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Autologous stem cell therapy has not been as effective
as forecasted from preclinical studies. Patient age was
reported as an important contributing factor. The
goal of this study was to uncover age-dependent
mechanisms of stem cell dysfunction and to investi-
gate possible means to restore the cellular function.
Bone marrow mesenchymal stem cells (MSCs) were
isolated from cardiovascular patients. Cell prolifera-
tion and number of colonies were inversely corre-
lated with patient age. Myogenic differentiation of
MSCs in culture was induced with 5-azacytidine. Dif-
ferentiation correlated with age, with less differenti-
ation in MSCs from aged patients. We performed real-
time PCR to identify genes in the WNT/�-catenin
signaling network and found that transcript levels of
CTNNB1, LEF1, FZD8, WNT3A, and SFRP4 were nega-
tively correlated with age, whereas FOSL1, LRP6, and
FZD6 were positively correlated with age. Protein
evaluation showed that �-catenin nuclear transloca-
tion correlated with age and was lower in aged MSCs.
Aged MSCs treated with lithium chloride—to increase
the bioavailability of �-catenin—recovered their ca-
pacity for myogenic differentiation through myocyte
enhancer factor 2C but not with the knockdown of
�-catenin using small-interfering RNA. This study
may be the first to relate reduced nuclear �-catenin
bioavailability in MSCs from aged patients. Most im-
portant, this abnormality was potentially recoverable,

providing a target for improving the function of bone
marrow stem cells and their clinical utility in aged
patients. (Am J Pathol 2012, 181:2067–2078; http://dx.doi.

org/10.1016/j.ajpath.2012.08.021)

Aging increases the risk of morbidity and mortality in
patients with cardiac disease and is associated with stem
cell dysfunction and decreased tissue repair after in-
jury.1,2 Cell therapy provides a promising opportunity to
improve cardiac function after injury, but age limits stem
cell function. The results of the initial clinical trials were
not as promising as predicted from the preclinical stud-
ies, perhaps because the patients were older and had
multiple comorbidities.3 Recent studies suggest that age
was a major factor limiting the benefit of progenitor cell–
mediated recovery after myocardial injury, although the
mechanisms are still unclear.4,5 To improve the results of
stem cell therapy in elderly patients, attempts should be
made to improve cell function. Determining the mecha-
nisms responsible for stem cell dysfunction and identify-
ing ways to rejuvenate aged stem cells could renew the
promise of cell therapy to improve the recovery of aged
patients.

Human bone marrow stem cells are readily isolated
during cardiac procedures and show beneficial effects
when used for myocardial repair.3 Although the mecha-
nism is not fully understood, the evidence showed that
stem cell therapy improves the recovery of ventricular
function primarily by the release of paracrine factors.
Recently, predifferentiation of human bone marrow mul-
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tipotent mesenchymal stem cells (MSCs) to a myogenic
phenotype was shown to enhance their therapeutic ef-
fectiveness in a murine model.6

The WNT/�-catenin signaling network is closely linked
to stem cell self-renewal and differentiation through reg-
ulation of CTNNB1,7 the gene encoding �-catenin, and,
most important, it plays an essential role in myogenic and
cardiogenic development.8 Cytosolic �-catenin is avail-
able for nuclear translocation in the presence of WNT
activity.9 After translocation to the nucleus, �-catenin in-
teracts with TCF/LEF transcription factors to regulate
genes associated with self-renewal, proliferation, and dif-
ferentiation. In the developing embryo, many of these
signals have been well characterized.10 Although this
system has been implicated in aged phenotypes,11 to
date, few studies have linked aberrant WNT/�-catenin
signaling in bone marrow MSCs from cardiac patients
with the impaired regenerative potential of the cells.

The objective of this study was to better understand
the role of WNT/�-catenin signaling in patients with car-
diovascular disease to identify new targets for the recov-
ery of stem cell function to improve their utility for cardiac
repair. Herein, we determined that the function of MSCs
harvested from patients undergoing cardiac surgery cor-
related with genes involved in the WNT/�-catenin signal-
ing network. Increasing age was associated with re-
duced MSC proliferation, MSC differentiation, and WNT/
�-catenin signaling. Finally, we demonstrated that some
functions of MSCs from aged individuals could be re-
stored with lithium therapy, which increases �-catenin
bioavailability to improve MSC myogenic differentiation.

Materials and Methods

Human Bone Marrow Samples and Patient
Characterization

Human bone marrow was obtained from patients under-
going cardiovascular surgery at Toronto General Hospi-
tal, Toronto, Canada. All the procedures were approved
by the Research Ethics Board (REB#CCR001), and pa-
tients provided written informed consent. The 22 study
patients were divided into a young group (aged 47, 51,
54, 57, 57, 57, 59, 60, and 63 years; mean � SD age,
56.1 � 4.8 years) and an aged group (aged 64, 64, 66,
68, 70, 70, 74, 74, 76, 79, 79, 84, and 85 years; mean �
SD age, 73.3 � 7.1 years). These groupings resulted
from an attempt to categorize the patients by decade-of-
life quartiles: 40 to 50 years, 51 to 60 years, 61 to 70
years, and �70 years. Among the individuals in the lower
two quartiles, the mean age was 55 years, and 2 SDs (8
years) set the upper level of the young group at 63 years.
The aged group ranged from 64 to 85 years, and the 95%
CIs of the two groups differed by 10 years (the upper limit
was 59 years for the young group, and the lower limit was
69 years for the aged group).

In addition to age, the cardiovascular risk factors of
each patient were documented (Table 1). Cardiac func-
tion was graded using the New York Heart Association

functional classification and by measuring left ventricular
ejection fraction. The difference in risk factors between
age groups was evaluated statistically as described later
herein.

Cell Isolation, Culture, and Characterization

Bone marrow mononuclear cells were isolated by density
gradient separation using the Accuspin Histopaque sys-
tem (Sigma-Aldrich, St. Louis, MO). To evaluate the num-
ber of stem cells in the bone marrow cells from young and
aged patients, colony-forming unit (CFU) assessment
was performed. Freshly isolated bone marrow cells (2 �
104 per dish) were mixed with 1 mL of MethoCult media
(STEMCELL Technologies Inc., Vancouver, BC, Canada)
and were cultured in 35-mm2 dishes at 37°C, 5% CO2,
and �95% humidity. After 7 days, colonies were quanti-
fied in a blinded manner using a Nikon Ti-S microscope
(Nikon Instruments, Melville, NY).

To characterize the cultured MSCs, cells (1 � 107)
were seeded in 175-mm2 plates, grown to 80% conflu-
ence, and subcultured to passage 2 before the experi-
mental studies. We randomly selected six MSC samples
from patients in each age group and labeled them with
antibodies against CD44, CD73, CD90, CD105, CD34,
CD45, and CD133 for fluorescence-activated cell sorting
analysis.

MSC Growth and Differentiation

The cells (5 � 104 per dish) were seeded and cultured,
and cell growth characteristics were evaluated by growth
curves. The number of the cells was determined on day 1
and every 3 days until day 21 after culture by counting
using a hemacytometer and trypan blue exclusion. The
growth rate was calculated from the linear phase of the

Table 1. Characteristics of 22 Cardiovascular Patient Stem Cell
Donors

Characteristic

Young
group

(n � 9)

Aged
group

(n � 13) P value

Age [years,
(mean � SD)]

56.1 � 4.8 73.3 � 7.1 �0.0001

Sex, M/F (No.) 7/2 11/2
Coronary artery

disease
44 (4) 69 (9)

Valve disease 55 (5) 38 (5)
CABG � valve

disease
11 (1) 12 (1)

Peripheral vascular
disease

0 31 (4)

Smoking 55 (5) 54 (7)
Diabetes mellitus 11 (1) 15 (2)
Cholesterolemia 78 (7) 77 (10)
Poor LV function

(�40% EF)
0

Statin 55 (5) 85 (11)
Transfusions 55 (5) 62 (8)

Values are given as percentage (number) except where otherwise
indicated.

F, female; M, male; CABG, coronary artery bypass graft; EF, ejection
fraction; LV, left ventricular.
growth curve based on cell number over time using trip-
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licate cell counts on days 1, 3, 7, and 9 to determine the
slope of the line.

For differentiation analysis, MSCs were seeded in 96-
well suspension cell plates (1.5 � 104 per well). After 1
day of culture, cell clusters from 24 wells were transferred
to one 35-mm2 dish and were treated with 10 �m of
5-azacytidine (5-Aza) for 24 hours. Cells were harvested
18 days later for myosin heavy chain (�/�MHC) gene and
protein expression analysis using Western blot analysis
and quantitative PCR (qPCR).

Cell Viability Assays

MSCs (8 � 103) were plated in 96-well plates. After 24
hours, cells were treated with 0.3, 0.6, 0.9, or 1.2 mmol/L
H2O2 for 16 hours in triplicate. To evaluate the effect of
lithium on viability, cells were treated with 20 mmol/L
lithium chloride for 16 and 72 hours. For the MTT assay
(Roche Applied Science, Indianapolis, IN), the media
was removed and MTT was added to a final concentra-
tion of 1.0 mg/mL, incubated for 4 hours, and solubilized
in dimethyl sulfoxide for 24 hours at 37°C. Absorbance
was read at 570 nm, with a reference wavelength of 650
nm. The CyQUANT assay (Invitrogen, Carlsbad, CA), a
nonenzymatic assay, measures the total nucleic acid
content of cells in culture. Briefly, adherent cells are
washed with PBS, dry aspirated, and frozen at �80°C.
Cells were thawed and lysed in the presence of a nucleic
acid–sensitive fluorescent reagent. Relative cell density
determination was made using a fluorescent plate reader
at an excitation of 480 nm and emission of 520 nm. For
the lactate dehydrogenase (LDH) assay (Roche Applied
Science), media from the H2O2-treated or lithium-treated
cells were analyzed for LDH, which is released from
dying cells. The determination of LDH activity was per-
formed with a spectrophotometric assay at 490-nm ab-
sorbance, based on the oxidation of lactate to pyruvate in
the presence of NADH and a diaphorase catalyst to re-
duce tetrazolium salt.

Oxidative Stress Analysis

MSCs (5 � 105) were plated in 6-well plates. After 24
hours, they were treated with 20 mmol/L lithium chloride
for 16 hours. The cell-permeable redox probe CM-
H2DCFDA was then added to the media and preloaded
at a concentration of 5 �mol/L for 1 hour. The superoxide-
sensitive probe dihydroethidium was then added for an
additional 1 hour. The cells were detached and immedi-
ately analyzed by fluorescence-activated cell sorting.

Effect of Lithium on Myogenic Differentiation of
Aged Cells

MSCs were seeded in 96-well suspension cell plates
(1.5 � 104 per well). After 1 day of culture, cell clusters
from 24 wells were transferred to one 35-mm2 dish. After
culture of cell clusters for 24 hours, cells were treated as
follows: on day 1, 20 mmol/L lithium chloride; on day 2, 10

�m of 5-Aza and 20 mmol/L lithium chloride; and on day
3, 20 mmol/L lithium chloride. Cells were harvested on
days 7, 10, and 18 after the last treatment for �/�MHC
gene and protein expression analysis using Western blot
analysis and qPCR.

For transcript knockdown, cells were pretreated with
Stealth RNAi against �-catenin (Invitrogen; sense-5=-
CCCUCAGAUGGUGUCUGCCAUUGUA-3=; antisense-5=-
UACAAUGGCAGACACCAUCUGAGGG-3=). Knockdown
efficiency was �70% and was sustained over the 3-day
treatment period. The cells were harvested for cell
differentiation analysis.

The interaction between �-catenin and myocyte en-
hancer factor 2C (MEF2C) proteins was predicated using
gene modeling interaction software (GeneMANIA predic-
tion server, http://genemania.org, last accessed Decem-
ber 8, 2011).12

RNA Extraction and qPCR

Total RNA from differentiated MSCs was extracted using
the RNeasy mini kit (Qiagen Inc., Valencia, CA) accord-
ing to the manufacturer’s protocol. cDNA was synthe-
sized from 1 �g of total RNA using the RT2 first strand kit
(SABiosciences, Frederick, MD) according to the manu-
facturer’s procedure. PCR was performed under optimal
amplification conditions using an RT2 qPCR master mix
(SABiosciences) with an Eppendorf Mastercycler ep re-
alplex 2 (Eppendorf North America, Hauppauge, NY).
Eighty-four genes related to the WNT/�-catenin pathway
were screened and plotted by heat map for assessment
against cumulative risk factors (see Supplemental Table
S1 at http://ajp.amjpathol.org).

Protein Isolation and Western Blot Analysis

Cells were washed twice with cold PBS, harvested, and
lysed in hypotonic buffer (10 mmol/L HEPES, 10 mmol/L
NaCI, 0.1 mmol/L EDTA, 0.1 mmol/L EGTA, and 1 mmol/L
dithiothreitol) containing protease and phosphatase in-
hibitor cocktails (Sigma-Aldrich) for 20 minutes on ice.
Nuclei were pelleted by centrifugation at 10,000 � g for 5
minutes, and supernatants were collected as a cytoplas-
mic fraction. Nuclear pellets were then resuspended in
hypertonic buffer (20 mmol/L HEPES, 400 mmol/L NaCI,
0.1 mmol/L EDTA, 0.1 mmol/L EGTA, and 1 mmol/L di-
thiothreitol) with protease and phosphatase inhibitor
cocktails for 45 minutes on ice. Nuclear protein in the
supernatant was collected by centrifugation at 20,000 �
g for 10 minutes. Total nuclear protein was isolated from
an equal number of cells under identical cell densities
and cell conditions for the young and aged groups. Nu-
clear protein levels of �-catenin were determined by
Western blot analysis using monoclonal antibodies
against �-catenin.

Measurement of other proteins, cardiac (�/� isoform)
myosin heavy chain (�/�MHC), smooth muscle myosin
heavy chain, connexin 43, sarcomeric actinin, actin,
MEF2C, and glyceraldehyde-3-phosphate dehydroge-
nase was performed using whole-cell extracts for West-
ern blot analysis. The protein concentration was deter-

mined by the Bradford method (Bio-Rad Laboratories,

http://genemania.org
http://ajp.amjpathol.org


2070 Brunt et al
AJP December 2012, Vol. 181, No. 6
Hercules, CA). Lysates containing 20 �g of protein were
added to an equal volume of 2� reducing sample buffer
(100 mmol/L Tris-Cl, pH 6.8, 200 mmol/L dithiothreitol, 4%
SDS, 20% glycerol, and 0.2% bromophenol blue) and
heated at 100°C for 3 minutes. The samples were sepa-
rated by gel electrophoresis and were electrotransferred
onto a polyvinylidene difluoride membrane. After the
blots were blocked with 5% nonfat milk in Tris-buffered
saline and Tween 20 (20 mmol/L Tris-HCl, pH 7.6, 137
mmol/L NaCl, 0.05% Tween 20) at 4°C overnight, they
were incubated with primary antibody for 1 to 2 hours at
room temperature, washed with Tris-buffered saline and
Tween 20, and incubated (1 to 2 hours) with appropriate
horseradish peroxidase–conjugated secondary anti-
body. The membranes were washed, visualized, and
quantified by densitometry.

Immunocytochemical Analysis

MSCs were seeded on cover slides and incubated under
normoxia (21% O2, 5% CO2) in the presence of lithium
chloride (20 mmol/L) or under hypoxia (1% O2, 5% CO2)
for 16 hours. The cells were fixed with 2% paraformalde-
hyde for 10 minutes and then were incubated with pri-
mary Ki-67 or �-catenin antibody for 1 hour. The cells
were washed and then incubated with the appropriate
Alexa 565–conjugated secondary antibody for 1 hour
and then with DAPI and Alexa 488–conjugated phalloidin
for 5 minutes. The slides were sealed with fluorescent
mounting medium (Dako, Carpinteria, CA). Images were
taken using a Nikon Ti-S fluorescence microscope (Nikon
Instruments).

Statistical Analysis

All the values are expressed as mean � SD. To deter-
mine which factors affected stem cell function, a �2 test
was used for discrete categorical clinical parameters
(0 � no or 1 � yes) and a two-tailed t-test was used for
variables with continuous values. We performed a one-
way analysis of variance if �3 values were compared,
followed by the Newman-Keuls multiple comparison test.
Time-related differences were evaluated using a two-
way, time-varying analysis of variance, and if the F ratio
was significant (P � 0.05), differences were specified by
a post hoc multiple range test. Linear correlations were
determined using a two-way statistical Spearman test.
Differences were considered statistically significant at
P � 0.05.

Results

Patient Characterization

Bone marrow samples were collected from 22 patients
divided into young (mean � SD, 56.1 � 4.8 years) and
aged (mean � SD, 73.3 � 7.1 years) groups according to
grouping criteria and were assessed for cardiovascular
risk factors. The mean age and comorbidities of the pa-

tients are presented in Table 1. The patient ages were
significantly different between the young and aged
groups, but there were no differences in other cardiovas-
cular risk factors. Age was determined to be the only
risk factor that affected proliferation and differentiation
of MSCs (see Supplemental Figure S1 at http://ajp.
amjpathol.org).

MSC Proliferation, Differentiation, and Myogenic
Commitment Are Impaired with Age

The cultured MSCs were predominantly positive for
CD44, CD73, CD90, and CD105, but almost completely
negative for CD34, CD45, and CD133 (see Supplemental
Figure S2 at http://ajp.amjpathol.org). Cells from the
young and aged groups were compared, but no signifi-
cant differences in the cell surface markers were found.

Patient MSCs grown in vitro for 21 days showed
marked differences in their proliferation potential (Figure
1A). Aged MSCs demonstrated less than half the average
growth rate over 21 days of expansion compared with
young MSCs. On day 7, cell density was lower in aged
MSCs compared with young MSCs (Figure 1B). Because
cell density can affect rate of growth (for several rea-
sons), we also demonstrated a diminished proliferative
potential of aged MSCs when cell plating density (near
confluence) was equal as we identified less positive nu-
clear staining for the proliferative antigen Ki-67 (Figure
1B). There was a significant negative correlation between
patient age and the linear growth rate of MSCs in vitro
(Figure 1C).

The number of mononuclear cells bearing hematopoi-
etic surface markers (CD34, CD45, and CD133; data not
shown) was not different between the two patient groups.
However, to determine the capacity for progenitor out-
growth and differentiation, we cultured the mononuclear
cells in three-dimensional methylcellulose media. The
numbers of blast-forming erythrocyte, CFU granulocyte-
macrophage, and CFU granulocyte-erythrocyte-mono-
cyte-macrophage colonies were counted to determine
total CFUs. The number of blast-forming erythrocyte,
CFU granulocyte-macrophage, and CFU granulocyte-
erythrocyte-monocyte-macrophage progenitors was
significantly lower in aged bone marrow mononuclear
cells (Figure 1D). In addition, there was a significant
negative correlation between total CFUs and the age of
the patients from whom the bone marrow was isolated
(Figure 1E).

To assess the myogenic differentiation potential in
bone marrow MSCs in vitro, cells were first formed into
numerically equal clusters to promote contact. We then
treated MSC clusters with 5-Aza (10 mmol/L). In addition
to the contractile proteins �/�MHC, we also evaluated the
expression of NKX2.5, MEF2C, smooth muscle heavy
chain, connexin 43, and � sarcomeric actinin as other
accepted indicators of myogenic differentiation.13,14 Dif-
ferentiation was observed by the expression of �/�MHC,
connexin 43, and the myogenic (or cardiomyogenic) tran-

scription factors NKX2.5 and MEF2C (Figure 1F).

http://ajp.amjpathol.org
http://ajp.amjpathol.org
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Gene Array Identifies an Altered WNT/�-Catenin
Gene Profile in MSCs

To determine the mechanism responsible for the dimin-
ished proliferation and myogenic differentiation observed
in the aged MSCs, we performed real-time PCR array
analysis to detect differences in 84 WNT/�-catenin sig-
naling genes under basal conditions (Figure 2A). The
MSCs were first ranked with respect to the cumulative
cardiovascular risk factors for the patients (see Supple-
mental Table S1 at http://ajp.amjpathol.org), and genes
from MSCs were plotted in a heat map assessment (Fig-
ure 2B). We identified 34 potential genes altered in the
MSCs that may be associated with cardiovascular co-
morbidities. We also compared the relative fold differ-
ence in suspect genes from the MSCs isolated from pa-
tients with the five highest cardiac risk scores against
three patients with the lowest risk scores to provide a
numeric representation of the data (Figure 2C).

We next performed quantitative correlational analysis
by examining the suspect genes identified in the array to
identify those specifically correlated with age (Figure 3).
We found that MSCs isolated from aged patients demon-
strated a gene expression profile that was likely to reduce

Figure 1. Age-dependent impairment of MSC cell function. A: MSC prolifera
MSCs expanding in culture showing nuclear proliferative marker Ki-67 immu
F-actin (green), and DAPI-stained nuclei (blue). Phase contrast of MSCs 7
panels); �10 (right panels). C: The proliferative growth rate in patient M
methylcellulose culture for blast/colony formation of hematopoietic progenit
SD. *P � 0.05, **P � 0.01. E: The total colony formation rate was significant
myogenic phenotype with 5-Aza and were characterized by expression of NK
(sMHC) and connexin 43 (CXN43) but no expression of cardiac sarcomeric
activity in the WNT/�-catenin signaling network. Most no-
tably, two extrinsic factors (WNT3A and SFRP4), three
membrane factors (FZD6, FZD8, and LRP6), and three
transcriptional factors (CTNNB1, LEF1, and FOSL) had
gene expression levels that were significantly correlated
with aged MSCs (Figure 3). The gene CTNNB1 (�-
catenin) is a component of the TCF/LEF transcriptional
complex that regulates canonical WNT signaling at the
level of the nucleus. A significant negative correlation
was found between MSC age and each of CTNNB1 and
its cofactor LEF1 (Figure 3, A and B). Two frizzled recep-
tors, FZD8 and FZD6, have opposing functions in acti-
vating �-catenin. FZD8 activity, which is reported to in-
crease �-catenin activity,15 was negatively correlated
with MSC age, whereas FZD6, which is reported to re-
duce �-catenin activity,16 was positively correlated with
MSC age (Figure 3, C and D). WNT3A is reported to bind
LRP6/FZD8,17 an essential component for stem cell self-
renewal,18 and was negatively correlated with MSC age
(Figure 3E). LRP6 is a coreceptor for both FZD receptors
and was positively correlated with MSC age (Figure 3F).
Also, age was negatively correlated with secreted frizzled
related protein 4 (SFRP4), a soluble FZD receptor re-
cently implicated in proliferation, differentiation, angio-
genesis, and postinfarct repair.19 Age was positively cor-

wth curves from young and aged patients. Data are given as mean � SD. B:
hemical findings (red; positive cells indicated by arrows), phalloidin-stained
r isolation from young or aged patients. Original magnification: �20 (left

s significantly negatively correlated with patient age. D: Three-dimensional
ies showed significant reductions in aged patients. Data are given as mean �
ively correlated with patient age. F: Clustered MSCs were differentiated to a
EF2C, and �/�MHC and increased expression of smooth muscle heavy chain
GAPDH, glyceraldehyde-3-phosphate dehydrogenase.
tive gro
nocytoc
days afte
SCs wa
or colon
ly negat
related with FOS-like antigen 1 (FOSL1), a negative
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regulator of �-catenin that plays an important role in lim-
iting cell proliferation and differentiation (Figure 3H).
Taken together, these results implicate a negative asso-
ciation between MSCs from aged cardiac patients and
WNT/�-catenin signaling.

MSC Nuclear Trafficking of �-Catenin Protein Is
Impaired with Age

To address, at the protein level, whether �-catenin nu-
clear translocation and activity were impaired in MSCs
from aged patients, we identified the protein trafficking
response after physiologic or pharmacologic stimulation
(Figure 4). We first treated the aged MSCs with lithium

Figure 2. Quantitative gene array identify
factors. A: Heat map of all 84 genes analy
are differentially expressed relative to the
patients at high risk for CVD compared w
chloride (20 mmol/L) to inhibit glycogen synthase kinase
3�–dependent �-catenin degradation. Treatment with
lithium resulted in cytoplasmic accumulation and nuclear
translocation of �-catenin. Nuclear translocation was
greatest 16 hours after treatment with lithium chloride
(Figure 4A). We also determined a physiologic response
of �-catenin by culturing aged MSCs in hypoxia (1%
oxygen) for 16 hours. Total nuclear proteins were probed
with phosphorylation-specific antibodies that recognize
active �-catenin (Ser552/675). We found that more active
�-catenin accumulated in the nucleus of young MSCs
compared with aged MSCs (Figure 4B). In addition, the
accumulation of �-catenin in response to hypoxia was
significantly negatively correlated with age (Figure 4C).
Nuclear transactivation of �-catenin was impaired in

T/�-catenin genes associated with cardiovascular disease (CVD) risk
PCR grouped by gene expression levels. B: Heat map of genes that
CVD risk factors. C: The relative fold change in gene expression in
ents at low risk for CVD. Data are given as mean � SD.
ing WN
zed by q
patient
ith pati
MSCs from aged cardiac patients.
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Figure 3. qPCR correlation of WNT/�-catenin genes and patient age. Mean � SD mRNA expression levels of WNT/�-catenin genes in MSCs from young and aged
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To evaluate whether the effect of lithium chloride on
MSCs may relate to an alteration of their reactive oxygen
species production or their viability, we performed addi-
tional experiments. We did not find evidence of a reactive
oxygen species imbalance with lithium treatment, as de-
termined by dihydroethidium/CM-H2DCFDA labeling
(see Supplemental Figure S3 at http://ajp.amjpathol.org).
Similarly, no difference in cell viability was observed with
lithium treatment, as measured by LDH toxicity and a cell
density assay (see Supplemental Figure S4 at http://ajp.
amjpathol.org).

Differentiation of MSCs to a Myogenic
Phenotype Is Recoverable through �-Catenin

We used myogenic differentiation as a marker to evaluate
MSC function. After treating MSCs with 5-Aza to induce a
myogenic phenotype, we studied the expression of
�/�MHC as a measure of myogenic commitment.
�/�MHC expression was significantly reduced in aged
MSCs (Figure 5). To quantify myogenic differentiation, we
treated equivalent cell densities with 5-Aza and analyzed
the level of MHC expression by qPCR and Western blot
analysis. The �MHC transcript (Figure 5A) and �/�MHC
protein expression (Figure 5B) were significantly reduced
with age. Aged MSCs demonstrated a profile of impaired
signaling in genes that predominantly act through the
�-catenin transcriptional complex (Figures 2 and 3).
However, when MSCs were treated with lithium chloride,
they demonstrated elevated �-catenin translocation (Fig-
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before, during, and after myogenic induction with 5-Aza
to increase �-catenin bioavailability. Treatment with lith-
ium chloride eliminated the age-dependent impairment in
myogenic induction of MSCs from aged patients as de-
termined by Western blot analysis (Figure 5C). MSCs
from most patients (15 of 17) showed significantly more
MHC expression with lithium chloride treatment (Figure
5D). We elected to remove the two patients from this
analysis who were nonconforming and identified one as
young and one as aged, but both were clinically under-
weight, suggesting potential metabolic influences on
stem cell function. However, to confirm that �-catenin
bioavailability was indeed mechanistically involved in
myogenic differentiation, we used small-interfering RNA
(siRNA) transfection to specifically knock down �-catenin
before treating cells with lithium chloride (Figure 5E).
Activation of �-catenin by lithium chloride restored the
myogenic differentiation capacity of MSCs from aged
cardiac patients. Yet, the recovery of myogenic differen-
tiation by lithium was lost in the absence of �-catenin as
a result of siRNA knockdown.

To further characterize the molecular mechanisms that
could influence the myogenic differentiation of the MSCs,
we screened several senescence and differentiation
genes by PCR (see Supplemental Figure S5 at http://
ajp.amjpathol.org) and identified a convergent effect be-
tween �-catenin and MEF2C (Figure 6). Knockdown of
�-catenin using siRNA resulted in a commensurate re-
duction in MEF2C mRNA (Figure 6A). Increasing
�-catenin using lithium chloride resulted in a reciprocal
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�-catenin using siRNA reduced the level of MEF2C pro-
tein (Figure 6B). We performed a predictive analysis of
protein interaction using a public software program, Gen-
eMANIA, and identified a highly predictable common
protein-to-protein association between �-catenin and
MEF2C, separated by 1-df interactions with HDAC7,
NCOA2, TCF7L2, and CARM1 (Figure 6C). These data
suggest for the first time that the transcriptional cofactor
�-catenin is convergent with the MEF2C transcription fac-
tor in human MSCs.

Discussion

This study demonstrated that the age of cardiovascular
patients was negatively correlated with their bone marrow
stem cell proliferation and differentiation in vitro. Ulti-
mately, the recovery of stem cell function requires iden-
tification of the molecular mechanisms responsible for the
stem cell dysfunction in aged patients. We identified the
WNT/�-catenin network as a potential target for rejuve-
nation of MSCs and demonstrated for the first time a
capacity to recover myogenic differentiation by increas-
ing �-catenin bioavailability.

Proliferative senescence is generally attributed to ero-
sion of telomere complexes in chromosomes during cell
division. However, stem cells maintain a level of telome-
rase, which, together with telomerase reverse transcrip-
tase, is responsible for maintaining telomere extension.
Recent studies in follicular/epidermal stem cells demon-
strated interdependence between telomerase reverse
transcriptase and �-catenin.20,21 This relation could pro-
vide a novel avenue for future experiments as these re-
sults show low bioavailability of �-catenin in aged pa-
tients. Also, the burden of oxidative stress may contribute
to senescence22 or stem cell dysfunction.23 Oxidative
stress diverts �-catenin from TCF/LEF transcriptional
pathways to FOXO transcriptional pathways.24 As such, it
is not surprising that higher FOXO to TCF/LEF transacti-
vation was associated with increasing age in mice,24 a
mechanism known to impair stem cell proliferation and

Figure 5. Age-dependent impairment of MSC
myogenic commitment and recovery with lithium
treatment. �/�MHC (an index of myogenic com-
mitment) after induction with 5-Aza was signifi-
cantly negatively correlated with patient age as
determined by qPCR (A) and Western blot analy-
sis (B). C: After Western blot analysis, the age-
dependent impairment of myogenic commitment
was abrogated in the presence of lithium chloride
(LiCl). D: Paired observations of patients treated
with lithium during myogenic differentiation
show that most patients (left panel) improved
their capacity for myogenic induction. Two pa-
tients (one young and one aged) showed worse
capacity for myogenic induction and were ex-
cluded from statistical analysis (right panel). The
excluded patients had one common clinical char-
acteristic: underweight. E: Myogenic recovery by
lithium therapy is lost in the absence of �-catenin
using siRNA knockdown. GAPDH, glyceralde-
hyde-3-phosphate dehydrogenase.

Figure 6. Convergence of �-catenin and MEF2C
in myogenic differentiation. A: Knockdown of
�-catenin using siRNA revealed a concomitant re-
duction in MEF2C transcript. B: Western blot anal-
ysis of MEF2C after myogenic induction shows
protein levels in conjunction with �-catenin bio-
availability. C: Predictive interactions using infor-
matics shows a high-probability interactive map
with 1° separation between CTNNB1 (�-catenin)
and MEF2C, through HDAC7, NCOA2, TCF7L2,
and CARM1. Solid gray lines indicate direct phys-
ical interactions; dotted line, co-localization.
GAPDH, glyceraldehyde-3-phosphate dehydroge-
nase; LiCl, lithium chloride.
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myogenic differentiation.25 Although we found no evi-
dence of excessive reactive oxygen species production
or a difference in the response to acute stress (treatment
with hydrogen peroxide), we cannot rule out the potential
of chronic oxidative stress, which could affect cell func-
tion and differentiation.26

Previous studies have shown that WNT5A/WNT11 can
stimulate myogenic protein expression in human endo-
thelial progenitors27 or rat mesenchymal stromal cells,28

although the effects of �-catenin were not addressed.
This study also showed some variation in WNT5A and
WNT11 gene expression, but neither was significantly
correlated with patient age. We identified other factors of
WNT signaling upstream of �-catenin that were corre-
lated with age, such as WNT3A. In young rat bone mar-
row stromal cells, WNT3A has previously been shown to
promote proliferation and myogenic differentiation, which
is in line with the present findings.29 In addition, reduced
WNT3 activity or DKK1 can disinhibit glycogen synthase
kinase 3� repression of �-catenin and contribute to an
aging phenotype30; however, reducing WNT2 increases
glycogen synthase kinase 3� repression of �-catenin and
induces premature senescence.11 These findings are
contradictory, and the upstream regulation of �-catenin
remains to be adequately defined in different contexts.

In bone marrow stem cells, the role of �-catenin has
not been firmly established. It was previously proposed
that �-catenin could increase hematopoietic self-re-
newal,31 yet inactivation of �-catenin did not affect he-
matopoiesis.32 In developing embryos, a consensus has
emerged for a biphasic role of WNT/�-catenin in cardio-
genesis, a process that requires temporal activation, sup-
pression, and reactivation of specific WNT genes to bal-
ance stem cell expansion with cardiac stem cell
commitment. In the adult heart, �-catenin may play a
physiologic and a pathologic role. Results of adult car-
diac studies have been equivocal. �-Catenin has been
implicated as having beneficial33–35 and detrimental car-
diac effects,36,37 suggesting that �-catenin is either bi-
phasic38 in the adult or may contribute differently in re-
sponse to various cardiac injuries and stress.33,36

Connecting the available evidence in development,
adult function, and aging is difficult, and there is little
information available regarding WNT/�-catenin signaling
in adults and even less in aged individuals. This study
showed that aged MSCs increased myogenic differenti-
ation when �-catenin was activated by lithium during
myogenic induction. Similarly, in a pluripotent model of
cardiac specification, WNT3A was expressed days be-
fore cardiogenic transcription factors, whereas during
specification, lithium and WNT3A increased �-catenin
translocation and accelerated expression of early car-
diac markers and cardiac lineage specification.39 In
other studies, use of an inhibitor of �-catenin, such as
secreted frizzled related protein 2 (SFRP2), reduced
myogenic specification and stem cell proliferation in mus-
cle.40 Surprisingly, the present study showed that SFRP4
had a strong negative correlation with MSC age. SFRP1
to SFRP5 are generally considered inhibitors of WNT
signaling. However, the relation is context dependent,

and SFRPs have been reported to activate,41 limit,37,42,43
or have no effect on �-catenin activity.44 This variation
feeds current speculation regarding these molecules,
with little consensus and conflicted conclusions.25,35

However, a previous examination of stromal sarcoma es-
tablished an inverse relationship between SFRP4 and
�-catenin expression in undifferentiated cells, which is in
agreement with the present findings.42 However, re-
duced myocardial injury and functional recovery after
infarction were shown with elevated SFRP4 expression.19

Yet, others show that this molecule can inhibit angiogen-
esis,43 at least in studies not involving injury. Further work
is required to identify the pathophysiologic role of SFRP
proteins.

The present findings also identified a previously unrec-
ognized factor related to age, FOSL1, which also has no
known role in MSCs. In other cell types, it has been
characterized as a contributor to the AP-1 protein dimer
complexes that regulate extracellular matrix, proliferation,
and cell survival. In epithelial cells, elevated expression
of FOSL1 impaired the phase 2 (antioxidant) response to
chemical stress and increased transactivation of matrix
metalloproteinases. In the presence of oxidative stress,
FOSL1 can impair cell cycle entry or contribute to apop-
tosis. We showed that lithium treatment did not alter ox-
idative stress (see Supplemental Figures S2 and S3 at
http://ajp.amjpathol.org) or the matrix metalloproteinase-9
production of MSCs (see Supplemental Figure S6 at
http://ajp.amjpathol.org). However, FOSL1 has also been
implicated in the maintenance of trophoblast stem cells45

and embryonic patterning proteins, such as HOXB4.46

These findings suggest that FOSL1 could limit cell func-
tion; however, in cancer cells, FOSL1 is up-regulated in
concert with �-catenin and increases cancer cell func-
tion.47 Future work is, therefore, warranted to explore
these molecular mechanisms further, particularly in non-
cancer cell types.

Finally, these results demonstrate a potential for con-
vergence of �-catenin and MEF2C expression that has
not previously been demonstrated. We found a commen-
surate increase in MEF2C protein with increased bioavail-
ability of �-catenin. This convergence to facilitate myo-
genic differentiation in MSCs is novel. Cadherin and
�-catenin have been previously demonstrated to regulate
temporal and spatial differentiation of cardiomyocytes,48

yet loss of WNT11 (which increased �-catenin levels)
exerted a negative influence on MEF2C expression in the
developing cardiomyocyte.49 However, in the progres-
sion of heart failure, MEF2C is co-expressed with FZD6,
and the present findings showed significant up-regula-
tion of FZD6, which reduces �-catenin. Further experi-
ments are needed to elucidate these mechanisms and
the intermediary players. We identified HDAC7, NCOA2,
TCF7L2, and CARM1 as potential intermediaries. HDAC7
binds �-catenin in the cytoplasm and represses
�-catenin translocation to the nucleus.50 NCOA2 is a
transcriptional co-activator partnered with �-catenin dur-
ing androgen receptor activation,51 and NCOA2 is nec-
essary for MEF2C-dependent gene expression during
corticosteroid-induced skeletal muscle differentiation.52

MEF2C also binds CARM1 cooperatively with NCOA2 to

transactivate the creatine kinase promoter.53 Further-
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more, CARM1 also interacts with �-catenin and TCF4.54

Future experiments are needed to address the interplay
between these molecules in MSCs and aged pheno-
types. In addition, we found that the MSCs from certain
(underweight) patients responded in opposing ways to
similar stimuli, indicating that unidentified factors in ad-
dition to age may affect stem cell function.

We identified a correlation between patient age and
stem cell function in a group of patients undergoing car-
diac surgery. We cannot be certain that the same effects
would be seen in patients without cardiac disease. In the
future, larger studies will be required to determine the
effects of age on stem cell function in patients with and
without cardiac disease.

The restoration of stem cell function with lithium via
WNT/�-catenin mechanisms is similar to the improved
stem cell function reported by Behfar et al6 with a recom-
binant cocktail of factors used to enhance the therapeutic
benefits of human MSCs obtained during cardiac sur-
gery. Therefore, understanding the mechanisms of age-
induced stem cell dysfunction may provide new thera-
pies to rejuvenate aged cells. Cellular senescence
contributes to the aging phenotype, but stem cells may
preserve their telomere length despite aging-induced
dysfunction. Further studies are required to determine the
effects of age on cellular senescence and the effects of
�-catenin.

The fact that age ultimately contributes to the deterio-
ration of stem cell function is intuitive. However, the pres-
ent findings identified important molecular mechanisms
affected by aging. These mechanisms were related to
developmental stem cell pathways and, importantly, can
be targeted to rejuvenate stem cell function, including
myogenic differentiation. Future strategies that redress
age-dependent mechanisms could improve the clinical
utility of cell therapy protocols.
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