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Switch from Canonical to Noncanonical Wnt
Signaling Mediates High Glucose-Induced
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Cell-autogenous regulation

ABSTRACT

Human bone marrow mesenchymal progenitor cells (MPCs) are multipotent cells that play an
essential role in endogenous repair and the maintenance of the stem cell niche. We have
recently shown that high levels of glucose, conditions mimicking diabetes, cause impairment of
MPCs, resulting in enhanced adipogenesis and suppression of osteogenesis. This implies that
diabetes may lead to reduced endogenous repair mechanisms through altering the differentia-
tion potential of MPCs and, consequently, disrupting the stem cell niche. Phenotypic alterations
in the bone marrow of long-term diabetic patients closely resemble this observation. Here, we
show that high levels of glucose selectively enhance autogenous Wnt11 expression in MPCs to
stimulate adipogenesis through the Wnt/protein kinase C noncanonical pathway. This novel
mechanism may account for increased bone marrow adipogenesis, severe bone loss, and
reduced vascular stem cells leading to chronic secondary complications of diabetes. STEM
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INTRODUCTION

Human bone marrow mesenchymal progenitor
cells (MPCs; also known as mesenchymal stem
cells, marrow stromal cells, and multipotent
adult progenitor cells) are a pool of multipo-
tent cells that give rise to adipocytes, osteo-
blasts, chondrocytes, and perivascular cells.
Although direct associations between MPC
dysfunction and diabetes have been elusive,
the deregulation of MPC progeny is a likely
outcome of the chronic metabolic perturba-
tions seen in diabetes. Diabetes has been
associated with fatty bone marrow [1, 2],
alongside moderate to severe bone loss [3-5]
and increased fracture risk [6, 7]. Diabetes also
induces microvascular remodeling in the bone
marrow [8, 9] manifesting as impaired angio-
genic ability, endothelial cell dysfunction,
increased oxidative stress, and a reduction in
stem cell number [8]. Taken together, it would
appear that disruption of the bone marrow
microenvironment in diabetes might have det-
rimental consequences on stem/progenitor cell
function and differentiation.

We have previously demonstrated that
high levels of glucose, similar to levels seen in
diabetes, cause dysfunction of MPCs [10].
MPCs showed skewed differentiation toward
the adipocyte lineage, while their ability to
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become osteoblasts and chondrocytes was
impaired. This is the first indication of glucose
levels regulating MPC fate determination. Not
only does this alteration provide an important
link between diabetes and obesity, but it may
also account for the long-term changes that
are occurring in diabetic marrow. The mecha-
nisms underlying this association, however,
remain undiscovered. These mechanisms may
involve Wingless-type mouse mammary tumor
virus integration site family members (Wnts), a
family of secreted glycoproteins that play a
role in cell fate determination and develop-
ment [11]. In some of the early work implicat-
ing Wnt signaling in adipogenesis, Ross et al.
showed that preadipocytes can be maintained
in an undifferentiated state using Wnt10b,
which was later shown to be mediated by
blocking  peroxisome  proliferator-activated
receptor 7y (PPARy) and CCAAT-enhancer-
binding protein o (C/EBPx) [12]. These, and
other, findings led to the notion that Wnt sig-
naling acts as a switch during adipogenesis;
when switched off, differentiation of commit-
ted preadipocytes is able to proceed. To date
however, the role of Wnt signaling, canonical
or noncanonical (i.e., f-catenin-dependent and
-independent, respectively), in human MPC lin-
eage commitment has been controversial. Pre-
vious studies have shown that high glucose
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(HG) levels cause Wnt activation and nuclear ff-catenin accu-
mulation in a number of human cancer cell lines [13], macro-
phages [14], and mesangial cells [15]. Therefore, it is crucial
to understand how MPC differentiation is regulated and to
decipher the role of Wnt signaling in this process.

In this study, we systematically investigate the molecular
mechanisms that are responsible for the HG-mediated altera-
tions in MPC differentiation. We hypothesize that HG is
enhancing adipogenesis through selective modulation of Wnt
signaling, and that this mechanism is directly responsible for
the long-term phenotypic changes that are seen in the dia-
betic bone marrow.

MATERIALS AND METHODS

Isolation and Culture of MPCs

All experiments were approved by the Research Ethics Board at
the University of Western Ontario, London, Ontario, Canada.
Fresh bone marrow samples (1M-125, Lonza, Inc., Walkersville,
MD, www.lonza.com) were obtained and mononuclear cell frac-
tion was prepared as shown by us previously [10, 16]. Bone
marrow samples were cultured on fibronectin-coated (FN; 1
ug/cmz; FC010-10MG, Millipore, Temecula, CA, www.millipore.
com) plates in Dulbecco’s modified Eagle’s medium (DMEM)
low glucose with pyruvate and L-glutamine (10-014-CV, Medi-
atech, Manassas, VA, www.cellgro.com) media, supplemented
with 20% fetal bovine serum (FBS; Life Technologies, Burlington,
Canada, www.lifetechnologies.com), 1X penicillin-streptomy-
cin-amphotericin (PSF; Mediatech), and no additional growth
factors. We have shown that in the presence of serum, bone
marrow cells lose the ability to produce clonal populations and
differentiate into endothelial cells and neuroglial cells [17].
Therefore, we refer to these cells as MPCs as they retain the
ability to produce mesenchymal lineages: adipocytes, chondro-
cytes, and osteoblasts [10, 18]. All experiments using bone
marrow-derived MPCs (bmMPCs) were conducted on passage
2-6 cells with at least three technical and three to five
biological replicates.

To induce differentiation, we seeded MPCs at 40,000 cells
per square centimeter on 12-well or 24-well plates in specific
differentiation media but without FN coating (StemPro Adipo-
genesis; Life Technologies). The components of the STEMpro
media are proprietary. However, it does not contain any PPARy
agonists and we are able to reproduce our results with DMEM/
10% FBS, 5 ug/ml insulin, 1 uM dexamethasone (D2915; Sigma-
Aldrich, Oakville, Canada, www.sigmaaldrich.com), 0.5 mM iso-
butylmethylxanthine (17018; Sigma-Aldrich), 60 pM indometha-
cin (17378; Sigma-Aldrich), and 1X PSF. However, for the ease
of use and low intra-assay variability, we used StemPro for our
studies. We also plated cells at high density to study mecha-
nisms specifically at play during differentiation without the con-
founding effect of early proliferation, which takes place in most
differentiation assays. Control or differentiation media were
supplemented with HG (25 mmol/I final concentration). Control
media formulation contains approximately 5.5 mM glucose
(100 mg/dl), which approximates to normal blood glucose lev-
els in vivo. In cell culture studies, concentrations of glucose
approaching 10 mM (180 mg/dl) are considered prediabetic
and concentrations above 10 mM are analogous to diabetic
condition. To study the effect of HG, conditions mimicking dia-
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betes, we have used 25 mM glucose levels (450 mg/dl). We also
tested the effect of recombinant Wnt5a (50 ng/ml; 645-WN-
010, R&D Systems, Minneapolis, MN, www.rndsystems.com),
Wnt5b (50 ng/ml; 7347-WN-025, R&D Systems), and Wnt11 (50
ng/ml; 6179-WN-010, R&D Systems) in adipogenic differentia-
tion media. IWR-1-endo (13659-10, Cayman Chemical, Ann
Arbor, MI, www.caymanchem.com) and PNU74654 (3534/10,
R&D Systems), both were added at concentrations of 5, 10, and
20 uM. A Wnt signaling agonist (Calbiochem CAS 853220-52-7;
Millipore) was also used and added at concentrations varying
from 100 nM to 5 uM. In Solution Racl Inhibitor Il 262954982
(25 uM, 553512; Millipore), Rho Kinase Inhibitor VII (10 nM;
555556; EMD Millipore), pan-protein kinase C (PKC) inhibitor
chelerythrine chloride (700 nM, 1278; Cayman Chemicals), spe-
cific epsilon-PKC Inhibitor (5 uM; 62187 [AN]; Anaspec, Inc., Fre-
mont, CA, www.anaspec.com), and calmodulin-dependent
kinase inhibitor KN93 (500 nM, 1278; Tocris Biosciences; Bristol,
U.K., www.tocris.com) were also used depending on the experi-
ment. Media were changed every other day. RNA was isolated
from cells in order to perform gRT-PCR. For oil red O staining,
cells were fixed in 10% neutral buffered formalin and placed in
100% propylene for 5 minutes before applying 0.5% oil red O
solution (00625-25G, Sigma-Aldrich).

RNA Isolation and gRT-PCR

Using RNeasy Mini Plus or Micro Plus (Qiagen, Mississauga,
Canada, www.giagen.com), total RNA was extracted from the
cells grown in culture. The quantity was determined by Qubit
Broad Range RNA assay in the Qubit Fluorometer (Life Technol-
ogies). cDNA synthesis was performed with iScript cDNA Syn-
thesis Kit (Bio-Rad Laboratories, Hercules, CA, www.bio-
rad.com). To examine the human Wnt signaling pathway, a 96-
well RT? Profiler PCR Array (Qiagen; PAHS-043Z) was used with
RT? SYBR Green Mastermix (Qiagen) to profile the expression of
84 genes. Data were analyzed by CFX Manager Software using
AACT method with f-actin normalization and reported as rela-
tive expression. For all other mRNA analyses, reactions con-
sisted of 10 pl SsoFast EvaGreen Supermix (Bio-Rad), 2 pl of
both forward and reverse primers (at 10 pM concentration), 1
pl cDNA, and 6 pl of H,0. All primer sets were predesigned and
obtained from Qiagen except for PPARy2 (sequence [10]). All
reactions were performed for 40 cycles using the following tem-
perature profiles: 95°C for 2 minutes (initial denaturation); and
55°C for 12 seconds (annealing and extension). Data were ana-
lyzed using AACT method with f-actin normalization and
reported as relative expression.

Human Bone Marrow Samples

We obtained paraffin and frozen human femoral bone marrow
tissue slides of both control (U.S. Biomax, Rockville, MD, n = 3;
age 63 * 2.64 years) and type 2 diabetic patients (U.S. Biologi-
cals, Salem, MA; U.S. Biomax, and BioChain Institute, Hayward,
CA; n = 4, age 65.33 * 2.33 years/body mass index and duration
of diabetes unknown). cDNA samples from control and type 2
diabetic patients were obtained from BioChain Institute. Studies
were approved by the Research Ethics Board at the University of
Western Ontario, Canada. Double staining was performed using
Picture Plus Double Staining Kit (Life Technologies). Slides were
deparaffinized, hydrated through a sequential ethanol gradient,
and washed in PBS. Slides were then subjected to antigen
retrieval in Tris-EDTA buffer (10 mM Trizma-base, 1 mM EDTA,
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0.05% Tween-20, pH 9.0) and 120°C for 20 minutes using the
Antigen Retriever (2100 Retriever, PickCell Laboratories, Electron
Micrscopy Sciences, Hatfield, PA, www.emsdiasum.com). Follow-
ing antigen retrieval, endogenous peroxidase activity was
quenched with 3% H,0, diluted in methanol for 10 minutes.
Slides were blocked and primary antibodies (CD133 antibody,
ab19898, Abcam, Cambridge, MA, www.abcam.com; CD45 anti-
body, MAB1430, R&D Systems) were applied simultaneously for
1 hour. Slides were rinsed in phosphate-buffered saline (PBS)
containing 0.05% Tween-20. Goat anti-mouse IgG-horseradish
peroxidase polymer conjugate and goat anti-rabbit IgG-alkaline
phosphatase polymer conjugate were then applied for 30
minutes. Diaminobenzidine (DAB) chromogen and Fast Red were
used for detection. Slides were counterstained with Mayer’s
hematoxylin (Sigma-Aldrich) for 30 seconds and mounted using
ClearMount Mounting solution (Life Technologies). Images were
taken using Olympus BX-51 microscope (Olympus Canada, Inc.,
Richmond Hill, Canada, www.olympuscanada.com) equipped
with a Spot Pursuit digital camera (SPOT Imaging Solutions,
www.spotimaging.com, Sterling Heights, Ml).

Diabetic Animal Model

Streptozotocin-induced diabetic rat model was used. A single
intraperitoneal injection of freshly prepared streptozotocin (65
mg/kg in citrate buffer, pH 4.5) was performed in 8-week-old
Sprague-Dawley rats (Harlan Laboratories, Indianapolis, IN,
www.harlan.com). Diabetes was confirmed after 1 week fol-
lowing streptozotocin injection by measuring the blood glu-
cose level (>200 mg/dl; >11 mmol/l) using the FreeStyle
glucomonitor (www.myfreestyle.com). Following 2 months of
diabetes, rats were euthanized and femoral bones were
removed, decalcified, and embedded in paraffin. Tissues were
sectioned at 5 um. All animal procedures were in compliance
with the National Institutes of Health Guide for the Care and
Use of Laboratory Animals. The protocols for the rat studies
were approved by the Institutional Animal Care and Use Com-
mittee at the University of Florida.

Rat bone marrow slides were deparaffinized, hydrated, and
subjected to antigen retrieval as outlined above. Primary anti-
bodies (Wntl11, ab96730, Abcam; Angiopoietin 2, ab153934,
Abcam) were applied for 1 hour. Alexa488-conjugated second-
ary antibody (Life Technologies) was used for detection. Slides
were counterstained with 4’,6-diamidino-2-phenylindole (DAPI)
(Vector Laboratories) and mounted using Fluoromount K 024
(Diagnostic BioSystems, Pleasanton, CA, www.dbiosys.com).
Fluorescence images were taken using Olympus BX-51 micro-
scope and contrast images were taken with Fluoview FV10i
Confocal Laser Scanning Biological Microscope (Olympus).

Cell Transfections

MPCs were grown in culture in DMEM/20% FBS until confluent.
On the day of transfection, cells were trypsinized and resus-
pended with control or f-catenin siRNA (30 nM final concentra-
tion; Santa Cruz Biotechnologies, Santa Cruz, CA,
www.scbt.com, sc-29209) and subjected to electroporation
(1,400 V, 20 ms, 2 pulses) using Neon Transfection System (Life
Technologies). For simultaneous knockdown of Wntl1l and /-
catenin, cells were trypsinized and resuspended in a mixture of
both siRNA sets (30 nM each; Wnt11 siRNA sc-41120, Santa
Cruz Biotechnologies) and transfected as before. Knockdown
efficiency was determined at day 7 in normal growth media or
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adipogenesis media by real-time RT-PCR and enzyme-linked
immunosorbent assay. GFP-RhoA Expression Vector Set (con-
tains dominant negative and wild type; STA-452, Cell Biolabs,
San Diego, CA, www.cellbiolabs.com) or GFP-Racl Expression
Vector Set (contains dominant negative and wild type; STA-450,
Cell BioLabs) were also used at 1 pg using the same electropo-
ration protocol as for siRNA. Transfected cells were transferred
to a 24-well plate containing DMEM media without antibiotics.
The following day, the media were changed to adipogenic
media (StemPro Adipogenesis Differentiation media) with or
without the addition of HG.

PKC Activity Assay and Other Protein Measurements

Total protein was extracted using Cell Extraction Buffer (Life
Technologies, FNN0OO11) with Halt Protease and Phosphatase
Inhibitor Single-Use Cocktail (Thermo Scientific, Waltham, MA,
www.thermofisher.com) to prevent enzymatic degradation.
Total protein from each sample was then quantified using
Pierce bicinchoninic acid (BCA) Protein Assay Kit (Thermo Sci-
entific). Following quantification, total f-catenin (Life Technol-
ogies, KHO1211) and PKC kinase activity (Enzo Life Sciences,
Farmingdale, NY, www.enzolifesciences.com, ADI-EKS-420A)
were measured as per manufacturer’s protocol. Data were
normalized to g total protein levels as determined by BCA.
Angiopoietin-2 (Ang-2) and Wntl1l protein levels were meas-
ured by coating microtiter plates with cell culture media (0.05
M sodium carbonate-bicarbonate buffer; pH 9.6) for 2 hours.
Recombinant human Ang2 (623-AN-025; R&D Systems) and
Wnt1l in DMEM media were used to create standard curves.
Plates were then blocked with PBS/1% bovine serum albumin
for 2 hours. Rabbit anti-human Ang2 and Wntll antibodies
were applied at 1:200 in blocking buffer for 1 hour. Anti-
rabbit 1gG-horseradish peroxidase was used for detection with
3,3',5,5'-tetramethylbenzidine substrate. Data were normalized
to pg total protein levels.

Cell Staining

Cultured cells were trypsinized and plated (15,000 cells per
square centimeter) on FN-coated 8-chambered slides 1 day
prior to staining to allow for attachment of cells. Immunofluo-
rescence staining of MPCs for f-catenin (1:200, Abcam,
ab6302) and phospho-PKC T497 (1:100; Abcam, ab59411) was
carried out, followed by Alexa488-conjugated secondary anti-
body (Life Technologies). Images were taken using Olympus
BX-51 microscope. f-Catenin staining intensity and localization
were quantified by Imagel analysis following background sub-
traction to account for slide to slide variability.

Statistical Analysis

The data were expressed as means = SEM. Where appropri-
ate, two-tailed Student’s unpaired t tests or analysis of var-
iance with Bonferroni correction were performed. p
values < .05 were considered statistically significant.

RESULTS

HG Primes MPCs to Alter Their Differentiation
Potential

In our initial studies, we showed that exposure of MPCs to high
levels of glucose (25 mmol/l; HG) enhances adipogenesis [10].

©AlphaMed Press 2014
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Figure 1. HG primes MPCs to alter their differentiation potential through selective modulation of Wnt signaling. (A): Schematic show-
ing treatment groups for the HG priming study. (B): Extent of adipogenesis was measured by induction of adipogenesis-specific tran-
scription factors: ¢/EBPf; and c/EBPJ (early transcription factors), ¢/EBP« and PPARy2 (late transcription factors), and FABP4 (marker for
differentiated adipocytes) (data are represented as mean * SEM; *, p < .05 compared to adipogenic media [Adipo]). (C): MPCs were dif-
ferentiated into adipocytes in the presence or absence of HG and mRNA expression of Wnt ligands was examined (data are represented
as mean = SEM; *, p <.05 compared to Control). (D): Wnt1l mRNA levels in MPCs after treatment with HG for 7 days in normal growth
media (Dulbecco’s modified Eagle’s medium [DMEM]/10% FBS) (data are represented as mean = SEM; *, p < .05 compared to Control
[DMEM/10% media with 5 mmol/I glucose]). (E): mRNA levels of frizzled receptors and secreted frizzled-related proteins (SFRP-1 and -4)
(data are represented as mean = SEM; *, p < .05 compared to Control). (F): mRNA expression of fi-catenin, negative transcriptional regu-
lators of canonical Wnt signaling (TLE1/2; CTNNBIP1), and downstream target genes (CyclinD1/D2/D3; Myc; WISP1) in control, Adipo,
and Adipo + HG groups (data are represented as mean = SEM; *, p <.05 compared to Control). Abbreviations: Adipo, adipogenic induc-
tion media; CTNNBIP1, f-catenin interacting protein-1; HG, high glucose; MPC, mesenchymal progenitor cell; SFRP, secreted frizzled-
related protein; TLE1/2, transducin-like enhancer proteins 1/2; WISP1, Wnt-induced secreted protein-1.

Therefore, we first wanted to assess whether the effect of HG adipogenesis-specific transcription factors following pretreat-
on MPC differentiation was transient, or if HG reprogrammed ment of MPCs with HG suggest that glucose levels reprogram
the cells so that an increase in adipogenesis would still be evi- the differentiation capacity of MPCs. In further support, fatty
dent with removal of the stimulus. To do this, we performed a acid binding protein-4 (FABP4; also known as adipocyte protein
“priming” study as shown in Figure 1A. We compared three 2, aP2), which is a marker of fully differentiated adipocytes, was
experimental groups: (a) cells subjected to an adipogenesis assay significantly higher in cells exposed to Adipo + HG media or
only (Adipo), (b) cells pretreated with HG for 7 days in control with HG pretreatment alone (Fig. 1B). This again indicates that
media prior to the adipogenesis assay (HG pretreat- the effect of HG is not transitory.

ment + Adipo), and (c) cells subjected to the adipogenesis assay

in the presence of HG (Adipo + HG). Degree of adipogenesis, as HG Selectively Modulates Wnt Signaling During

noted by the induction level of adipogenesis-specific transcrip- ~ Adipogenesis

tion factors ¢/EBPa/f3/6 and PPARy2, was similar in groups 2 and ~ We used a real-time PCR-based array approach to profile the
3 (pretreatment group and Adipo + HG group), and was signifi- Whnt signaling pathway during the processes of adipogenesis in
cantly higher than group 1 (Adipo alone; Fig. 1B). C/EBPffand C/  HG. Presence of HG in the induction media depressed the
EBPo play an important role in early adipocyte differentiation by expression of most Wnt ligands (Fig. 1C). Interestingly, we saw a
inducing C/EBPo and PPARy2. Higher levels of these significant increase in autogenous Wntll expression by HG.

©AlphaMed Press 2014 STEM CELLS
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Figure 2. Small molecule inhibitors of the canonical Wnt pathway inhibit adipogenesis in mesenchymal progenitor cells (MPCs). (A): -
Catenin protein localization in MPCs after treatment with HG (25 mmol/l) for 24 hours in normal growth media (Green = f-catenin,
blue = 4,6-diamidino-2-phenylindole (DAPI); X20 magnification; inset at X40; highlighted areas in inset shows areas of focus for f-
catenin localization). (B): Quantification of cytoplasmic and membrane f-catenin staining (data are represented as mean = SEM; *,
p < .05 compared to control). (C): Oil red O staining following adipogenesis showing MPCs in normal growth media (control) and cells
exposed to Adipo (adipogenic induction media). HG and exogenous recombinant Wnt5a, Wnt5b, and Wnt11 (all at 50 ng/ml) were
added to each assay separately (red color = lipid droplets). (D): Mechanism of action of the IWR-1-endo (IWR-1) and PNU74654 (PNU)
Whnt signaling antagonists. (E, F): Effect of IWR-1 and PNU on ff-catenin mRNA (E) and protein (F) levels (f-catenin protein levels normal-
ized to total protein; data are represented as mean = SEM; *, p <.05 as compared to Adipo). (G): Oil red O staining after the addition
of IWR-1 and PNU at varying concentrations in Adipo media. (H): mRNA levels of adipogenesis-specific transcription factors and FABP4
after treatment with IWR-1 and PNU (data are represented as mean £ SEM; *, p < .05 compared to Adipo). Abbreviations: HG, high glu-
cose; LEF, lymphoid enhancer-binding factor 1; TCF, T-cell factor.

Treatment of MPCs with HG alone (in normal/control media) naling (transcriptional mode) with downregulation of cyclin D1
also upregulated Wnt11 expression (Fig. 1D), indicating that HG but upregulated cyclin D3 is associated with myogenic differen-
specifically was responsible for this increase. In contrast to the tiation in C2C12 mouse myoblast cell line [19]. Our results show
Wnt ligands, frizzled receptors were also selectively modulated a similar pattern of downregulation of cyclin D1/2 and upregula-
by HG (Fig. 1E). Analysis of f-catenin, f-catenin inhibitors (trans- tion of cyclin D3 with HG (Fig. 1F). We wanted to know whether
ducin-like enhancer proteins 1/2; f-catenin interacting protein- HG is in fact, decreasing [;-catenin-mediated transcription in
1, CTNNBIP1), and downstream target genes showed that HG MPCs and therefore, we treated MPCs with HG in normal media
does not induce f3-catenin-mediated transcription (Fig. 1F). Most and assessed [3-catenin localization. Both cytoplasmic and mem-

of the downstream target genes were significantly downregu- brane ff-catenin protein levels showed an increase (Fig. 2A, 2B),
lated with the exception of Myc and cyclin D3. Interestingly, a although it was absent from the nucleus illustrating that canoni-
recent study showed that inhibition of canonical f-catenin sig- cal Wnt signaling is not active. However, the intriguing behavior

www.StemCells.com ©AlphaMed Press 2014
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of Wnt11 transcript levels in HG (with or without Adipo media)
indicated a potential connection to noncanonical Wnt signaling.

Whntll Mediates the Effects of HG to Stimulate
Adipogenesis

To determine whether Wntll mediates the effects of HG in
enhancing adipogenesis, we performed MPC differentiation in
the presence of exogenous Wnt proteins, and used oil red O
staining to highlight resulting lipid droplets. Exogenous Wnt5a
and Wnt5b, both downregulated by HG (Fig. 1C), showed no
drastic effect on adipogenesis (Fig. 2C). However, with the
addition of noncanonical Wnt11, the intensity of the oil red O
staining increased mimicking the effects of HG. We further
examined whether Wnt/f}-catenin signaling was involved using
small molecule inhibitors. IWR-1-endo (IWR-1) that inhibits
canonical f-catenin-dependent signaling showed reduced adi-
pogenesis with increasing concentrations (Fig. 2D—2H). Addi-
tion of IWR-1 also reduced mRNA levels of f-catenin (Fig. 2E)
and slight but significant changes to the protein levels (Fig.
2F). This was expected as IWR-1 only degrades “free” f-
catenin which is available to participate in the canonical Wnt
pathway [20]. It should be noted that higher concentrations
of IWR-1 (greater than 10 puM) were associated with notice-
ably reduced cell density possibly due to toxicity, which may
influence MPC differentiation and our oil red O readout.
PNU74654 (PNU), a blocker of f-catenin/T-cell factor/lymph-
oid enhancer factor interaction, showed no changes in oil red
O staining, and mRNA and protein levels of f-catenin (Fig. 2D,
2G). However, mRNA levels of adipogenesis-specific transcrip-
tion factors and FABP4 after PNU treatment revealed inhibi-
tion of C/EBPs and FABP4 but not PPARy2 (Fig. 2H). We
confirmed the role of f-catenin in adipogenesis using two fur-
ther approaches. First, we treated MPCs with a Wnt agonist
(a cell-permeable pyrimidine that increases intracellular f-
catenin levels without altering the destruction complex) and
observed enhanced adipogenesis (Fig. 3A). Then, we used
siRNA to specifically knockdown the expression of f-catenin.
Contrary to what we expected, a near complete knockdown
of f-catenin dramatically increased adipogenesis (Fig. 3B—3D).
These observations led us to hypothesize that there is a
switch from canonical to noncanonical Wnt signaling upon f-
catenin gene knockdown. Therefore, we examined the expres-
sion of the likely candidate, noncanonical Wntl11, in MPCs
that were transfected with f-catenin siRNA and underwent
adipogenesis. We noted drastically enhanced Wntl1 levels at
the mRNA and protein levels (Fig. 3E, 3F) pointing to nonca-
nonical signaling, and more specifically Wnt11 as the potential
mediator of the HG-induced increase in adipogenesis. To pro-
vide experimental evidence for this switch, we simultaneously
knocked down Wntll and ff-catenin and subjected the cells
to adipogenesis. Transfection of MPCs with f-catenin and
Wntl1l siRNA led to a significant decrease in mRNA and pro-
tein levels of both factors (Fig. 3G-3l), and completely abol-
ished adipogenesis that was seen with f-catenin depletion
alone (Fig. 3J). This indicated that f}-catenin depletion led to
enhanced adipogenesis through induction of Wnt11.

Noncanonical Wnt Signaling Stimulates Adipogenesis

Our next objective was to dissect out the noncanonical Wnt
pathway and determine whether Wnt/planar cell polarity
(PCP) pathway or the Wnt/calcium (Ca**) pathway is involved
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in adipogenesis. To achieve this, we used genetic and chemi-
cal modulation of the key players in each segment of the non-
canonical pathway. Important insights into PCP signaling
emerged from studies in Drosophila, which uncovered an
important role of Rho GTPases. Two members of the Rho fam-
ily, RhoA and Racl, play a central role in the Wnt/PCP path-
way (reviewed in [21]). We transfected MPCs with dominant
negative (DN) and wild-type (WT) Racl first. DN Racl
enhanced adipogenesis as compared to WT transfected cells
(Fig. 4A) suggesting that basal Racl activity may be inhibiting
differentiation and dominant negative Racl may relieve this
inhibition. Similar results were obtained when we inhibited
Racl wusing a specific pharmacological Racl inhibitor
(262954982; Fig. 4B). Furthermore, RhoA modulation by domi-
nant negative transfection and Rho kinase Inhibitor VII con-
firmed that both Racl and RhoA have overlapping functions
in MPCs (data not shown). Rac and Rho are believed to have
opposing functions [22, 23]. This suggests that their role dur-
ing adipogenesis may be related to cell shape change, which
would result in overlapping readout.

Building on these studies, we examined the role of Wnt/
Ca®" pathway in adipogenesis. Inhibition of PKC through che-
lerythrine chloride (Che) or PCK-¢ V1-2 [24], which specifically
blocks the epsilon isoform of PKC, reduced adipogenesis in
MPCs (Fig. 3C). To prevent signaling on the alternate side of
the same pathway, we used KN93 to inhibit calcium/calmodu-
lin-dependent kinase Il (CAMKII). CAMKII paralleled PKC activ-
ity during MPC differentiation (Fig. 4C). These results
demonstrate a positive role for the Wnt/Ca®" pathway in the
regulation of adipogenesis. Our previous results point to
Wntll as mediating the effects of HG, therefore we tested
whether Wnt11 would normalize the effects of PKC inhibition.
Our hypothesis was that Wnt1ll would decrease the level of
PKC inhibition if it used the same pathway. We found that
Wntll does significantly dampen the effects of both PKC
inhibitors (Fig. 4C) suggesting that Wntll may mediate its
effects by inducing PKC activity. We confirmed the role of PKC
by measuring its activity and show that exogenous Wntll
increases PKC activity in both Che and PKCe V1-2-treated cells
(Fig. 4D). Next, we examined phospho-PKC (p-PKC) levels in
human MPCs that had been treated with Wnt11 (50 ng/ml)
for 24 hours in normal media. We found increased p-PKC in
MPCs treated with Wntll (Fig. 4E). Increased p-PKC levels
upon Wntll treatment were found to colocalize to the
nucleus. This was an unusual and unexpected finding. Interest-
ingly, PKCe¢ has been shown to accumulate in the nuclei of
3T3-F442A cells [24].

Reduced CD133+ Stem Cells in Diabetic Bone Marrow

In order to investigate whether the enhanced differentiation
of MPCs to adipocytes is a direct reflection of alterations
occurring in the stem cell niche, we examined CD133-
expressing cell number in human control and type 2 diabetic
bone marrow samples. As human samples are quite difficult
to procure, we were only able to obtain type 2 diabetic
patient samples. However, this afforded us the ability to
determine stem cell number unambiguously, as CD133 is spe-
cific to stem/progenitor cells in humans but not rodents. We
used immunohistochemistry to stain for CD133+ cells that
were devoid of CD45 reactivity and CD133+/CD45+ hemato-
poietic stem cells (HSCs). The rationale was to determine
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Figure 3. Depletion of ff-catenin enhances adipogenesis in mesenchymal progenitor cells (MPCs) through induction of Wnt11. (A): Oil
red O staining following exposure of MPCs to Wnt agonist for 7 days showed increased adipogenesis. (B, C): Levels of ff-catenin mRNA
(B) and protein (C) in MPCs 7 days after transfection with ff-catenin siRNA (cells cultured in growth media following transfection; f-
catenin protein levels normalized to total protein; data are represented as mean * SEM; *, p <.05 compared to control siRNA). (D):
Extent of adipogenesis after f-catenin siRNA transfection (data are represented as mean = SEM; *, p <.05 compared to control siRNA).
(E, F): Level of Wntl1l mRNA (E) and protein (F) after f-catenin siRNA transfection (cells cultured in Adipo media [adipogenic induction
media] following transfection; Wntl1l protein levels normalized to total protein; data are represented as mean = SEM; *, p <.05 com-
pared to Adipo + control siRNA). (G-l): Silencing of Wntll in f-catenin siRNA transfected cells (simultaneous silencing) effectively
knocks down mRNA (G) and protein levels (H, 1) of both Wnt11 and f-catenin (f-catenin and Wnt11 protein levels normalized to total
protein; data are represented as mean = SEM; *, p < .05 compared to control siRNA). (J): Extent of adipogenesis following Wnt11 knock-
down in f-catenin siRNA transfected cells (data are represented as mean = SEM; *, p < .05 compared to f-catenin siRNA only).

alterations in cells with vasculogenic ability [16, 17, 25]. These posity has been shown in human diabetes [27] and in animal
subsets may comprise MPCs as well as cells which give rise to models of diabetes [28, 29]. Our findings nicely highlight the
endothelial progenitor cells as we have shown previously [16, potential functional consequence of increased adiposity. The
18, 25, 26]. The qualitative analysis demonstrated a lower reduction in CD133-expressing cells may be due to depletion
number of CD133+CD45— cells in the diabetic bone marrow, (i.e., MPCs differentiating into adipocytes thereby reducing
alongside an increase in adipocytes that was not evident in the number of CD133-expressing cells) or a nonpermissive
our control samples (Fig. 5A, 5B). Increased bone marrow adi- change in the stem cell microenvironment.
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Figure 4. Wntll stimulates PKC to increase adipogenesis. (A): Extent of adipogenesis after transfection of mesenchymal progenitor
cells (MPCs) with DN and WT Racl (data are represented as mean = SEM; *, p <.05 compared to WT Racl). (B): mRNA of
adipogenesis-specific transcription factors and FABP4 after treatment with Racl antagonist (data are represented as mean = SEM; *,
p <.05 compared to Adipo). (C): Extent of adipogenesis following treatment with calmodulin-dependent protein kinase (CamKIl) |nh|b|-
tor KN93, general PKC inhibitor Che, PKCe-specific inhibitor peptide PKCe V1-2, or PKC inhibitors in the presence of recombinant Wnt11
(data are represented as mean = SEM; *, p <.05 compared to Adipo; " p < .05 compared to Adipo + Che; ©, p <.05 compared to
Adipo + PKCe V1-2). (D): PKC activity level following exposure to Adipo, PKC inhibitors, and PKC inhibitors in the presence of Wntll
(data are represented as mean * SEM; *, p < .05 compared to control). (E): Staining of phospho-PKC (p-PKC) in MPCs after treatment
with Wnt11 (50 ng/ml) for 24 hours in normal media (Green = phospho-PKC; X20 magnification; inset at X40; red arrow showing spe-

cific nuclear localization). Abbreviations: DN, dominant negative; PKC, pan-protein kinase C; WT, wild type.

HG Modulates Angiopoietin-2

We looked at various factors that may be responsible for
maintaining stem cells in a quiescent/undifferentiated state,
including nitric oxide (NO), stromal cell-derived factor-1 (SDF-
1), and angiopoietin-1 (Angl) and -2 (Ang2) (reviewed in
[30]). Although we found no changes in NO, CXCL12 (SDF-1),
or CXCR4 (SDF-1 receptor) (data not shown), we did note the
dramatic elevation of Ang2 mRNA expression in diabetic bone
marrow samples (Fig. 5C). Because Angl and Ang2 bind to
the same Tie2 receptor but antagonize each other’s actions
[31, 32], we examined the ratio of Angl to Ang2 in our sam-
ples and show a significant reduction in diabetic bone marrow
(Fig. 5D), indicating a possible role for Ang2 in altering home-

©AlphaMed Press 2014

ostasis and possibly disrupting the stem cell niche. Interest-
ingly, diabetes is associated with vascular remodeling in the
marrow [8] as well as inflammation [33], both reminiscent of
Ang2 actions. We also noted an increase in Tie2 mRNA in dia-
betic bone marrow (Fig. 5E), indicating a potential upregula-
tion of the antagonistic Ang-Tie signaling system in a HG
setting. Because of the predominant number of adipocytes in
the marrow samples, we reasoned that adipocytes are the
source of Ang2. In support of this concept, we induced the
differentiation of MPCs into adipocytes in the presence or
absence of HG. As expected, cells treated with HG exhibited
significantly higher Ang2 mRNA levels (Fig. 5F) and Ang2 pro-
tein in culture media (Fig. 5G).
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HG modulates angiopoietin-2 in diabetic bone marrow. (A): Staining of vasculogenic stem cells (CD133+CD45—; red arrow)

and hematopoietic stem cells (HSCs; CD133+CD45+; asterisk) in control and type 2 diabetic bone marrow samples. (B): Quantification
of stem cells in human marrow samples (data are represented as mean = SEM; *, p < 0.05 compared to nondiabetic). (C): mRNA levels
of Angl and Ang2 in diabetic and nondiabetic marrow samples (data are represented as mean = SEM; *, p < 0.05 compared to nondia-
betic). (D): Normalized ratio of Angl/Ang2 in diabetic marrow samples (*, p > 0.05 compared to nondiabetic). (E): mRNA levels of Tiel
and Tie2 (angiopoietin receptors) in diabetic bone marrow (data are represented as mean £ SEM; *, p < 0.05 compared to nondiabetic).
(F): mRNA expression of Ang2 after differentiation of MPCs to the adipocyte lineage in the presence or absence of HG (data are repre-
sented as mean = SEM; *, p < 0.05 as compared to Adipo without HG). (G): Ang2 protein levels in culture media after differentiation of
MPCs in the presence of HG (48-hour media collected at day 7; Ang2 normalized to total protein levels; data are represented as mean-

* SEM; *, p < 0.05 compared to Adipo). Abbreviation: HG, high glucose.

Since type 2 diabetes is associated with increased insulin
levels and dyslipidemia in addition to hyperglycemia, we used
a type 1 diabetic rat model to corroborate the HG effect inde-
pendent of hyperinsulinemia and dyslipidemia. We obtained
femur bone tissues from 2-month-old diabetic and control
rats (Fig. 6A) and stained for Ang2. A very distinct staining
pattern was noted in the diabetic samples, with Ang2 being
localized to the marrow adipocytes specifically (Fig. 6B). This
staining pattern supports the deregulation of Angl/2 upon
MPC differentiation, and indicates that the adipocytes them-
selves are upregulating these proteins in response to HG. In
addition, diabetic marrow displayed more immunoreactivity
for Ang2 than control marrow highlighting the effect of hyper-
glycemia. Lastly, we stained for Wntll to confirm a seminal
role for this protein in HG-mediated adipogenesis. We noted
Wnt11 staining of stem/progenitor cells clustered around the
adipocytes (Fig. 6C). This localization pattern points to a cell
autogenous role of Wntl11 in initiating differentiation.

www.StemCells.com

DiscussION

This study establishes the molecular mechanisms behind the
skewing of MPC differentiation potential by HG levels and
examines, in a broader sense, how this may participate in dia-
betic bone pathology. The salient findings of our study
include: (a) HG “primes” MPCs, reprogramming autocrine Wnt
signaling, (b) there is a switch from canonical to noncanonical
Wnt signaling in adipogenesis, and (c) the noncanonical
Wnt11/PKC pathway is responsible for the skewing of lineage
potential that is seen in MPCs in HG (Fig. 7).

Much of what we know about the process of adipogenesis
comes from studies in rodent cell lines (e.g., 3T3-L1 mouse
embryo-derived “preadipocytes”) and rodent multipotential
cells. The process involves two phases: the initial commitment
phase and the later terminal differentiation phase [34]. Wnt
signaling has been linked to the initial commitment phase
where canonical and noncanonical ligands have been shown

©AlphaMed Press 2014
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Figure 6. Bone marrow of diabetic rats show increased Wntl11l
and Ang2. (A): Phase-contrast map of control and typel diabetic
rat bone samples (red arrow highlighting adipocytes). (B): Ang2
immunostaining in control and type 1 diabetic rat bone marrow
tissues (Green = Ang2; blue = DAPI; asterisk shows a representa-
tive Ang2 immunoreactive adipocyte; immunostaining at x40
magnification). (C): Wntl1l immunostaining in control and type 1
diabetic rat bone marrow. Red arrow signifies cells positive for
Wntll around the adipocytes (Green = Wntll; blue= DAPI;
immunostaining at X40 magnification). Abbreviation: DAPI, 4’,6-
diamidino-2-phenylindole.

to regulate adipogenesis-specific transcription factors. Addi-
tion of WntlOb inhibits PPARy and reduces adipogenesis
whereas knockout of low density lipoprotein receptor-related
protein 6 enhances adipogenesis [35, 36]. Interestingly, this
signaling pathway tightly regulates osteogenesis as well. Addi-
tion of the same Wnt10b has been shown to enhance osteo-
genesis in rodent bone marrow-derived ST2 (stromal cell line)
cells [37]. Reports of both positive [38] and negative [39, 40]
regulation of adipogenesis by noncanonical Wnts are also
ample. Early studies indicated a positive role for noncanonical
Wnts in the regulation of bone mass [39, 41, 42]. However, a
more recent study has convincingly demonstrated enhanced
bone resorption by noncanonical signaling [43].

We have provided experimental evidence that f-catenin
protein is required for adipogenesis in human bone marrow-
derived MPCs. This role of ff-catenin seems to be independent

©AlphaMed Press 2014
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Figure 7. Schematic showing summary of major findings. Our
working model based on the findings of this study suggests that high
levels of glucose in diabetes cause increased expression of Wntl1 in
mesenchymal progenitor cells (MPCs). Wnt11 then primes MPCs to
differentiate into adipocytes through activation of PKC. Imbalance
between adipocytes and osteoblasts may alter Ang/tie signaling
within the bone marrow stem cell niche although decreased Angl/
Ang2 ratio. Ang2 may also be involved in direct depletion of stem
cells and vascular remodeling in the bone marrow.

Adipocyte

of transcription-mediated mechanisms. Interestingly, complete
suppression of f-catenin induced an unexpected increase in
adipogenesis and represented a switch from canonical to non-
canonical Wnt signaling, evidenced by the dramatic elevation of
Wnt11. This enhanced adipogenesis was abolished when Wnt11
was silenced. Therefore, our study provides evidence for an
important role of noncanonical Wnt signaling as a major player
in adipogenesis. We also set out to examine the dual noncanon-
ical pathways in order to establish a comprehensive under-
standing of Wnt signaling in the process of adipogenesis. While
the Wnt/PCP pathway seems to inhibit adipogenesis, the Wnt/
PKC pathway positively regulated this process. With the use of
both a general PKC and PKCe-specific inhibitor, we were able to
suppress adipogenesis. Further studies must be done in order
to elucidate whether essential adipogenic transcription factors
PPARy2 and c/EBPs are a direct target of PKC.

CONCLUSION

Since MPCs are an important cellular constituent of bone
marrow and are thought to give rise to the mesenchymal line-
age cells including osteoblasts, chondrocytes, and adipocytes,
chronic hyperglycemia in diabetes may be altering the cellular
makeup of the bone marrow. Bone loss and increased marrow
adiposity have become hallmarks of the diabetic bone pheno-
type [1, 2], although not much is known about the mecha-
nisms behind these changes. Based on our findings, we can
postulate that hyperglycemia induces Wnt11 in marrow MPCs
leading to increased adipogenesis and impaired osteogenesis.
Enhanced adipogenesis is associated with elevated Ang2
expression. We know that Angl-Tie2 signaling is involved in
the long-term repopulation of bone marrow HSCs, crucial for
the maintenance of the stem cell niche [44]. Elevated Ang2 in
diabetes may disrupt Angl-Tie2 signaling reducing stem/pro-
genitor cells in diabetic bone marrow. Elevated Ang2 may also
play a role in microvascular remodeling and inflammation in
the bone marrow of diabetic patients. These observations
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certainly warrant further studies on the functional significance

of marrow Ang2 in diabetes.
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