCTGCCGCTGCTGTG3’ 
5’GTTTTCCTTGTTTCCACCGTC3’

  hCXCL8 5’GCCTTCCTGATTTCTGCAGC3’
5’TCCAGACAGAGCTCTCTTCC3’

  18S Ribosomal 
  RNA

5’CGGGTCATAAGCTTGCGTT3’
5’CCGCAGGTTCACCTACGG3’

  FZD2 5’CCTCAAGGTGCCATCCTATCTCAG3’
5’GTGTAGCAGCCCGACAGAAAAATG3’

  FZD5 5’CCTACCACAAGCAGGTGTCC3’
5’GGACAGGTTCTTCCTCGAAA3’

  ROR2 5’TCCTTCTGCCACTTCGTGTTTCC3’
5’TGCTTGCCGTTCCTCTGTAATCC3’

Table 2  Reverse transcription-polymerase chain reaction 
primer sequences

Bischoff DS et al . sFRP induction of CXC chemokines



induced in hMSCs exposed to osteogenic differentiation 
medium (OGM) containing ascorbate-2-phosphate, 
β-glycerophosphate, and dexamethasone. To see if 
another angiogenic CXC chemokine, CXCL5 (ENA-78), 
was also induced by osteogenic differentiation, RNA 
from hMSCs treated with OGM was analyzed for CXCL5 
expression levels. OGM treatment for 7 d stimulated 
CXCL5 mRNA levels approximately 8-fold (P < 0.01; 
Figure 1A). Dexamethasone alone (0.1 µmol/L) in the 
presence of proliferating medium (HMSCGM) increased 
CXCL5 mRNA by 5.5-fold (P < 0.01). 

Non-canonical Wnt signaling has also been asso­
ciated with osteogenic differentiation of hMSCs[32,61]. 
Since osteogenic differentiation using OGM or dexame­
thasone alone resulted in CXCL5 mRNA expression, 
we then explored if treatment of hMSC cells with non-
canonical Wnt5a protein was able to stimulate the 
expression of CXCL5. hMSC cells were treated for 7 
d with CM from L-cells overexpressing Wnt5a protein 
or control L-cell CM. CM containing Wnt5a induced 
the expression of CXCL5 mRNA 3-fold (P < 0.05) 
compared to the lack of stimulation of CXCL5 in both 
non-osteogenic medium (HMSCGM medium) or control 
L-cell medium (Figure 1B). CXCL5 protein secretion was 
also increased 1.5-fold (P < 0.05) above controls (Figure 
1C).

We next sought to inhibit all Wnt signaling, both 
canonical and non-canonical Wnt signaling, using  sFRPs. 
Surprisingly and unexpectedly, sFRP1 increased CXCL5 
mRNA levels 3-fold (P < 0.01) at 7 d and approximately 
8-fold (P < 0.01) at 10 d of culture in HMSCGM medium 
(Figure 2A). To see if canonical Wnt signaling inhibition 
was responsible for the unexpected stimulation of 
CXCL5, hMSCs were treated with Dkk1 which binds 
to the low density lipoprotein receptor related protein 
6 (LRP6) to inhibit canonical signaling. Unlike sFRP-1, 
Dkk1 addition did not induce an increase in CXCL5 
levels at 7 or 10 d and in fact significantly inhibited 
basal mRNA expression levels more than 50% (P < 
0.01) at 7 d (Figure 2A). To see if the effect of sFRP1 
on CXCL5 was unique amongst the other sFRP family 
members, sFRPs 2, 3, or 4 was each added separately 
to the medium (150 ng/mL) for 7 d and levels of CXCL5 
protein secreted into the medium determined. All four 
sFRPs added independently significantly stimulated 
CXCL5 protein secretion 3-4-fold (P < 0.01) over un-
stimulated vehicle control (Figure 2B).

We next tested if CXCL8 mRNA levels are also stimu­
lated by sFRP1 treatment. sFRP1 treatment increased 
CXCL8 mRNA levels in a dose-dependent manner (Figure 
2C). Maximum stimulation of CXCL8 mRNA expression 
(approximately 5-fold) was observed at a concentration 
of 150 ng/mL sFRP1 (P < 0.05). A time-course study 
of CXCL8 mRNA expression stimulated by sFRP1 (150 
ng/mL) showed maximal expression levels (P < 0.05) 
between 5 and 7 d of culture (Figure 2D).

In an effort to explore the mechanism of the sFRP1-
stimulated increase in both CXCL5 and CXCL8 expre­

CA).

Statistical analysis 
Data values are reported as mean ± SD. Statistical 
analysis (1-way ANOVA with the Bonferroni method for 
multiple comparisons between pairs or non-parametric 
Mann-Whitney t test) was performed using GraphPad 
Prism software. Differences from negative controls were 
considered to be statistically significant at the P < 0.05 
level. 

RESULTS
We had previously demonstrated that mRNA and 
protein for CXCL8 (IL-8) and CXCL1 (GROα)[17] were 
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ssion, we characterized the phosphorylated state of 
the extracellular signal-regulated kinase (ERK) p44/42, 
a member of the MAPK pathway, since it has been 
previously reported that CXC ligand expression can 
be increased via MAPK activation[62-66]. p44/42 was 
shown to be phosphorylated maximally at 5 min in the 
presence of OGM and sFRP1, whereas maximal p44/42 
phosphorylation occurred at 10 min in OGM alone (Figure 
3).

To see if other G-protein coupled signaling mech­
anisms could be involved in sFRP stimulation of CXCL8 
mRNA expression, the PLC inhibitor, U73122, was added 
(10 µmol/L) to the HMSCGM medium and CXCL8 mRNA 
levels determined after 3 d of sFRP treatment. Both 
sFRP1 and sFRP2 in the presence of the inactive isomer, 
U73343, enhanced CXCL8 mRNA by approximately 3 
to 5 fold (P < 0.05). However, U73122 prevented the 
increase in both sFRP1- and sFRP2-stimulated CXCL8 
mRNA levels returning them back to HMSCGM control 
levels (Figure 4).

Since Fzd receptors are G-protein coupled seven 
transmembrane receptors, it was further investigated 
if the sFRP stimulation of CXCL8 could be through 
interactions with specific frizzled receptors. Fzd2 
and Fzd5 have been associated with non-canonical 
Wnt signaling[67,68]; whereas, Fzd7 is associated with 
canonical signaling[69]. sFRP1, 2 and 3 all stimulated 
CXCL8 mRNA levels in the presence of a scrambled 
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of the Wnt proteins within tissues. sFRPs may compete 
with this binding, enabling the Wnt-sFRP “transport” 
complexes that are formed to diffuse along a more 
extended gradient allowing for longer range Wnt 
signaling within the tissue[76] thereby aiding in tissue 
generation or differentiation. In one mouse model 
system, MSCs engineered to overexpress protein kinase 
B (also known as Akt) produce high levels of sFRP2 
which can effectively limit cardiac muscle infarct size 
through the inhibition of cardiomyocyte apoptosis[53]. 

siControl siRNA (7 to 10-fold for sFRP1 and sFRP2; 3-fold 
for sFRP3). In the presence of siRNA to Fzd2 and 5, the 
sFRP-stimulation was almost entirely inhibited back to 
baseline levels (P < 0.05; Figure 5A and B). siRNA to 
Fzl7 did not have any effect on sFRP1 or sFRP2 induction 
of CXCL8 mRNA (data not shown). The receptor 
tyrosine kinase-like orphan receptor-2 (RoR2) has 
been shown to be either a stand-alone receptor or co-
receptor with Fzd in non-canonical Wnt signaling[70,71]. 
siRNA directed against RoR2 inhibited sFRP1-stimulated 
CXCL8 mRNA expression by approximately 65% but did 
not have an effect on sFRP2-stimulated CXCL8 mRNA 
expression (Figure 5C).

DISCUSSION
sFRPs have been traditionally thought to act as Wnt 
signaling antagonists by binding to Wnt molecules and 
preventing them from binding to Fzd receptors thus 
inhibiting signal initiation[72]. Interaction of Wnts with Fzd 
receptors has been hypothesized to occur via interaction 
with the extracellular cysteine-rich domains (CRDs) 
found in Fzd receptors. sFRPs also contain N-terminal 
CRDs, but without the transmembrane domain chara­
cteristic of Fzd receptors[73], and it has been demon­
strated that sFRP interaction with Wnts occurs through 
binding within this CRD[74,75]. Additionally, Bafico et 
al[75] found that at least one sFRP could also bind to 
a selected Fzd (e.g., Fzd6) and hypothesized that 
heteromeric complex of Fzd and sFRPs would render 
Fzd receptors nonfunctional.

However, there has been emerging evidence that 
sFRPs may not only function as Wnt antagonists or anti-
morphogens but also serve as molecules that promote 
differentiation of specific tissues. It has been suggested 
that sFRPs may aid in Wnt protein distribution and 
signaling within tissues. Wnt proteins interact with 
heparin sulfate proteoglycans thereby limiting diffusion 
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(EC) spreading, proliferation and migration, vascular 
channel formation, and blood vessel stabilization. sFRP1 
has been shown to enhance angiogenesis in a chick 
chorioallantoic membrane model of angiogenesis and 
to increase blood vessel density in a tumor implantation 
model[55]. EC spreading was hypothesized to be a result 
of an interaction of sFRP1 with Fzd4 and Fzd7 thereby 
blocking Fzd activity and has also been shown to be 
independent of canonical Wnt-β-catenin signaling; 
although, this process still involving GSK3β upstream 
of Rac 1 signaling[80]. sFRP1 has also been shown 
to stimulate EC migration and chemotaxis in vitro, 
increase EC branching in capillary structures when 
cultured on Matrigel, and inhibit EC apoptosis[55]. EC 
and vascular smooth muscle cell proliferation are also 
inhibited as evidenced by slower entry into S-phase 
as well as decreased expression of the cell cycle 
components cyclin D1 and cdk4[81]. This latter inhibition 
of vascular cell proliferation appeared to be dependent 
on inhibition of canonical Wnt-β-catenin signaling but 
not MAPK signaling through ERK1/2. Vessel maturation 
and stabilization of EC channels by pericytes or MSCs 
were also enhanced by sFRP1 stimulated cell-cell 
interactions between MSCs and ECs or smooth muscle 
cells in a GSK3β-dependent manner. Interestingly, 
sFRP1 increased α-smooth muscle actin expression in 
MSCs suggesting differentiation of MSCs to pericytes 
which are involved with blood vessel stabilization. 
Furthermore, the localization of β-catenin at cell-cell 
junctions rather than intranuclear locations could further 
support a non-canonical Wnt signaling mechanism. 
Others have also reported that sFRP2 can also stimulate 
EC migration and tube formation as well as inhibit 
hypoxia-induced EC apoptosis through a non-canonical 
Wnt-calcium pathway involving an increase in NFATc3 
nuclear translocation[82,83].

The mechanism of how sFRPs stimulate angiogenesis 
is currently unknown. sFRP1, which did not induce 
expression of the known angiogenic factors VEGF 
or FGF2, did increase expression of PDGF-BB which 
is involved in postnatal blood vessel maturation[84]. 
Expression of other angiogenic factors such as the 
ELR+ CXC chemokines could potentially be the result of 
sFRP1 actions. Indeed we are the first to report here 
that sFRPs are able to induce the ELR+ CXC chemokines 
CXCL5 and CXCL8 in hMSCs. Rauner et al[85] has shown 
that human bone marrow MSCs stimulated with pro-
inflammatory factors (lipopolysaccharide or TNF-α) 
resulted in Wnt5a and RoR2 increases in mRNA and 
protein. The expression of the ELR+ CXC chemokines, 
CXCL1, CXCL2, and CXCL5, was also increased with 
Wnt5a treatment of these hMSCs. Additionally the 
CC chemokines, CCL2, CCL5, CCL7, and CCL19 were 
also upregulated, although, to a lesser extent than the 
CXC chemokines CXCL1 and CXCL5. Albers et al[59] 
also reported that Fzd9 knockout mice demonstrated 
an osteopenic phenotype caused by decreased bone 
formation which was unrelated to canonical Wnt sig­
naling[59]. The presumed non-canonical Wnt regulation 

The increased sFRP2 led to increased levels of nuclear 
β-catenin thus enhancing canonical Wnt signaling and 
increased transcription of anti-apoptotic genes such as 
Birc1b and to a lesser extent Bcl2.

Others have reported links between non-canonical 
Wnt signaling and sFRP-mediated differentiation pro­
cesses. Chung et al[77] reported that sFRP3 could increase 
osteoblast differentiation in the mouse pre-osteoblastic 
cell line, MC3T3-E1, by increasing alkaline phosphatase, 
osteocalcin, and promoting mineralization of MC3T3-E1 
cultures. Endostatin, which promotes degradation of 
β-catenin independent of GSK3β, did not abrogate 
sFRP3-stimulated osteogenic differentiation suggesting 
that non-canonical Wnt signaling may be involved in 
the sFRP3 effect. Esteve et al[78] also reported that chick 
sFRP1 enhanced retinal differentiation by increasing the 
generation of retinal ganglion and photoreceptor cells 
independent of cell proliferation. This group noted that 
canonical Wnt-β-catenin signaling was not involved in 
this process; although, they did find that phosphorylation 
of GSK3β down-regulated its activity while promoting 
retinal cell differentiation. The authors were unclear if 
non-canonical Wnt signaling was involved in the sFRP1 
findings at that time. In a subsequent communication, 
this group reported that chick sFRP1 binds to Fzd2 to 
stimulate axonal outgrowth from retinal neurons[79]. 
Furthermore, the action of sFRP1 on the retinal ganglion 
cells was dependent on cAMP and cGMP in a pertussis 
toxin-sensitive manner suggesting that sFRP1 acted as 
an agonist for Fzd2 non-canonical Wnt signaling.

Several reports have shown that sFRPs were invol­
ved in stimulating angiogenesis through canonical Wnt 
signaling but independent of VEGF signaling[54,55,80]. In 
studies utilizing MRL/MpJ mice, which have enhanced 
regenerative capacity, it was found that MRL/MpJ 
bone marrow MSCs showed decreased expression of 
cyclin D1, Sox2, and Axin2, which are target genes 
of canonical Wnt signaling. Concomitantly, sFRP2 and 
sFRP4 expression was found to be significantly up-
regulated[52] in these cells. It was also reported that 
sFRP2 overexpression in mouse MSCs that were then 
injected into the cardiac peri-infarct area reduced 
infarct size and improved cardiac function similar to 
that seen when MRL/MpJ MSCs were injected. Of note, 
vascularization of granulation tissue was also enhanced 
by sFRP2 overexpression. This was also reported in 
another MRL/MpJMSC engraftment wound healing 
model[52] whereby sFRP2 overexpression in mouse 
MSCs increased levels of several angiogenic factors 
including FGF2 receptor, PDGF receptor beta, VEGF, 
and angiopoietins among others. While the authors 
concluded that the increased sFRP2 inhibited canonical 
Wnt signaling which may be related to the increased 
angiogenesis, non-canonical Wnt signaling was not 
examined. Furthermore, the expression of ELR+ CXC 
chemokines that are also angiogenic was not assessed.

There are a number of steps that occur in new 
blood vessel formation, several of which have been 
linked to sFRP1 signaling, including endothelial cell 
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Research frontiers
Although much attention has been placed on the role of the major angiogenesis 
proteins (vascular endothelial growth factor and fibroblast growth factors) and 
the Wnt system in bone repair, not much research has been conducted on the 
role of the ELR+ chemokines in this process. These chemokines also have 
important functions in inflammation and blood vessel formation and have been 
shown to be stimulated by non-canonical Wnt signaling and during osteogenic 
differentiation of MSCs. 

Innovations and breakthroughs
In this report, the authors demonstrate that treatment of human MSC (hMSC) 
with the soluble frizzled-related proteins (sFRPs), which should inhibit both 
canonical and non-canonical Wnt signaling, actually stimulates the expression 
of the angiogenic CXC ELR+ chemokines CXCL5 and CXCL8. CXC ELR+ 
chemokine stimulation was mediated through the non-canonical frizzled receptors 
2 (Fzd2) and Fzd5 Wnt receptors and the RoR2 co-receptor. This adds to the 
data suggesting non-canonical Wnt control of several bone formation processes 
through expression of the ELR+ chemokines and identifies a potential new role 
for the sFRPs in coupling ELR+ chemokine angiogenesis to bone repair. 

Applications
Many recent reports have focused on the use of native or genetically engineered 
MSCs as a treatment to speed up or enhance the quality and mineralization of 
bone in wound and bone defect models. The ability of the sFRPs to stimulate 
ELR+ CXC chemokines detailed in this study may suggest another avenue 
for manipulation of bone formation pathways and may eventually lead to a 
therapeutic treatment to hasten bone healing and return bone strength back to 
pre-injury levels. 

Terminology
MSCs: Multipotent stromal cells that can be differentiated into several cells 
types including cartilage (chondrocytes), bone (osteoblasts), fat (adipocytes) and 
muscle (myocytes); ELR+ CXC chemokines: Family of small cytokines secreted by 
cells and containing a Cys-X-Cys domain. CXC chemokines can be further divided 
into those with or without a Glu-Leu-Arg (ELR+) motif. ELR+ CXC chemokines 
are angiogenic. ELR- CXC chemokines are angiostatic. Wnt signaling: family of 
signaling molecules (Wnts) and Fzds that are important in many developmental 
pathways including cell fate, proliferation, and differentiation; sFRPs: Family of 
proteins that inhibit Wnt signaling by acting as soluble, decoy receptors preventing 
Wnt binding to Fzds.

Peer-review
The paper found that CXC chemokine expression in hMSC is controlled in part 
by sFRPs signalling through non-canonical Wnt involving Fzd2/5 and the ERK 
and PLC pathways. The results are interesting.
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