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Cross-Talk Between Wnt Signaling Pathways in Human
Mesenchymal Stem Cells Leads to Functional
Antagonism During Osteogenic Differentiation

Dolores Baksh, Genevieve M. Boland, and Rocky S. Tuan*

Department and Health and Human Services, Cartilage Biology and Orthopaedics Branch,
National Institute of Arthritis, and Musculoskeletal and Skin Diseases,
National Institutes of Health, Bethesda, Maryland, 20892

Abstract Wht signaling is involved in developmental processes and in adult stem cell homeostasis. This study
analyzes the role(s) of key Wnt signaling mediators in the maintenance and osteogenesis of mesenchymal stem cells
(MSCs). We focus specifically on the involvement of low-density lipoprotein-related protein 5 (LRP5), T-cell factor 1
(TCF1), and Frizzled (Fz) receptors, in the presence or absence of exogenous, prototypical canonical (Wnt3a), and non-
canonical (Wnt5a) Wnts. In undifferentiated MSCs, LRP5 and TCF1 mediate canonical Wnt signal transduction, leading to
increased proliferation, enhanced synergistically by Wnt3a. However, LRP5 overexpression inhibits osteogenic
differentiation, further suppressed by Wnt3a. Wnt5a does not affect cell proliferation but enhances osteogenesis of
MSCs. Interestingly, Wnt5a inhibits Wnt3a effects on MSCs, while Wnt3a suppresses Wnt5a-mediated enhancement of
osteogenesis. Flow cytometry revealed that LRP5 expression elicits differential changes in Fz receptor profiles in
undifferentiated versus osteogenic MSCs. Taken together, these results suggest that Wnt signaling crosstalk and functional
antagonism with the LRP5 co-receptor are key signaling regulators of MSC maintenance and differentiation. J. Cell.

Biochem. 101: 1109-1124, 2007. © 2007 Wiley-Liss, Inc.
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Wnt signaling plays a central role in early
developmental processes, including morpho-
genesis, patterning, cell movement, and cell
polarity [Cadigan and Nusse, 1997; Veeman
et al., 2003], as well as postnatal development
and tissue homeostasis [Murdoch et al., 2003;
Moon et al., 2004]. Recently, Wnts have been
implicated to play a critical role in regulating
the differentiation potential of adult human
mesenchymal stem cells (MSCs) [Boland et al.,
2004; De Boer et al., 2004a,b; Etheridge et al.,
2004]. However, the details of the mechanism of
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Wnt signaling in MSC cell fate determination
have yet to be fully elucidated. Determining the
signaling mechanism involved in controlling
MSC during differentiation is important for the
understanding of MSC function and will be
critical in designing novel therapeutic strate-
gies utilizing MSCs.

To date, 19 members of the Wnt family have
been identified in mammals and, depending on
the Wnt, can signal through essentially two
classes of Wnt signaling pathways, the canoni-
cal and non-canonical Wnt pathways [Du et al.,
1995; Kuhl et al., 2000]. The current model of
canonical Wnt signaling states that, in the
absence of a Wnt ligand, B-catenin is phos-
phorylated by glycogen synthase kinase-3f
(GSK-3p), in association with axin and adeno-
matous polyposis coli (APC), which targets
B-catenin for ubiquitinylation and subsequent
degradation by proteasomes [Cadigan and
Nusse, 1997]. However, when a Wnt ligand
binds to its cognate Frizzled (Fz) receptor, as
well as to the Wnt co-receptor, low-
density lipoprotein-related protein 5 (LRP5),
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the cytoplasmic protein Disheveled (Dvl) is
activated. Phosphorylation of p-catenin by
GSK-p is inhibited by Dvl, causing B-catenin
stabilization and accumulation, before translo-
cation to the nucleus, where it binds with
members of the T-cell factor (TCF) and lym-
phoid enhancer factor (LEF) transcription fac-
tors, resulting in the enhanced expression of
target genes, such as c-myc and cyclin D1 [He
et al., 2004]. Misregulation or aberrant activa-
tion of canonical Wnt signaling has been
implicated in many forms of human cancers
[Polakis, 2000; van Es et al., 2003].

Non-canonical Wnt signaling is distinguished
from canonical Wnt signaling in that signal
transduction is not mediated through p-catenin,
but rather through other signal transduction
mediators, such as those that regulate intracel-
lular calcium [Kuhl et al., 2000]. Non-canonical
Wnts also play essential roles in development
and in postnatal developmental processes.
During development, prototypical non-canoni-
cal Wnts, such as Wnt5a, fail to signal through
B-catenin or induce axis duplication in Xenopus
embryo, but instead interfere with morphoge-
netic movements of the convergent extension
process that occurs during the process of
gastrulation [Du et al.,, 1995; Kuhl et al.,
2000]. In the adult human, Wnt5a inhibits B-
cell proliferation through non-canonical Wnt
signaling and functions as a tumor suppressor
in hematopoietic malignancies [Liang et al.,
2003].

Both classes of Wnt ligands transduce signals
utilizing membrane Fz receptors. To date, there
exist 10 identified Fz receptors in mammals that
share a conserved extracellular cysteine-rich
domain for Wnt binding [Bhanot et al., 1996b;
Rulifson et al., 2000]. However, the affinities
between Fz family members and different Wnt
ligands vary [Bhanot et al., 1996a; Cadigan and
Nusse, 1997], suggesting that the specificity of
the signal resides in the ligand—receptor inter-
action. In addition to Fz receptors, recent
evidence demonstrates the involvement of
LRP5 as a co-receptor for canonical Wnt signal-
ing [Liu et al., 2005]. Mutations in LRP5 have
been shown to result in familial osteoporosis
(loss-of-function mutation), high bone density
syndromes (gain-of-function mutation), and
ocular disorders in the postnatal human [Gong
et al., 2001; Boyden et al., 2002; Little et al.,
2002]. Theses studies underscore the impor-
tance of LRP5 as a key mediator in Wnt

signaling and its potential as a therapeutic
target in bone mass regulation. However, the
exact role of LRP5 in human adult MSCs during
the process of osteogenesis, specifically the
transit from undifferentiated to differentiated
phenotype, is currently poorly understood.

Although MSCs have been isolated and cul-
tured successfully and their phenotypic and
functional properties well characterized [Caplan,
1991; Bruder et al., 1997; Pittenger et al., 1999],
the mechanisms regulating MSC developmental
potential remain to be elucidated. This study
aimed to examine how key Wnt mediators might
regulate adult MSC maintenance and differen-
tiation. We specifically investigated the effects of
important canonical Wnt mediators, such as
LRP5, Fz receptors, and transcriptional regula-
tors, such as TCF1, during MSC maintenance
and during the process of osteogenesis.

MATERIALS AND METHODS

Human Mesenchymal Stem Cell
Harvest and Culture

Human bone marrow cells were harvested
from the femoral heads of consenting patients
who underwent total hip arthroplasty with IRB
approval (George Washington University and
National Institutes of Health) (N=4, ages
55—-65). Adherent cells were maintained in
monolayer cultures in expansion medium
(EM), consisting of Dulbecco’s-modified essen-
tial medium (DMEM) (Gibco/Invitrogen Corp.),
10% fetal bovine serum (FBS, Gibco), and 10%
antibiotic solution of penicillin G (167 units/ml)
(Sigma), gentamicin (50 pg/ml) (Sigma), and
amphotericin B (0.3 pg/ml) (Sigma). Adherent
cells were passaged at 1:3 at 80% confluence.
Medium was refreshed twice a week. All
experiments described were performed on pas-
sage 2 MSCs.

Misexpression Studies

To study directly the effects of candidate
canonical Wnt mediators, the following plasmid
constructs were transfected (4 ug per 500,000
cells) into MSCs using a nucleofection protocol
(amaxa Biosystems; [Haleem-Smith et al.,
2005]): wild type LRP5 (LRP5 WT) (provided
by Dr. Bjorn R. Olsen, Harvard Medical School);
inhibitory, truncated secreted LRP5 (LRP5 TS)
(Dr. Bjorn R. Olsen); dominant negative
TCF1 (dnTCF1) (provided by Dr. Hans Clever,
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Netherlands Institute for Developmental Biol-
ogy); TCF1 (Upstate Cell Signaling Solutions);
or pcDNA3/pUSEAmp (empty vector, EV, con-
trol; Upstate Cell Signaling Solutions), where
appropriate. LRP5 TS lacks the intracellular
domain of the wild-type LRP5 construct and,
therefore, competitively blocks Wnt/Fz signal-
ing in a dominant-negative fashion. Each
transfected group was assayed for their prolif-
erative potential, colony forming unit-fibroblast
(CFU-F), and -osteoblast (CFU-O) development
with or without additional Wnt treatment.
Transfection efficiency was determined by
dsRED expression. Briefly, MSCs were trans-
fected with 2 pg of dsRED plasmid (BD Bios-
ciences) and the percent positive dsRED was
determined by flow cytometry on Day 4, 10, 20,
and 35 post-transfection.

Exogenously Derived Wnt-Conditioned Media

Representative canonical and non-canonical
Wnts (Wnt3a and Wntba, respectively) were
added to cultures of adult human MSCs main-
tained as undifferentiated cells in EM and
under osteogenic conditions («MEM-supple-
mented with 10% FBS, 10 nM dexamethasone,
50 pg/ml L-ascorbic acid, and 3.5 mM B-glycer-
ophosphate (all from Sigma). Wnt3a and Wnt5a
proteins were applied as conditioned medium
collection from mouse L-cells that were stably
transfected with either Wnt3a or Wnt5a plas-
mid (L-cells, Cat#: CRL-2648; L-Wnt3a cells,
Cat#: CRL-2647; and L-Wntba cells, Cat#: CRL-
2814; American Type Culture Collection). Con-
trol-conditioned medium (CM), Wnt3a CM, and
Wnt5a CM were prepared according to the
supplier’s protocol. Two rounds of conditioned
media were collected, pooled, and diluted 50%
with DMEM for final use in experiments. This
dose of Wnt CM was chosen based on a dose—
response experiment, which involved exposing
MSCs transfected with the TOP-FLASH repor-
ter plasmid (details below) to 100%, 50%, 20%,
and 10% of each CM stock (CM, Wnt3a, and
Wntba), the difference made up with DMEM,
for 4 days. On Day 4, the luciferase activity
(details below) was determined.

Luciferase Reporter Assays

An optimized version of the TOP-FLASH
luciferase reported plasmid (pLG3-OT) (pro-
vided by Dr. Bert Vogelstein, Johns Hopkins
University) was used to assay canonical Wnt-
responsive transcriptional activity. The plas-

mid contains three copies of the wild type TCF-4
binding sites cloned into the pGL3-OT plasmid
(Promega). LRP5 WT, LRP TS, dnTCF1, and EV
groups were co-transfected with Renilla lucifer-
ase plasmid (1 pg) attached to the CMV
promoter (Promega) and pLG3-OT (2 ug) by
nucleofection (amaxa Biosystems). To study
osteogenic transcriptional activity, parallel
experiments were performed using the Runx2
responsive luciferase reporter construct
(6xOSE-2) (a gift from Dr. Gerard Karsenty,
Baylor College of Medicine), and co-transfection
with LRP5 WT, LRP5 TS, dnTCF1, and EV.
Reporter luciferase activities were assayed in
cultures maintained in both undifferentiated
and osteogenic conditions using the Dual Luci-
fease Assay System (Promega), normalized to
Renilla luciferase activity, and expressed rela-
tive to that of cultures in control CM conditions.

Immunohistochemistry of LRP5/6

MSCs from the transfected groups were
cultured on glass coverslips (Cat#: 12-548-B,
Fisher Scientific). After 4 days, cultures were
washed in phosphate buffered saline (PBS),
fixed in 4% paraformaldyhe (FD Neuro Tech-
nologies), permeabilized with 0.1% Triton-X 100
solution, and then blocked with non-specific
goat serum (2% in PBS) prior to the addition
of 2 pg/ml LRP5/6 monoclonal antibody (Cat#:
3801-100, BioVision). Immunolabeling was de-
tected with goat anti-mouse IgG-conjugated to
TRITC (1:250 dilution, Cat#: T-5393, Sigma),
and staining was observed using epifluorescence.
Negative controls consisted of incubations with
secondary antibodies only.

Cell Proliferation Assay

To assay cell proliferation, cells were seeded
at 1,000 cell/cm? in 12 well-plates. The MTS
assay (Promega) was performed on Days 4, 7,
and 14. Cell numbers were determined based on
A490 using a standard curve calibrated using
known cell numbers.

Reverse Transcription-Polymerase
Chain Reaction (RT-PCR)

The expression of cyclin D1 mRNA tran-
scripts in MSC cultures assayed for proli-
feration was examined by semi-quantitative
RT-PCR at Days 7, 14, and 21, the expression
of LRP5 mRNA after 4 days post-transfection
in misexpression and overexpression experi-
ments and the expression Runx2 after 4 days



1112 Baksh et al.

post-6xOSE-2 luciferase experiments. The pri-
mers (5’ to 3') used were: (1) human (h) cyclin D1
(forward, TCC TGT GCT GCG AAG TGG
AAAC; reverse, AAA TCG TGC GGG GTC
ATTG); (2) hLRP5 (forward, GCT GGA ATG
GAT GGT TCA AGT CG; reverse, CAG AAT
GGA TTT CAC GCA GAC CCO); (3) human
Runx2 (forward, CCG CAC GAC AAC CGC
ACC AT; reverse, CGC TCC GGC CCA CAA
ATCTC), and (4) hGAPDH (forward, CCA GAA
CAT CAT CCC TGC CTC TAC; reverse, GGT
CTC TCT CTT CCT CTT GTG C). Reaction
conditions were: 94°C for 3 min, 94°C for 30° s,
55°C for 60 s, and 60°C for 60 s; 30 cycles of
amplification; and final incubation at 72°C for 5
min. The amplified products from 1 pg total
RNA per sample were resolved on 1.5% Tris-
acetic acid-EDTA (TAE; pH 8.0) agarose gel and
visualized with ethidium bromide. All amplified
products were detected as single bands of the
expected sizes.

CFU-F and CFU-O Assay

Cell conditions were grown under CFU-F and
CFU-O assay conditions and the developmental
potential of MSCs seeded at 1,000 cell/cm? were
assessed according to methods described pre-
viously [Baksh et al., 2003]. CFU-F develop-
ment was assessed by Giemsa staining (Sigma)
and CFU-O were visualized by alkaline phos-
phatase (ALP) staining at Day 21, according to
the manufacturer’s protocol (Sigma kit 86-R).

Flow Cytometry

The expression profiles of a subset of Fz
receptors on MSCs were quantified by flow
cytometry. MSCs were incubated with saturat-
ing concentrations (10 ug/ml) of mouse anti-
bodies to human Fz proteins (Fz1, MAB11201;
Fz3, MAB1001; Fz4, MAB194; Fz6, MAB1526;
and Fz7, MAB1981; all from R&D Systems).
These Fz receptors were chosen in part because
of the commercial availability of antibodies.
Cells labeled with the primary antibodies to
Fz1, Fz3, Fz4, and Fz7 were subsequently
stained with Alexa Fluor 488 goat anti-mouse
IgG (1:1,000, Cat#: A21121, Molecular Probes),
and cells labeled with Fz6 antibodies were
stained with Alexa Fluor 488 goat anti-rat IgG
(Cat#: A11006, Molecular Probes) to visualize
positive expressing cells. The cell suspension
was washed twice with phosphate-buffered
saline (PBS) and resuspended in PBS+ 2%
FBS for analysis on a flow cytometer (FACSCa-

libur, BD Biosciences) using the CellQuest
software. Positive staining was determined
based on fluorescence emission, which exceeded
negative control samples (secondary antibody
staining only).

Whnt Signaling Pathway Gene
Expression Analysis

A Wnt signaling pathway-specific gene micro-
array (Cat.#: EHS-043, SuperArray Bios-
ciences, Frederick, MD) was used to detect
changesin 113 candidate genes associated with
the Wnt signaling pathway. RNA was harvested
using Trizol Reagent (Invitrogen) from MSCs
transfected with LRP5 WT, LRP5 TS and EV,
which were grown in the presence of Control,
Wnt3a, and Wnt5a CM, under basal, undiffer-
entiated conditions, for 4 days. A total of 3 pug of
RNA from each group was converted to cDNA,
and cRNA labeling, amplification, hybridization
was performed overnight and detection of gene
expression was determined the next day, all
according to the manufacturer’s protocol
(SuperArray). A total of 4 pug of cRNA was
hybridized to each microarray gene chip. Rela-
tive changes in gene expression was analyzed
and quantified based on densiometry using the
GEarray expression analysis suite software
(SuperArray) (N=2). RT-PCR was used to
confirm the enhancement in gene expression
related to the overexpression of LRP5.

Data Analysis

Data are presented as mean values + SD for
at least three independent experiments (differ-
ent patient samples) performed in triplicate,
unless stated otherwise. Statistical significance
is determined by ANOVA and set at P < 0.05.

RESULTS

Whnt5a Suppresses Wnt3a-Mediated TOP-FLASH
Reporter Activity in Undifferentiated MSCs

First, we confirmed that the bone marrow-
derived adherent populations used in these
studies expressed the cell surface receptors
CD44, CD105, CD106, and Stro-1 (data not
shown) and hence, we referred to these cells as
MSCs. To examine the early effects of candi-
date Wnt mediators, namely LRP5 and TCF1,
on canonical Wnt transcriptional activity,
MSCs were transfected with the TOP-FLASH
reporter construct and cultured in Wnt3a, Wnt5,
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or both Wnt3a and Wntba (referred to as Wnt3a/
5a hereon) CM under undifferentiated or
osteogenic conditions. The Wnt3a/5a CM group
was included to determine how these two
functionally different Wnts might interact to
affect the developmental potential of MSCs. In
order to maximize the differential effects of
Wnt3a and Wnt5a, we determined that a dose of
50% of control CM, and Wnt3a and Wnt5a CM
from L-cells was a sufficient dose to use in our
medium formulation for all studies described, as
this concentration elicited TOP-FLASH repor-
ter activity levels similar to that seen in stock
media (100%) (Fig. 1). According to the manu-
facturer’s protocol (ATCC), the final conditioned
media collection would result in ~100—-200 ng/
ml of Wnt3a and Wntba protein and thus, 50% of
the stock media would translate into ~50—
100 ng/ml of Wnt3a and Wnt5a protein in the
final media formulation.

We then confirmed that in undifferentiated
MSCs, treatment with Wnt3a enhanced TOP-
FLASH reporter activity, while Wnt5a had no
apparent effect on TOP-FLASH activity relative
to the EV control group (Fig. 2A). Interestingly,
when MSCs were grown in Wnt3a/5a CM, ~50%
reduction in reporter activity was observed,
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Fig. 1. Dose effect of L-cell-conditioned medium on TOP-
FLASH reporter activity in human MSCs. Conditioned medium
was collected from Wnt3a, Wnt5a, and control L-secreting cells
(ATCC) and diluted to 50%, 20%, and 10% with DMEM. MSCs
were transfected with the TOP-FLASH reporter plasmid and
grown in the presence of these different concentrations of Wnt-
conditioned media. After 4 days, luciferase activity was
determined. Bars represent the mean & SD (N = 2). Comparable
TOP-FLASH activation was seen at 50% and 100% in Wnt3a-
conditioned medium.

relative to the Wnt3a-alone treatment group
(Fig. 2A). The overexpression of LRP5 (LRP5
WT) resulted in an even greater increase in
TOP-FLASH reporter activity in the presence of
Wnt3a, relative to control conditions; similar
results were observed when MSCs were trans-
fected with TCF'1 (data not shown). Even in this
treatment group (LRP5 WT), Wnt5a alone
showed no effect on TOP-FLASH transcrip-
tional activity, suggesting that Wntb5a is unli-
kely to be a functional activating ligand of LRP5
for canonical signaling. Interestingly, Wntba
retained the ability to significantly abrogate the
effects of Wnt3a in this transfected group.
Functional blocking of LRP5 (LRP5 TS trans-
fection) also suppressed the effects of Wnt3a to
enhance TOP-FLASH reporter activity.
Furthermore, co-transfection of MSCs with
both dnTCF1 and LRP5 TS also dramatically
suppressed the Wnt3a effects.

Under conditions promoting osteogenic dif-
ferentiation, Wnt responsive activity was pre-
dominantly at basal levels in the various
transfected groups (Fig. 2B). The only signifi-
cant but mild Wnt responsive transcriptional
activity was observed in the LRP5 WT group
with Wnt3a supplementation. We confirmed on
the basis of dsRED expression that the transfec-
tion efficiency associated with these short-term
studies was 68 + 4% (data not shown).

Next, using the Wnt signaling pathway-
specific gene microarray, we analyzed the upre-
gulation of LRP5 gene expression due to trans-
fection in all Wnt treatment groups, relative to
that in EV-transfected MSCs (Fig. 2C). RT-PCR
was subsequently performed to confirm the
overexpression of LRP5 observed on the gene
microarray (Fig. 2D). Interestingly, transfection
with LRP5 TS decreased the level of LRP5 gene
expression detected in MSCs grown in CM,
Wnt3a, and Wntsa CM (Fig. 2C). We also
verified, on the basis of immunostaining, that
transfection of MSCs with LRP5 WT or LRP
TS in MSCs resulted in the increase or slight
reduction, respectively, of expression of mem-
brane-associated LRP5, relative to EV control
conditions (Fig. 2E). Expression of transfec-
ted LRP5 (both WT and TS) was unaffected
by the presence of Wnt3a or Wntba protein
in the conditioned medium (Fig. 2E). Taken
together, these results suggest that transfec-
tion with a truncated secreted LRP5 expression
vector affects both gene and protein expression
of LRP5.
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Fig. 2. Effects of LRP5 and TCF1 expression in human MSCs on
TOP-FLASH transcriptional activity in the presence and
absence of Wnt3a and Wnt5a. Day 4 TOP-FLASH reporter
activity in MSCs transfected with empty vector, LRP5 WT, LRP
TS, dnTCF1 or dnTCF, and LRP5 TS, and subsequently grown in
Ctrl, Wnt3a, Wnt5a, or Wnt3a/5a CM under (A) undifferentiated
and (B) osteogenic conditions. Each TOP-FLASH luciferase
value was normalized to its internal transfection control values
as determined by Renilla luciferase activity, and further
normalized to Ctrl CM values. MSCs transfected with LRP5
WT and then cultured in Wnt3a-supplemented medium
showed a significant enhancement in Wnt responsive activity
in undifferentiated conditions, while basal level Wnt transcrip-
tional activity was observed in osteogenic conditions. Each bar
represents the mean +SD from n=4 bone marrow samples,
performed in triplicate. *P<0.05. C, D: Relative changes in
LRP5 gene expression in MSCs transfected with LRP5 WT and
LRP5 TS. C: The Wnt signaling pathway gene array was used to
determine the changes in LRP5 gene expression following
transfection with LRP5 WT and LRP5 TS plasmids. Following
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transfection, MSCs were grown in CM, Wnt3a and Wnt5a-
conditioned media. Analysis was performed on Day 4 cultured
cells. D: RT-PCR was used to confirm LRP5 gene expression in
LRP5 WT-transfected MSCs grown in Wnt3a, Wnt5a, and
Whnt3a/5a-conditioned media. MSCs transfected with EV and
grown in Ctrl CM conditions was used as a control for the
endogeneous expression of LRP5. Results showed that over-
expression of LRP5 WT significantly enhanced LRP5 expres-
sion, while transfection with LRP5 TS significantly decreased
LRP5 relative to EV-transfected MSCs grown in CM. *P < 0.05.
E: LRP5 level in MSCs transfected with wild type (WT) or
truncated secreted form (TS) LRP5 was assessed by immuno-
fluorescence staining followed by nuclear counterstaining with
Hoechst dye. (i) Empty vector (EV)-transfected MSCs cultured in
control medium (Ctrl); (ii & iii) MSCs transfected with LRP5 WT
cultured in Wnt3a CM and Wnt5a CM, respectively; (iv, v, & vi)
MSCs transfected with LRP5 TS cultured in control medium
(Ctrl), Wnt3a CM, and Wnt5a CM, respectively; and (vii)
representative negative control incubated with secondary
antibodies only.
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Whnt3a Synergizes With LRP5 to Enhance
Cell Proliferation

We next determined the effects of modulating
LRP5 level on MSC proliferation, in response to
canonical and non-canonical Wnts. MTS assay
analysis revealed that LRP5 WT cells, in the
absence of any Wnt ligand, resulted in increased
cell numbers by Day 14, relative to the other
transfected groups (Fig. 3A). Cell proliferation
was further enhanced by the overexpression of
LRP5 WT in the presence of Wnt3a as early as
Day 7 and exceeded cell numbers relative to CM
conditions (Fig. 3B). Interference of LRP5
(transfection with LRP5 TS) or TCF1 (transfec-
tion with dnTCF1) resulted in significant
reduction in cell proliferation (Fig. 3A,B), simi-
lar to that observed upon exposure to Wntba
(Fig. 3C). Interestingly, the presence of Wnt3a
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Fig. 3. Effects of LRP5 and TCF1 on MSCs proliferation in the
presence and absence of Wnt3a and Wnt5a. Bone marrow-
derived MSCs transfected with LRP5 WT, LRP5 TS, dnTCF1, and
empty vector were cultured in (A) control CM and (B) Wnt3a and
(C) Wnt5a, and (D) Wn3a/5a CM. At 4, 7, and 14 days, cell
proliferation was assessed by the MTS assay. MSCs cultured in
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enhanced the ability of TCF1-transfected cells
to proliferate (Fig. 3B), while the absence of any
Wnt ligand had no effect on cell proliferation
(Fig. 3A). Furthermore, Wnt5a alone had no
significant effect on cell proliferation (Fig. 3C);
however, the presence of Wnt5a in combination
with Wnt3a dampened the ability of Wnt3a to
enhance cell proliferation (Fig. 3D).

Cyclin D1 and other genes (e.g., c-myc and
Wntl inducible signaling pathway protein 1,
WISP-1) are transcriptional targets of the
B-catenin/TCF complex [Tetsu and McCormick,
1999]. As shown in Figure 4A, RT-PCR analysis
revealed elevated mRNA expression of cyclin
D1in EV-transfected MSCs treated with Wnt3a
by Day 7. No cyclin D1 gene expression was
detected by RT-PCR in Wntba-treated MSCs,
while a significant decrease in cyclin D1
expression was detected when MSCs were
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Wnt3a CM showed enhanced cell proliferation in control
conditions, and was further enhanced with LRP5 WT transfec-
tion. However, dnTCF1 transfection did not result in any
significant cell proliferation in the absence or presence of
Wnt3a. Each bar represents the mean + SD of n = 3 experiments,
preformed in triplicate. *P < 0.05.
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Fig. 4. Changes in Wnt signaling gene expression as a
function of Wnt exposure. A: RT-PCR analysis of cyclin D1
MRNA expression in MSCs grown in control, Wnt3a, Wnt5a,
and Wnt3a/5a CM showed that cyclin D1 expression was
detected only in Wnt3a-transfected MSCs (Day 7 results
shown). Microarray-based relative changes in (B) cyclin D1
and c-myc gene expression in MSCs transfected with LRP5
WT plasmid; and in (C) DKK1-4, (D) WIF1, WISP1-2, and

cultured with Wnt3a/5a CM, relative to Wnt3a
conditions.

The Wnt signaling gene microarray was also
used to analyze the expression pattern of cyclin
D1 and c-myc in MSCs transfected with LRP5
WT, which were subsequently grown in control
CM, Wnt3a, and Wnt5a CM for 4 days (Fig. 4B).
The analysis revealed Wnt3a enhanced cyclin D1
and c-myc gene expression in MSCs, compared to
contol and Wnt5a (Fig. 4B). Furthermore, we
observed differences in the gene expression of
DKK]1, 2, 3, 4, WIF1, WISP1, WISP2, secreted
frizzled related protein (SFRP)1, 4, and 5, as a
function of Wnt exposure and in the absence and/

(E) SFRP1-4 gene expression, respectively, in MSCs transfected
with LRP5 WT and LRP5 TS (Day 4 results shown). Values
represent mean of two experiments. Microarray analysis
showed the upregulation of cyclin D1 and WISP-2 in Wnt3a-
exposed LRP5 WT transfected MSCs, while enhanced expres-
sion of DKK3 was observed in Wnt5a-exposed LRP5 WT-
transfected MSCs relative to LRP5 WT-transfected MSCs
maintained in Control CM.

or presence of functional LRP5 (Fig. 4C-E).
Specifically, MSCs transfected with LRP5 WT
and exposed to Wntba showed a significant
increase in DKK3 (Dikkopf-3) gene expression
relative to the other wild-type groups (Fig. 4C).
Exposure to Wnt3a resulted in elevated gene
expression levels of WISP1 in LRP5 WT-trans-
fected MSCs (Fig. 4D). Misexpression of LRP5
(LRP5 TS) showed no change in DKKs and
WISPs gene expression in MSCs exposed to CM
versus Wnt conditions (Fig. 4C,D). However,
LRP5 TS-transfected MSCs, exposed to CM,
showed elevated levels of SFRP1 and SFRP4,
compared to the other groups (Fig. 4E).
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Suppression of Canonical Wnt Signaling
Enhances Wnt5a Effects on Promotion
of Osteogenesis

MSCs derived from each transfection group
were grown in the presence of supplements that
induced osteogenic differentiation. ALP activity
was assessed on Day 21, and the extent of
mineralization was examined by von Kossa
staining after 5 weeks of osteogenic culture.
Elevated ALP staining was observed in MSCs
cultured in Wntba CM (Fig. 5C), relative to
control CM (Fig. 5A). However, the presence of
Wnt3a suppressed ALP activity (Fig. 5B), and
inhibited the effects of Wn5a to enhance ALP
activity (Fig. 5D). Interestingly, cells trans-
fected with LRP5 TS or dnTCF'1, and cultured in
Wnt3a CM, showed increased ALP activity
(Fig. 5J,N), compared to EV and LRP5 WT cells
cultured in Wnt3a CM (Fig. 5B,F), while LRP5
WT-transfected cultures had fewer detectable
ALP-positive cells (Fig. 5F). Co-transfection of
dnTCF1 and LRP5 TS resulted in even greater
numbers of ALP-positive cells, even when
cultured in the presence of Wnt3a (Fig. 5R),
relative to EV or LRP5 WT-Wnt3a conditions.
Inhibition of LRP5 via LRP TS transfection in
MSCs resulted in a significant increase in ALP
activity in the presence of Wntba (Fig. 5K),
compared to LRP5 WT conditions.

Next, the extent of mineralization in the
various treatment groups (as described in
Fig. 5) was quantified by plating cells at limiting
dilution in CFU-O assays. After 5 weeks of
culture, the number of von Kossa-positive
colonies was counted. When maintained in
Wnt5a CM, a significant fold-increase in CFU-
O numbers was seen in cultures of LRP5 TS-
transfected cells, while LRP5 WT-transfected
cells displayed a significant reduction in CFU-O
numbers (Fig. 5U). In comparison, minimal von
Kossa staining was seen in LRP5 WT-trans-
fected cultures, with significantly less detect-
able CFU-O (Fig. 5U).

The transfection efficiencies associated with
these long-term osteogenic studies was deter-
mined to be 57 + 3%, 27 + 2%, and 23 £ 1.7% at
Days 10, 20, and 35 (5 weeks), respectively (data
not shown).

Whnt5a Enhances Osteocalcin
Transcriptional Activity

To assess the specific action of Wnt5a on MSC
osteogenesis, we characterized Wntba effects on

osteogenesis-associated gene expression using
the 6xOSE-2 construct, a reporter which con-
tains six Runx-binding elements in tandem
sequence upstream of the OCN promoter driv-
ing luciferase [Kahler and Westendorf, 2003]. In
these experiments, MSCs were co-transfected
with the 6xOSE-2 reporter and LRP5 WT, LRP5
TS, dnTCF, or EV constructs. Consistent with
osteogenic induction, all cultures showed sig-
nificantly higher reporter activity under osteo-
genic conditions. Specifically, Wnt5a treatment
enhanced reporter activity in basal conditions
(Fig. 6A), but higher activity was observed in
osteogenic conditions (Fig. 6B); however, Wnt3a
treatment maintained reporter levels similar to
control conditions. Overexpression of LRP5
(LRP5 WT) in MSCs, grown in either undiffer-
entiated or osteogenic conditions, significantly
reduced OCN reporter activity. Upon exposure
to Wnt5a/Wnt3a, OCN reporter activity was
further reduced in the LRP5 WT group
(Fig. 6A,B). The enhancement of OCN reporter
activity by Wntba was unaffected by the inter-
ference of LRP5 (transfection with LRP5 TS).
These results are also supported by the detec-
tion of Runx2 mRNA transcript in Wntba
treatment groups of MSCs transfected with
LRP5 WT (data not shown) and LRP5 TS grown
in basal (Fig. 6C) and osteogenic (Fig. 6D)
media. Interestingly, MSCs treated with Wnt5a
had a higher detectable level of Runx2 expres-
sion under osteogenic conditions relative to
control, Wnt3a (no Runx2 detection), and
Wnt3a/5a conditions (Fig. 6D).

Differential Expression of Frizzled Receptors
on MSCs Undergoing Osteogenesis

To further examine the cellular characteris-
tics that contribute to the Wnt-related effects,
MSCs that were transfected with LRP5 WT,
LRP5 TS, dnTCF1, or EV plasmids, and then
grown in basal medium and osteogenic medium,
were analyzed for their membrane expression of
the Fz receptors, Fz1, Fz3, Fz4, Fz6, and Fz7,
using flow cytometry. The percentage of Fz1,
Fz3, Fz4, Fz6, and Fz7-positive cells in each
group was determined in both basal and
osteogenic conditions and was normalized to
values obtained from EV-transfected control
MSCs (Fig. 7A,B). The relative changes in Fz
receptors expression, based on statistical sig-
nificance, for each treatment group are pre-
sented in Figure 7C. The results showed that
Fz4 and Fz1 were highly expressed on the cell
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dnTCF1 + Empty
LRPS TS dnTCF1 LRP5 TS LRPS WT Vector
Fold change in

CFU-O colony number
MNormalized to Ctrl. CM]

Vector LRPSWT

.
LRP3 TS dnTCF1

Transfected plasmid

Fig. 5. Effects of LRP5 expression on MSCs osteogenesis, as
analyzed by ALP staining. The effects of Wnt3a and Wnt5a
exposure on osteogenic differentiation of MSCs transfected with
(A-D) empty vector, (E-H) LRP5 WT, (I-L) LRP5 TS, (M—P)
dnTCF1, or (Q-T) combined dnTCF1 and LRP5 TS. Day 21 ALP
staining is shown in representative cultures. Cultures were
stained for ALP expression, with Fast red violet LB base, and
positive cells appeared red. ALP staining was significantly
enhanced in MSCs cultured in Wnt5a-supplemented osteogenic
medium, while Wnt3a exposure resulted in less ALP staining.
Overexpression of LRP5 WT enhanced the ability of Wnt3a to

inhibit ALP expression, while inhibition of LRP5 (LRP5 TS)
enhanced the ability of Wnt5a to increase ALP expression in
MSCs. Scale bar = 50 um. U: Quantitation of CFU-O, on the basis
of bone nodule number, generated from MSCs transfected with
empty vector, dnTCF1, LRP5 WT, or LRP5 TS and subsequently
grown in Wnt3a, Wnt5a, and Wnt3a/5a CM under osteogenic
conditions. Wnt5a-supplemented osteogenic medium increased
the number of bone nodules detected in culture, relative to the
other conditions. Bars represent the fold change in colony
number normalized to control CM conditions. N = 3, performed
in triplicate. Values are mean+ SD. *P < 0.05.
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Fig. 6. Effects of LRP5 on OCN reporter activity as a function of
Wnt3a and Wnt5a exposure. OCN reporter (6xOSE-2) activity in
MSCs transfected with empty vector, LRP5 WT, or LRP5 TS and
subsequently grown in (A) basal medium and (B) osteogenic
medium in the presence or absence of Wnt3a or Wnt5a. OCN
reporter luciferase activity (normalized to Renilla luciferase) was
significantly enhanced in osteogenic conditions relative to basal
conditions, and exposure to Wnt5a further increased reporter
activity, relative to control (Ctrl) in osteogenic conditions. Day 4

surface of MSCs in basal medium control
conditions, while Fz3 expression was more
prominent on MSCs cultured in osteogenic
control conditions (Fig. 7C). Gene expression
analysis confirmed the Fz receptor expression
patterns obtained by flow cytometry (data not
shown). Interestingly, overexpression of LRP5
resulted in elevated levels of Fz1 expression in
basal conditions and even greater levels in
osteogenic conditions, relative to EV conditions
(Fig. 7A,B). Taken collectively, these flow
cytometry results suggest that the expression
repertoire of Frizzled receptors on MSCs was
modulated as a function of their differentiation
state, as well as the expression levels of Wnt
mediators, such as LRP5 and TCF1.

DISCUSSION

In the present work, we have addressed
the role of the LRP5 and Fz Wnt co-receptors

1119

Osteogenic Conditions

0.45 -]

EV LRPSWT LRP3TS

Transfected plasmid

D

Runx2

GAPDH

LRP5 TS
Osteogenic Conditions

results are shown. Bars represent the fold change in colony
number normalized to control CM conditions. N = 3, performed
in triplicate. Values are mean=+SD. *P < 0.05. C: RT-PCR was
used to show the relative changes of Runx2 expression in MSCs
transfected with LRP5 TS under (C) basal and (D) osteogenic
conditions, grown in the presence of control, Wnt3a, Wnt5a, and
Wnt3a/5a-conditioned media. The results revealed that a higher
detectable levels of Runx2 expression was observed in condi-
tions where Wnt5a added to the growth media.

and the Wnt downstream mediator, TCF1, in
mediating canonical Wnt signaling in MSCs
during the acquisition of an osteogenic pheno-
type in the presence of a prototypical canonical
Wnt, Wnt3a, and prototypical non-canonical
Wnt, Wntba. First, using a Wnt responsive
reporter-promoter assay system (TOP-FLASH),
we established that Wnt3a enhanced TOP-
FLASH reporter activity in MSCs, while Wnt5a
had no effect on TOP-FLASH reporter activity
(Fig. 2A). Transfection with LRP5 WT resulted
in an even greater elevated level of TOP-FLASH
reporter activity in combination with Wnt3a,
while LRP5 T'S transfection inhibited this effect
(Fig. 2A), suggesting synergy between Wnt3a
and LRP5 with respect to Wnt/B-catenin signal-
ing. Interestingly, Wntba itself did not activate
TOP-FLASH transcriptional activity but exhib-
ited the capacity to suppress canonical Wnt
signaling in the presence of Wnt3a, suggesting a
possible cross-talk between Wnt3a and Wntba
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function of LRP5 and TCF1 expression. Presence of Fz1, Fz3, Fz4,
Fz6, and Fz7 was analyzed by flow cytometry on MSCs
transfected with LRP5 WT, LRP5 TS, and dnTCF1 in (A) basal
and (B) osteogenic conditions. The fold change in the percentage
of cells positive for each Fz receptor was normalized to control
(empty vector, EV) conditions (bars represent the mean fold

in canonical Wnt signaling in human MSCs, a
concept which has been reported by Mikels and
Nusse [2006].

The Wnt effects on reporter activity trans-
lated to effects on MSC proliferation. Specifi-
cally, Wnt3a-activated canonical Wnt signaling
resulted in a significant increase in cell num-
bers relative to EV control conditions, which
was further enhanced in LRP5 WT-transfected
MSCs, suggesting that the canonical Wnt
ligand, Wnt3a and LRP5 act synergistically
to enhance Wnt responsive activity leading
to enhanced cell proliferation, as similarly
demonstrated in 293T human embryonic kid-
ney cells [Liu et al., 2005]. We confirmed using
high-throughout Wnt gene array analysis that
the likely cause for the increase in MSC
proliferation is the upregulation of cyclin D1
and c-myc, which are known Wnt target genes.

C: Tabulated presentation of the relative level of expression
of each Fz receptor under various conditions. Statistical
significance (*P<0.05) is as indicated. Analysis revealed
the differential Fz receptor profile on MSCs cultured in basal
and osteogenic conditions as well as a function of LRP5
expression.

Furthermore, the finding that cell proliferation
was significantly impaired when MSCs were co-
transfected with LRP5 T'S and dnT'CF1 indicate
that a Wnt-LRP5 co-receptor association is
necessary to mediate the canonical Wnt signal-
ing events that lead to the upregulation in cell
proliferation. Our findings thus corroborate
with similar observations reported in other
cell systems [Ueda et al., 2002], suggesting a
common involvement of LRP5-dependent cano-
nical signaling in the regulation of cell prolif-
eration.

Results from the reporter-promoter studies
suggest that Wnt5a does not signal through
B-catenin/TCF/LEF transcription factor com-
plexes in human MSCs to enhance cell prolif-
eration, as similarly reported in other cell types
[Kuhl et al., 2000], and instead acts as a non-
canonical Wnt in undifferentiated MSCs. Expo-
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sure to Wntba did not alter the basal level of
gene expression of cyclin D1 and c-myc, but
resulted in elevated gene expression of DKK3
(Fig. 4C), which has been shown to be a potent
antagonist of canonical Wnt signaling [Katoh
and Katoh, 2006]. Interestingly, the effects
of Wnt3a/Wntba co-treatment showed that
Wntb5a was able to suppress the Wnt3a-
mediated canonical Wnt signaling pathway,
with concomitant reduction in both canonical
Wnt transcriptional activity and cell prolifera-
tion. Cyclin D1 was significantly downregulated
when MSCs were co-treated with Wnt3a and
Wntba, compared to Wnt3a alone (Fig. 4A).
Taken together, we hypothesize that Wnt5a
antagonizes canonical Wnt signaling, likely via
the upregulation of DKKS3, resulting in the
downregulation of target genes, for example,
cyclin D1.

Topol et al. [2003] reported that Wnt5a also
has the capacity to antagonize the canonical
Wnt pathway by promoting the degradation of
B-catenin, and thus downregulation of target
transcription factors. Given these findings, we
propose that Wnt5a may act to maintain MSCs
in a quiescent, non-cycling state via the sup-
pression of canonical Wnt signaling that other-
wise would lead to cell proliferation cues. This
concept has been proposed for human and
mouse embryonic stem cell systems, where the
activation of the canonical Wnt pathway is
sufficient to maintain the self-renewal of both
of these stem cell types and is downregulated
upon differentiation [Sato et al., 2004]. Studies
are underway to determine the mechanism of
DKK3 action on downstream components
involved in the suppression of canonical Wnt
signaling in the presence of a non-canonical
Wnt stimulus, such as Wnt5a and its effects of
MSCs differentiation.

To gain insights into the involvement of Wnt
signaling during osteogenesis, the various
transfected cells were also evaluated for their
osteogenic potential, in the presence of Wnt3a
and Wntba. Our studies revealed that Wnt5a
treatment alone enhanced ALP activity in
MSCs, whereas Wnt3a alone resulted in very
few ALP-positive cells (Fig. 5A—C). However, in
the presence of Wnt3a/Wntba medium, the
presence of Wnt3a was able to suppress the
ability of Wntba to enhance osteogenesis
(Fig. 5D). The ability of Wnt3a to suppress
osteogenesis may be due in part by maintaining
MSCs in an undifferentiated state via activa-

tion of canonical Wnt signaling (as hypothesized
above), enhanced by the overexpression of
LRP5, leading to the upregulation of WISP-1,
as seen in undifferentiated MSCs exposed to
Wnt3a (Fig. 5D). However, when MSCs were
transfected with LRP5 TS, dnTCF1, or both,
these cells were able to respond to osteogenic
stimulation, with restored ALP expression,
even in the presence of Wnt3a (Fig. 5J,N,R).
Our observations that canonical Wnt effects
altered activities in MSCs via misexpression of
LRP5 are contrary to those reports which show
that loss-of-function mutations in the LRP5
gene leads to a low bone mass phenotype [Gong
et al., 2001], while activating mutations in the
LRP5 gene leads to increase bone mass [Little et
al., 2002]. In the low bone mass and high bone
phenotypes reported by Gong et al. [2001] and
Little et al. [2002], respectively, osteoblasts
were shown to be the cells responsible for these
phenotypes, while in our studies, undifferen-
tiated MSCs, undergoing osteogenesis, were
responsible for the observed outcomes. Thus,
the difference in these observations may be
explained by the state of differentiation of the
cell type, that is, stem versus differentiated cell.
Our results, however, are supported, in part, by
observations reported by Kahler et al. [2005]
who demonstrated that Lefl-overexpressing
MSCs produced ALP later and at lower levels
than control cells. Thus, these findings suggest
the role of canonical Wnt signaling transcrip-
tion factors (i.e., TCF1 and Lefl) in delaying
osteogenic maturation in MSCs. Taken
together, our resultsindicate that enhancement
of canonical Wnt signaling is required to
maintain MSCs in an undifferentiated state,
and its abrogation may render the cells amen-
able to osteogenesis, as shown in this study.
Our findings suggest that canonical Wnt
signaling, for example, mediated by Wnt3a,
maintain MSCs in a proliferative state while
Wnt5a, which does not signal through the
canonical Wnt pathway, stimulates osteogenic
differentiation. This is supported by enhanced
6xOSE-2 OCN promoter-reporter activity
in Wntba-transfected MSCs cultured under
osteogenic conditions. Interestingly, there was
elevated reporter activity observed even in
Wntba-transfected MSCs that were grown in
the absence of dexamethasone, suggesting that
Wnt5a may promote osteogenesis via direct
regulation of osteogenic genes. These findings
are supported by the role that glucocorticoids
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(such as dexamethasone) play in suppressing
canonical Wnt signaling in osteoblasts [Ohnaka
et al., 2004, 2005]. In these studies, dexametha-
sone was shown to suppress TOP-FLASH
transcriptional activity in a dose-dependent
manner. Taken together, our findings suggest
that osteoinductive growth conditions interfere
with canonical Wnt signaling in MSCs, and that
the suppression of canonical Wnt signaling,
perhaps by reagents such as dexamethasone in
osteogenic medium, may be restored if Wnt
mediators, for example, LRP5, are abundantly
available and presumably exceed a certain
threshold level.

Over/misexpression of LRP5 and TCF1 also
influenced the expression profile of Fz receptors
on MSCs both in undifferentiated and osteo-
genic conditions. Fz1 and Fz4 were highly
expressed in undifferentiated MSCs, and Fzl
expression was further increased in the LRP5
WT-transfected group, relative to Ctrl (EV)

(2a) Misexpression
of LRP6/6 {"a]'

—

{1b) i
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conditions (Fig. 7C), while Fz3 was more highly
expressed on MSCs under osteogenic conditions
(Fig. 7C). Fz3 (in mouse) has been implicated as
receptors involved with non-canonical signal-
ing, and have been shown to be negative
regulators of canonical Wnt signal [Sheldahl
etal., 1999; Golan et al., 2004], while Fz1 (in rat)
has been shown to mediate signaling through
the Wnt/B-catenin pathway [Yang-Snyder et al.,
1996]. These findings suggest that the commit-
ment of MSCs to a differentiation pathway, such
as osteogenesis, is coupled with a switch from
canonical to non-canonical signaling, and is
characterized by changes in the expression
profile of Frizzled receptors and most likely
the functional involvement of specific Fzs in
Wnt signaling via canonical and other signaling
pathways (e.g., non-canonical and planar cell
polarity pathways). Furthermore, our flow
cytometry data also provide indication of a
potential “Frizzled signature” for canonical
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Fig. 8. Schematic of functional roles of key Wnt mediators in
MSC cell fate determination. 1a: Undifferentiated MSCs are
responsive to Wnt3a. Wnt3a binds to LRP5 and (1b) Fz receptor,
(1c) resulting in increased intracellular B-catenin. 1d: B-Catenin
translocates to the nucleus, associates with transcription
factors, such as TCF, and upregulates expression of target
genes, resulting in the enhancement of cell proliferation (Te).
1e: Fz1 and Fz4 are highly expressed on undifferentiated MSCs,
and appear to be involved in canonical Wnt signaling
transduction. 1f: Under osteogenic conditions, Wnt3a sup-
presses the ability of MSC to differentiate into osteogenic cells.
2a: Inhibition of LRP5 (e.g., expression of LRP5 TS) and (2b)
misexpression of TCF1 result in (2¢) reduction of TCF/LEF

/ (3d)
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transcriptional activity, (2d) leading to the reduction of cell
proliferation. 2d: However, under osteogenic conditions,
inhibition of LRP5 expression and TCF1 result in the enhance-
ment of osteogenesis. 3a: Wnt5a binds Fz receptors but its
signaling is not mediated through B-catenin in undifferentiated
MSCs, but acts to suppress the ability of Wnt3a to enhance
TCF/LEF transcriptional activity, perhaps by competition for Fz
receptor binding (3b). The presence of Wnt5a results in the
reduction of cell proliferation and cyclin D1 expression;
however, under osteogenic conditions, (3c) Wnt5a enhances
osteogenesis in MSCs. Wnt5a signaling is mediated via Fz
receptors, and (3d) Fz3 is highly expressed in MSCs undergoing
osteogenesis.
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Wnt signaling in human MSCs. Our ongoing
work is focused on isolating enriched popula-
tions of MSCs expressing specific Fz receptors to
determine the “stemness” potential of these
pools of cells.

In summary, our results lead us to propose a
working model that summarizes how key Wnt
mediators, such as LRP5 and TCF, are critical
in transducing Wnt/B-catenin signaling in
MSCs in undifferentiated conditions (Fig. 8).
However, the presence of prototypical non-
canonical Wnts, such as Wnt5a, has the poten-
tial to suppress a canonical Wnt-mediated
signal in undifferentiated MSCs. In the absence
of other competitive Wnts, such as Wnt5a,
MSCs are maintained in a self-renewing and
undifferentiated state. However, under differ-
entiation conditions, Wnt5a promotes or
enhances the cells toward a differentiation
pathway. Interestingly, a canonical Wnt, such
as Wnt3a, demonstrates the capacity to inhibit
the ability of Wnt5a to enhance osteogenesis,
but the ability of the cell population to undergo
osteogenesis is recovered upon removal of the
Wnt3a-mediated stimulus (data not shown).
The potential cross-talk between the canonical
and non-canonical Wnt signaling pathways
provides important insights into wunder-
standing the regulation of MSCs both in vitro
and vivo.

REFERENCES

Baksh D, Davies JE, Zandstra PW. 2003. Adult human
bone marrow-derived mesenchymal progenitor cells are
capable of adhesion-independent survival and expansion.
Exp Hematol 31:723-732.

Bhanot P, Brink M, Samos CH, Hsieh JC, Wang Y, Macke
JP, Andrew D, Nathans J, Nusse R. 1996a. A new
member of the frizzled family from Drosophila functions
as a Wingless receptor. Nature 382:225-230.

Bhanot P, Brink M, Samos CH, Hsieh JC, Wang Y, Macke
JP, Andrew D, Nathans J, Nusse R. 1996b. A new
member of the frizzled family from Drosophila functions
as a Wingless receptor. Nature 382:225-230.

Boland GM, Perkins G, Hall DJ, Tuan RS. 2004. Wnt 3a
promotes proliferation and suppresses osteogenic differ-
entiation of adult human mesenchymal stem cells. J Cell
Biochem 93:1210-1230.

Boyden LM, Mao J, Belsky J, Mitzner L, Farhi A, Mitnick
MA, Wu D, Insogna K, Lifton RP. 2002. High bone
density due to a mutation in LDL-receptor-related
protein 5. N Engl J Med 346:1513—1521.

Bruder SP, Jaiswal N, Haynesworth SE. 1997. Growth
kinetics, self-renewal, and the osteogenic potential of
purified human mesenchymal stem cells during exten-
sive subcultivation and following cryopreservation. J Cell
Biochem 64:278—-294.

Cadigan KM, Nusse R. 1997. Wnt signaling: A common
theme in animal development. Genes Dev 11:3286-3305.

Caplan Al. 1991. Mesenchymal stem cells. J Orthop Res
9:641-650.

De Boer J, Siddappa R, Gaspar C, van Apeldoorn A, Fodde
R, Van Blitterswijk C. 2004a. Wnt signaling inhibits
osteogenic differentiation of human mesenchymal stem
cells. Bone 34:818-826.

De Boer J, Wang HJ, Van Blitterswijk C. 2004b. Effects of
Wnt signaling on proliferation and differentiation of
human mesenchymal stem cells. Tissue Eng 10:393-401.

Du SJ, Purcell SM, Christian JL, McGrew LL, Moon RT.
1995. Identification of distinct classes and functional
domains of Wnts through expression of wild-type and
chimeric proteins in Xenopus embryos. Mol Cell Biol 15:
2625-2634.

Etheridge SL, Spencer GJ, Heath DJ, Genever PG. 2004.
Expression profiling and functional analysis of wnt
signaling mechanisms in mesenchymal stem cells. Stem
Cells 22:849-860.

Golan T, Yaniv A, Bafico A, Liu G, Gazit A. 2004. The
human Frizzled 6 (HFz6) acts as a negative regulator of
the canonical Wnt. beta-catenin signaling cascade. J Biol
Chem 279:14879-14888.

Gong Y, Slee RB, Fukai N, Rawadi G, Roman-Roman S,
Reginato AM, Wang H, Cundy T, Glorieux FH, Lev D,
Zacharin M, Oexle K, Marcelino J, Suwairi W, Heeger S,
Sabatakos G, Apte S, Adkins WN, Allgrove J, Arslan-
Kirchner M, Batch JA, Beighton P, Black GC, Boles RG,
Boon LM, Borrone C, Brunner HG, Carle GF, Dallapic-
cola B, De Paepe A, Floege B, Halthide ML, Hall B,
Hennekam RC, Hirose T, Jans A, Juppner H, Kim CA,
Keppler-Noreuil K, Kohlschuetter A, LaCombe D, Lam-
bert M, Lemyre E, Letteboer T, Peltonen L, Ramesar RS,
Romanengo M, Somer H, Steichen-Gersdorf E, Stein-
mann B, Sullivan B, Superti-Furga A, Swoboda W, van
den Boogaard MJ, Van Hul W, Vikkula M, Votruba M,
Zabel B, Garcia T, Baron R, Olsen BR, Warman ML.
2001. LDL receptor-related protein 5 (LRP5) affects bone
accrual and eye development. Cell 107:513-523.

Haleem-Smith H, Derfoul A, Okafor C, Tuli R, Olsen D,
Hall DJ, Tuan RS. 2005. Optimization of high-efficiency
transfection of adult human mesenchymal stem cells
in vitro. Mol Biotechnol 30:9-20.

He X, Semenov M, Tamai K, Zeng X. 2004. LDL receptor-
related proteins 5 and 6 in Wnt/beta-catenin signaling:
Arrows point the way. Development 131:1663—1677.

Kahler RA, Westendorf JJ. 2003. Lymphoid enhancer
factor-1 and beta-catenin inhibit Runx2-dependent tran-
scriptional activation of the osteocalcin promoter. J Biol
Chem 278:11937-11944.

Kahler RA, Galindo M, Lian J, Stein GS, van Wijnen AJ,
Westendorf JJ. 2006. Lymphocyte enhancer-binding
factor 1 (Lefl) inhibits terminal differentiation of
osteoblasts. J Cell Biochem 97:969—-983.

Katoh Y, Katoh M. 2006. WNT antagonist, SFRP1, is
Hedgehog signaling target. Int J Mol Med 17:171-175.
Kuhl M, Sheldahl LLC, Park M, Miller JR, Moon RT. 2000.
The Wnt/Ca2+ pathway: A new vertebrate Wnt signaling

pathway takes shape. Trends Genet 16:279-283.

Liang H, Chen Q, Coles AH, Anderson SJ, Pihan G, Bradley
A, Gerstein R, Jurecic R, Jones SN. 2003. Wntb5a inhibits
B cell proliferation and functions as a tumor suppressor
in hematopoietic tissue. Cancer Cell 4:349-360.



1124 Baksh et al.

Little RD, Carulli JP, Del Mastro RG, DupuisJ, Osborne M,
Folz C, Manning SP, Swain PM, Zhao SC, Eustace B,
Lappe MM, Spitzer L, Zweier S, Braunschweiger K,
Benchekroun Y, Hu X, Adair R, Chee L, FitzGerald MG,
Tulig C, Caruso A, Tzellas N, Bawa A, Franklin B,
McGuire S, Nogues X, Gong G, Allen KM, Anisowicz A,
Morales AdJ, Lomedico PT, Recker SM, Van Eerdewegh P,
Recker RR, Johnson ML. 2002. A mutation in the LDL
receptor-related protein 5 gene results in the autosomal
dominant high-bone-mass trait. Am J Hum Genet 70:
11-19.

Liu G, Bafico A, Aaronson SA. 2005. The mechanism of
endogenous receptor activation functionally distin-
guishes prototype canonical and noncanonical Wnts.
Mol Cell Biol 25:3475—-3482.

Mikels Ad, Nusse R. 2006. Purified Wnt5a protein activates
or inhibits beta-catenin-TCF signaling depending on
receptor context. PLoS Biol 4:e115.

Moon RT, Kohn AD, De Ferrari GV, Kaykas A. 2004. WNT
and beta-catenin signalling: Diseases and therapies. Nat
Rev Genet 5:691-701.

Murdoch B, Chadwick K, Martin M, Shojaei F, Shah KV,
Gallacher L, Moon RT, Bhatia M. 2003. Wnt-5A aug-
ments repopulating capacity and primitive hematopoietic
development of human blood stem cells in vivo. Proc Natl
Acad Sci USA 100:3422-3427.

Ohnaka K, Taniguchi H, Kawate H, Nawata H, Takayanagi
R. 2004. Glucocorticoid enhances the expression of
dickkopf-1 in human osteoblasts: Novel mechanism of
glucocorticoid-induced osteoporosis. Biochem Biophys
Res Commun 318:259-264.

Ohnaka K, Tanabe M, Kawate H, Nawata H, Takayanagi
R. 2005. Glucocorticoid suppresses the canonical Wnt
signal in cultured human osteoblasts. Biochem Biophys
Res Commun 329:177-181.

Pittenger MF, Mackay AM, Beck SC, Jaiswal RK, Douglas
R, Mosca JD, Moorman MA, Simonetti DW, Craig S,

Marshak DR. 1999. Multilineage potential of adult
human mesenchymal stem cells. Science 284:143—-147.
Polakis P. 2000. Wnt signaling and cancer. Genes Dev 14:

1837-1851.

Rulifson EJ, Wu CH, Nusse R. 2000. Pathway specificity by
the bifunctional receptor frizzled is determined by
affinity for wingless. Mol Cell 6:117—-126.

Sato N, Meijer L, Skaltsounis L, Greengard P, Brivanlou
AH. 2004. Maintenance of pluripotency in human and
mouse embryonic stem cells through activation of Wnt
signaling by a pharmacological GSK-3-specific inhibitor.
Nat Med 10:55-63.

Sheldahl LC, Park M, Malbon CC, Moon RT. 1999. Protein
kinase C is differentially stimulated by Wnt and Frizzled
homologs in a G-protein-dependent manner. Curr Biol 9:
695-698.

Tetsu O, McCormick F. 1999. Beta-catenin regulates
expression of cyclin D1 in colon carcinoma cells. Nature
398:422-426.

Topol L, Jiang X, Choi H, Garrett-Beal L, Carolan PJ, Yang
Y. 2003. Wnt-5a inhibits the canonical Wnt pathway by
promoting GSK-3-independent beta-catenin degrad-
ation. J Cell Biol 162:899-908.

Ueda Y, Hijikata M, Takagi S, Takada R, Takada S, Chiba
T, Shimotohno K. 2002. Wnt/beta-catenin signaling
suppresses apoptosis in low serum medium and induces
morphologic change in rodent fibroblasts. Int J Cancer
99:681-688.

van Es JH, Barker N, Clevers H. 2003. You Wnt some, you
lose some: Oncogenes in the Wnt signaling pathway.
Curr Opin Genet Dev 13:28—33.

Veeman MT, Axelrod JD, Moon RT. 2003. A second canon.
Functions and mechanisms of beta-catenin-independent
Wnt signaling. Dev Cell 5:367-377.

Yang-Snyder J, Miller JR, Brown JD, Lai CJ, Moon RT.
1996. A frizzled homolog functions in a vertebrate Wnt
signaling pathway. Curr Biol 6:1302—1306.



