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Wnt/B-catenin signaling mediates the senescence of bone
marrow-mesenchymal stem cells from systemic lupus
erythematosus patients through the p53/p21 pathway
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Abstract Recent studies have shown that allogeneic bone
marrow (BM)-mesenchymal stem cell transplantation
(MSCT) appears to be effective in systemic lupus erythe-
matosus (SLE) patients and lupus-prone mice, contrary to
studies in syngeneic BM-MSCT. These studies indicated
that the abnormalities of BM-MSCs may be involved in the
pathogenesis of SLE. Our studies and other previous
studies have revealed that BM-MSCs from SLE patients
exhibited early signs of senescence, such as flattened
morphology, slow proliferation, increased senescence-
associated B-galactosidase (SA-B-gal) activity, and so on.
However, the mechanisms by which these cells senes-
cences were still unclear. Previous studies have demon-
strated that Wnt/B-catenin signaling plays an important role
in stem cell senescence. In the current study, we
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investigated whether Wnt/B-catenin signaling mediates the
senescence of BM-MSCs from SLE patients. We have
found that Wnt/B-catenin signaling and the p53/p21 path-
way were significantly hyperactivated in senescent SLE
BM-MSCs. Treatment with 100 ng/mL  Dickkopf-1
(DKK1), a Wnt/B-catenin signaling inhibitor or B-catenin
siRNA for 48 h could reverse the senescent features of SLE
BM-MSCs. Additionally, the expression levels of p53 and
p21 were reduced in treated-SLE BM-MSCs compared
with the untreated group. In summary, our study indicated
that Wnt/B-catenin signaling may play a critical role in the
senescence of SLE BM-MSCs through the p53/p21
pathway.
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Introduction

Systemic lupus erythematosus (SLE) is a chronic autoim-
mune inflammatory disease characterized by multi-organ
involvement and a remarkable variability in clinical pre-
sentations [1]. Deregulated activation of both B and T cells
and the aberrant production of pro-inflammatory cytokines
are critically involved in the initiation and progression of
tissue pathology and organ damage in SLE [2]. Mesen-
chymal stem cells (MSCs) are multipotent stem cells with
the capacity for self-renewal and the potential to differ-
entiate into a variety of cell types, including osteoblasts,
chondrocytes, adipocytes, and myoblasts [3]. It has become
evident that MSCs can exert immune regulatory functions,
both in vivo and in vitro, on a wide range of
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immunocompetent cells, such as T cells and B cells [4, 5].
The functional features of MSCs make them attractive
therapeutic targets for SLE. Recently, our studies and
others have revealed that allogenic MSC transplantation
(MSCT) appears to be a feasible and safe therapeutic
strategy in lupus-prone mice and SLE patients [6, 7].
However, syngeneic BM-MSCT was ineffective [8, 9].
When the biological characteristics of these cells were
studied, our laboratory and others revealed that BM-MSCs
from SLE patients showed prominent features of senes-
cence. Sun and colleagues first reported that MSCs from
SLE patients grew more slowly than those from normal
controls [10]. Then, Nie et al. [11] reported that MSCs
from SLE patients appeared larger and flatter in appearance
after three passages and grew progressively slower com-
pared with those from normal controls. Li et al. [12] found
that there were increased frequencies of apoptosis and
aging in SLE BM-MSCs in comparison with those from
normal controls. Notably, Gene Ontology analysis showed
that the majority of these genes were related to cell cycle
and protein binding. Pathway analysis showed that the
differentially regulated signal pathways were involved in
the actin cytoskeleton, focal adhesion, tight junctions, and
the transforming growth factor (TGF)-B pathway [13].
Recently, we reported that MSCs from both untreated and
treated SLE patients showed characteristics of senescence
[14]. These studies revealed that senescent BM-MSCs may
be associated with the pathogenesis of SLE, but the
molecular mechanisms were not very clear. The identifi-
cation of the molecular mechanisms by which senescent
BM-MSCs lead to SLE has important significance.

The signs of cell senescence include a diminishing
ability to undergo cell division, increased cell size, actin
stress fibers, senescence-associated B-galactosidase (SA-f-
gal) activity and so on. Cyclin-dependent kinase inhibitors
(CDKIs) were reported to be involved in the cell senes-
cence process, among which the p53/p21 pathway has been
studied extensively in recent years [15, 16]. Earlier studies
had confirmed that senescent cells exhibited extremely low
protein levels of cyclin-dependent kinases (CDKs) and
cyclins and an increased level of the p53-dependent p21
protein, which inhibits the kinase activity of cyclin/CDK
complexes. These characteristic molecular factors and
mechanisms result in an irreversible G1-arrest, leading to
cell senescence [17]. Furthermore, our recent study dem-
onstrated that the expression levels of p53 and p21 were
significantly increased in SLE BM-MSCs, and knockdown
of these proteins could reverse the senescence and allow
the cells to resume proliferation [18].

Many upstream signaling pathways regulate the
expression of p53 and p21 [19-21]. Some studies reported
that the p53/p21 pathway may be the main mediator of
BM-MSC senescence induced by excessive Wnt/B-catenin
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signaling [22-24], which is an evolutionarily conserved
intracellular signaling cascade with demonstrated roles in
cell proliferation, cell fate determination, and axis polarity
induction [25]. Wnt/B-catenin signaling is activated by the
binding of Wnt ligands to the frizzled family of receptors.
In the absence of Wnt ligands, B-catenin is phosphorylated
by glycogen synthase kinase-3f (GSK-3B) and then
degraded by the ubiquitin—proteasome system. However,
when Wnt ligands bind to frizzled receptors, GSK-3f3
activity is inhibited, and unphosphorylated [-catenin
accumulates in the cytoplasm and translocates into the
nucleus, where it promotes the transcription of a variety of
target genes [26]. Recent studies have shown that consti-
tutive activation of Wnt/B-catenin signaling can lead to the
senescence or dysfunction of certain cells, such as fibro-
blasts [27], thymocytes [28], and endothelial cells [29].
These data have revealed a new biological role of Wnt/f-
catenin signaling in cell senescence. However, whether
Whnt/B-catenin signaling plays an important role in the
senescence of BM-MSCs from SLE patients through the
p53/p21 pathway remained unclear. In the present study,
we investigated the effects of Wnt/B-catenin signaling on
senescent SLE BM-MSCs and the relationship between
Whnt/B-catenin signaling and the p53/p21 pathway.

In summary, the roles of Wnt/B-Catenin signaling on the
senescence of SLE BM-MSCs were investigated. We
found that the expression levels of B-catenin and GSK-3f3
were higher in SLE BM-MSCs than in the normal group. In
addition, to evaluate the effects of Wnt/B-catenin signaling
on the senescence of SLE BM-MSCs, we used 100 ng/mL
Dickkopf-1 (DKK1) and B-catenin siRNA to reverse the
senescent features of SLE BM-MSCs. Finally, to determine
the mechanisms of Wnt/B-catenin signaling in BM-MSCs
with regards to aging, the expression levels of p53 and p21
were examined. We confirmed that Wnt/B-catenin signal-
ing mediated the senescence of SLE BM-MSCs through the
p53/p21 pathway.

Materials and methods
Patients

Twelve SLE patients between 15 and 41 years of age (mean
27.08 £ 8.02 years) were enrolled in this study (Table 1).
Our previous study had indicated that the BM-MSCs from
treated- and untreated-SLE patients were senescent [14], so
we didn’t group in this study. The SLE diagnosis was made
based on the criteria proposed by the American College of
Rheumatology. The Systemic Lupus Erythematosus Disease
Activity Index (SLEDAI) was used to measure the disease
activity. All patients were categorized as active using a
cutoff SLEDAI score of eight. Twelve healthy subjects were
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Table 1 Details of 12 SLE patients

Patient ~Age  Disease duration  Current treated SLEDAI

1 15 1 year pred 15 mg/day 11
HCQ 0.2/day

2 20 8 months pred 20 mg/day 14
HCQ 0.2/day
LEF 0.2/day

3 21 2 years pred 15 mg/day 9
HCQ 0.2/day
LEF 0.2/day

4 26 1 year pred 10 mg/day 13
HCQ 0.2/day

5 28 16 months pred 12.5 mg/day 16
HCQ 0.2/day
CTX 0.4/2 weeks

6 32 2 years pred 12.5 mg/day 12
HCQ 0.2/day

7 37 3 years pred 10 mg/day 11
HCQ 0.2/day

8 41 5 years pred 7.5 mg/day 8
HCQ 0.2/day

9 18 3 days None 9

10 24 2 days None 16

11 28 2 days None 14

12 35 4 days None 21

Pred prednisone, HCQ hydroxychlorquine, LEF leflunomide, CTX
cyclophophamide

used as the normal group. All research subjects were females
with a similar age distributions (mean 26.82 + 7.41 years).
All patients gave consent to the study, which was approved
by the Ethics Committee of the Affiliated Hospital of Nan-
tong University.

Isolation, cell culture, and identification of BM-MSCs
from SLE and normal subjects

MSCs were isolated and expanded from iliac crest BM of
all the SLE patients and normal subjects. Five milliliters of
heparinized BM were mixed with an equal volume of
phosphate-buffered saline (PBS). Then, the resuspended
cells were layered over Ficoll solution (1.077 g/mL) and
centrifuged at 2,000x g for 25 min at room temperature.
The mononuclear cells were collected at the interface and
resuspended in low-glucose Dulbecco-Modified Eagle
Medium (L-DMEM) supplemented with 10 % heat inac-
tivated fetal bovine serum (FBS). Then, the cells were
plated at a density of 2 x 10 cells per 25 cm? dish and
cultured at 37 °Cin a5 % CO, incubator. The medium was
replaced, and non-adherent cells were removed after 5 days
and every 3 days thereafter. When the BM-MSCs became

nearly confluent, the adherent cells were released from the
dishes with 0.25 % trypsin—~EDTA (Gibco, USA) and were
then replated at a density of 1 x 10° cells per 25 cm? dish.
After four passages (p4), the cells were used for the fol-
lowing studies.

siRNA and transfection

siRNA oligonucleotides were synthesized by Genepharma
Co., Ltd. (Shanghai, China). The effective sequence used for
the specific silencing of B-catenin was 5'-CACCTCCCAA
GTCCTTTAT-3'. The siRNA sequence was named by si--
catenin. The non-silencing control siRNA was an irrelevant
siRNA with random nucleotides (5'-TTCTCCGAACGTGT-
CACGT-3') and was not homologous to any sequence found
inthe gene bank. Transfection was carried out according to the
manufacturer’s protocol (Qiagen Inc., Valencia, CA).

Treatment methods of BM-MSCs

There were four groups in the present study. In the normal
or SLE groups, BM-MSCs were cultured for 48 h. In the
DKKI1 groups, 100 ng/mL DKK1 (R&D Systems, USA)
was directly added to the cells and incubated for 48 h. In
the si-B-catenin group, the cells were transfected with si-3-
catenin for 48 h.

SA-B-gal assay

The SA-B-gal activity was determined using a kit from the
Chemical Company following the manufacturer’s instruc-
tions. BM-MSCs were plated into 6-well culture plates at a
density of 5 x 10* cells per well and incubated for 48 h.
Then, the cells were washed twice with PBS and fixed with
fixing solution for 15 min. After incubation with the staining
SA-B-gal detection solution at 37 °C without CO, overnight,
the slips were washed and analyzed under the microscope.

Immunofluorescence assay of the cytoskeleton
of BM-MSCs

BM-MSCs were washed twice with PBS and fixed in 4 %
paraformaldehyde (PFA) for 1 h. After permeabilization
and blocking, they were incubated with fluorescein iso-
thiocyanate (FITC)-conjugated phalloidin. The stained
cells were then examined using a Zeiss confocal laser
scanning microscope.

Cell proliferation assay
Cell proliferation was measured using the cell counting

Kit-8 (CCK-8) assay following the manufacturer’s
instructions. Briefly, the cells were plated at a density of
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0.3 x 10* cells per well in 96-well plates (Corning Inc.,
Corning, NY) in a volume of 100 pl, and the cells were
incubated overnight to allow for adherence. At 1-5 days,
CCK-8 (Dojindo, Kumamoto, Japan) reagents were added
to a subset of wells under different treatments and incu-
bated for 2 h at 37 °C, we quantified the absorbance using
an automated plate reader.

Flow cytometry
For cell cycle analysis, BM-MSCs were collected and fixed
with 70 % ethanol at 4 °C for 24 h. After being washed

with PBS and then treated with 100 pg/ml RNase (Sigma,
USA) for 30 min, the cells were stained with 50 pg/ml
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Fig. 1 BM-MSCs from SLE patients were senescent cells. a The
sizes of the SLE BM-MSCs were larger than those from the normal
group. b SA-B-gal was used to examine BM-MSC senescence. The
number of SA-B-gal-positive cells was obviously increased among the
SLE BM-MSCs compared to those from a normal person. ¢ BM-
MSCs were stained with FITC-Phalloidin. Immunofluorescence
showed that the F-actin distribution was abnormal in the BM-MSCs
from SLE patients. d The p4 BM-MSCs were plated in 96-well plates.
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propidium iodide (PI) solution (Sigma, USA) for 30 min
and analyzed using a flow cytometer (FACS Calibur, BD
Biosciences, USA). The fraction of cells in the GO/G1, S,
and G2/M phases were quantified with the ModFit LT
system. Three separate experiments were performed.

Western blotting

To assay the B-catenin protein, cytoplasmic and nuclear
proteins from cultured cells were prepared using the NE-
PER nuclear and cytoplasmic extraction reagents (Pierce
Chemical Company, Rockford, IL, USA), respectively. B-
actin and B-tubulin were used as the internal controls for
the cytoplasmic and nuclear proteins, respectively. The
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After 1-5 days, the cell proliferation ratio was detected using a CCK8
assay. The absorbance was shown as the proliferation rate. BM-MSCs
from SLE patients grow more slowly than those from the normal
group. e The flow cytometry results showed that the ratio of cells in
Gy phase increased in the SLE BM-MSCs compared to the normal
group. All data were expressed as the mean £ SD (*P < 0.05
compared with the normal group)
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Fig. 2 The over-activation of Wnt/B-catenin signaling in BM-MSCs
from SLE patients. a B-catenin expression was high in BM-MSCs
from SLE patients compared with the normal group, as determined by
western blot analysis. B-actin was used as an internal control. b P4
BM-MSCs from SLE patients and normal patients were cultured in
24-well plates. Immunofluorescence staining of B-catenin verified the
high levels of expression in the SLE group. Counterstaining with
Hoechst displayed the localization of the nucleus (Scale bar 50 pm).
¢ The expression of cytoplasmic and nuclear B-catenin increased in
the SLE group compared to the normal group, and the increase in
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nuclear B-catenin expression was more pronounced in the SLE group.
B-actin and B-tubulin were used as the internal controls for the
cytoplasm and nucleus, respectively. d The expression of GSK-3f
was decreased in BM-MSCs from SLE patients compared with the
normal group by western blot analysis. B-actin was used as an internal
control. e Immunofluorescence staining of GSK-3f confirmed the low
expression in the SLE BM-MSCs. Counterstaining with Hoechst
displayed the localization of the nucleus (scale bar 50 pm). All data
were expressed as the mean = SD (*P < 0.05 compared with the
normal group)
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<«4Fig. 3 The Wnt/B-catenin signaling in BM-MSCs from SLE patients
was inhibited by DKK1 and si-B-catenin. a Cells were cultured in
different concentrations of DKKI1 for 48 h. By determining the
inhibition of B-catenin, we observed that DKK1 achieved its maximal
effects at a dose of 100 ng/ml. b P4 BM-MSCs from SLE patients
were cultured with 100 ng/ml DKK1 for different times. DKKI1
achieved its maximal effects at approximately 48 h, as determined by
B-catenin inhibition. ¢ Cells were transfected with si-f-catenin for
48 h. Western blot analyses showed that B-catenin expression was
significantly decreased in the SLE BM-MSCs treated with the NO.2
siRNA. d Immunofluorescence confirmed that the B-catenin expres-
sion was obviously reduced in the SLE BM-MSCs treated with DKK1
or si-B-catenin. Counterstaining with Hoechst displayed the localiza-
tion of the nucleus (Scale bar = 50 pm). e After treatment with
DKKI1 or si-B-catenin, nuclear B-catenin d markedly decreased in
SLE BM-MSCs. B-actin and B-tubulin were used as the internal
controls for the cytoplasm and nucleus, respectively. f The expression
of GSK-3f was obviously increased in the DKK1 and si-B-catenin-
treated group compared with the normal group by western blot
analysis. B-actin was used as an internal control. g Immunofluores-
cence confirmed the increase in GSK-3f expression in SLE BM-
MSCs treated with DKK1 and si-B-catenin. Counterstaining with
Hoechst displayed the localization of the nucleus (Scale bar 50 pm).
All data were expressed as the mean 4 SD (*P<0.05 compared with
the SLE group)

12,000 rpm for 5 min at 4 °C, the protein supernatant was
transferred into new tubes. The protein concentrations of
the samples were determined using the bicinchoninic acid
protein assay (Pierce Chemical Company, Rockford, IL,
USA). A 40 pg sample of the total protein was resolved
using 12.5 % sodium dodecyl sulfate polyacrylamide gel
electrophoresis (SDS-PAGE) and transferred onto polyvi-
nylidene difluoride (PVDF; Millipore, Billerica, MA, USA)
membranes. The membranes were blocked with 5 % nonfat
milk at room temperature for 1 h in Tris-buffered saline
containing Tween 20. Primary antibodies to detect -
catenin (rabbit anti-human, 1:500; Cell Signaling, Danvers,
MA, USA), GSK-3 (rabbit anti-human, 1:500; Santa Cruz
Biotechnology, Santa Cruz, CA, USA), B-actin (rabbit anti-
human, 1:500; Cell Signaling, Danvers, MA, USA), B-
tubulin (rabbit anti-human, 1:500; Cell Signaling, Danvers,
MA, USA), p53 (rabbit anti-human, 1:500; Cell Signaling,
Danvers, MA, USA), or p21 (rabbit anti-human, 1:500;
Cell Signaling, Danvers, MA, USA) were incubated over-
night with the membranes at 4 °C. Lastly, the membrane
was incubated with a secondary mouse anti-goat or goat
anti-rabbit antibody conjugated to horseradish peroxidase
(1:2,000; Southern Biotech, Birmingham, AL, USA) for
2 h and were visualized using an enhanced chemilumi-
nescence system (Pierce Chemical Company, Rockford,
IL, USA).

Immunofluorescence
BM-MSCs were fixed with 4 % PFA for 1 h, washed with

PBS containing 0.1 % Triton X-100 (PBST), and blocked for
30 min in PBST supplemented with 10 % FBS. Cells were

then incubated with -catenin (rabbit anti-mouse, 1:100; Cell
Signaling, Danvers, MA, USA), GSK-3f (rabbit anti-mouse,
1:100; Santa Cruz Biotechnology, Santa Cruz, CA, USA), p53
(rabbit anti-mouse, 1:100; Cell Signaling, Danvers, MA,
USA), or p21 (rabbit anti-mouse, 1:100; Cell Signaling,
Danvers, MA, USA) antibody in the same solution overnight
at 4 °C. The cells were then washed and incubated with sec-
ondary antibodies for 2 h at room temperature. Nuclei were
stained with Hoechst (1:800, Santa Cruz). The cells were
examined using a Leica fluorescence microscope (Germany).

Statistical analysis

All data are presented as the mean =+ standard deviation
(SD) from at least three independent experiments. All
statistical analyses were performed using the SPSS 11.0
software, and the data were analyzed using Student’s ¢ test
with P < 0.05 considered statistically significant.

Results

The BM-MSCs from SLE patients showed senescence
characteristics

The primary culture of BM-MSCs was successful in 12 cases
of SLE patients and 12 cases of healthy donors. As we have
shown previously, BM-MSCs from SLE patients exhibited
senescent behavior [14]. Cellular hypertrophy is a marker of
cell senescence [30]. From the cell morphology, we found that
BM-MSCs from SLE patients were larger than those from the
normal group and exhibited more numerous and longer podia
(Fig. 1a). SA-B-gal has been proposed to be a universal
marker of senescence. We found that the number of SA-3-gal-
positive cells was significantly increased in the BM-MSCs
from SLE patients in comparison with the BM-MSCs from a
normal person (Fig. 1b). The F-actin distribution was disor-
dered and assembled around the nuclear region in BM-MSCs
from SLE patients (Fig. 1c). The proliferation of BM-MSCs
was measured with a CCK8 assay. The results indicated that
BM-MSCs from SLE patients grow more slowly than those
from the normal group (Fig. 1d). Flow cytometry showed that
there were more BM-MSCs restricted in the G1 phase har-
vested from the treated- and untreated-SLE patients (73.62 +
6.4 %) than in the BM-MSCs from the normal patients
(52.37 £ 5.1 %) (Fig. le). In summary, we confirmed that
the BM-MSCs from SLE patients were senescent cells.

Whnt/B-catenin signaling was over-activated
in BM-MSCs from SLE patients

To identify the activity of the Wnt/B-catenin signaling
pathway in BM-MSCs of SLE patients, the B-catenin
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Fig. 4 DKKI1 and si-B-catenin decelerated the senescence of BM-
MSCs from SLE patients. BM-MSCs from SLE patients were treated
with 100 ng/mL DKK1 or si-B-catenin for 48 h. (a) The sizes of the
SLE BM-MSCs inhibited by DKK1 and si-fB-catenin became thinner
than the SLE group. (b) BM-MSCs were fixed and stained for (-gal.
The number of SA-B-gal-positive cells decreased in the DKKI or si-
B-catenin-treated SLE BM-MSCs in comparison with the SLE group.
(¢) Immunofluorescence showed that the abnormal distribution of

expression in the BM-MSCs of the normal and SLE groups
was examined by western blot and immunofluorescence
analyses. The results showed that B-catenin expression was
clearly increased in the senescent SLE BM-MSCs com-
pared to the levels in a normal person (Fig. 2A-B). How-
ever, there was no correlation between the expression
levels of B-catenin and SLE disease activity. After further
study, we found that both cytoplasmic and nuclear (-
catenin expression increased in the SLE group compared to
the normal group, and the increase in nuclear B-catenin
expression was more pronounced in the SLE group
(Fig. 2¢). GSK-3p is a key enzyme that negatively regu-
lates Wnt/B-catenin signaling, so the Wnt/B-catenin sig-
naling was further studied by determining the levels of
GSK-3B expression. Compared with the normal group,
GSK-3B expression was notably decreased in the SLE
group (Fig. 2d), and the cytoplasmic fluorescence intensity
was subdued (Fig. 2e). These results suggested that over-
active Wnt/B-catenin signaling may be associated with the
senescence of SLE BM-MSCs.
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F-actin in the BM-MSCs from SLE patients was reversed after -
catenin knockdown through DKKI1 treatment or si-B-catenin. (d) The
p4 BM-MSCs were plated in 96-well plates. After 1-5 days, a CCK8
assay showed that the cell proliferation ratio increased in SLE BM-
MSCs treated with DKKI1 and si-B-catenin. (e) The flow cytometry
results showed that the ratio of cells in Gy phase was decreased in the
DKKI1 and si-B-catenin-treated group. All data were expressed as the
mean + SD (*P < 0.05 compared with the SLE group)

DKKI1 and si-B-catenin decreased the expression
of Wnt/B-catenin signaling in BM-MSCs from SLE
patients

To further assess the role of Wnt/B-catenin signaling in the
progression of BM-MSC senescence, we used different
concentrations of DKK1, a Wnt/B-catenin signaling inhib-
itor, and si-B-catenin to interfere with the expression of the
Whnt/B-catenin signaling pathway. First, we determined the
cell’s dose response to DKK1 by measuring the expression
of B-catenin. The results showed that DKK1 inhibited -
catenin expression at concentrations of 20 ng/ml or higher
and achieved maximal effects at doses of 100-500 ng/ml
(Fig. 3a). Additionally, we found that 100 ng/ml DKKI1
rapidly inhibited B-catenin expression and achieved its
maximal effects at 48 h (Fig. 3b). Thus, we performed these
experiments using DKK1 at a concentration of 100 ng/ml
for 48 h. To further assess the role of Wnt/B-catenin sig-
naling in BM-MSC senescence, we used BM-MSCs trans-
fected with si-B-catenin or a non-specific siRNA. Over 50 %
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Fig. 5 The connection of Wnt/B-catenin signaling and the p53/p21
pathway in BM-MSCs from SLE patients. (a) The expression levels
of p53 and p21 were high in BM-MSCs from SLE patients compared
with the normal group, as determined by western blot analysis; the
expression of these proteins could be inhibited by DKKI or si-f-
catenin treatment. 3-actin was used as an internal control. (b) P4 BM-
MSCs from the SLE group and the normal group were cultured in
24-well plates. Half of the SLE group was treated with DKK1 or si-f3-

of the cells were transfected with the siRNA constructs only
in the second group, which was chosen to add in the medium
of SLE BM-MSCs. We found that B-catenin expression was
considerably decreased in the si-B-catenin-transfected BM-
MSCs (Fig. 3c). However, cell viability was not affected in
the B-catenin knockdown BM-MSCs. After treatment with
100 ng/mL DKKI1 or si-B-catenin, we observed, by immu-
nofluorescence analysis, that the high expression of -
catenin in the SLE BM-MSCs was reversed, especially in
the nucleus (Fig. 3d). Next, we confirmed that nuclear B-
catenin expression markedly decreased in the treated groups
by isolating the nuclear and cytoplasmic fractions of the
BM-MSCs (Fig. 3e). Meanwhile, GSK-3B expression

catenin for 48 h. Immunofluorescence staining of p53 and p2l
verified their high expression levels in the nuclei of SLE BM-MSCs,
and this expression was inhibited by DKK1 or si-B-catenin treatment.
Counterstaining with Hoechst displayed the localization of the
nucleus (Scale bar 50 pm). All data were expressed as the
mean £ SD (*P<0.05 compared with the normal group; #P<0.05
compared with the SLE group)

significantly increased in SLE BM-MSCs treated with
DKKI1 or si-B-catenin (Fig. 3f—g).

DKKI1 and si-B-catenin slowed cell senescence in BM-
MSCs from SLE patients

We compared the effects of DKK1 and si-B-catenin on the
cell morphology of BM-MSCs from SLE patients, and we
found that the treatment decelerated cell hypertrophy
(Fig. 4a). There were less SA-B-gal-positive cells in the
BM-MSCs from SLE patients when treated with DKK1 or
si-B-catenin (Fig. 4b). Furthermore, the disordered distri-
bution of F-actin in BM-MSCs from SLE patients was
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effectively reversed after treatment with DKKI1 or si-p-
catenin (Fig. 4c). The CCK8 assay showed that the pro-
liferation rate of the si-B-catenin BM-MSCs from SLE
patients was restored to that of normal BM-MSCs
(Fig. 4d). Cell-cycle analysis revealed that the G1 phase
arrest was reversed in SLE BM-MSCs treated with DKK1
or si-B-catenin (61.85 4.3 % and 64.71 &+ 4.8 %)
(Fig. 4e). These results implied that the Wnt/B-catenin
pathway played an essential role in the senescence of SLE
BM-MSCs.

Activated Wnt/B-catenin signaling promoted
the expression of p53 and p21 in BM-MSCs from SLE
patients

To investigate the effects of Wnt/B-catenin signaling on the
p53/p21 pathway, we first examined p53 and p21 expres-
sion using western blot and immunofluorescence analyses.
The results show that p5S3 and p21 expression obviously
increased in the SLE group compared to the normal group.
However, after treating the SLE BM-MSCs with DKK1 or
si-B-catenin, p53 and p21 levels significantly decreased
(Fig. 5a). Furthermore, in the normal group, p5S3 and p21
expression was very weak, whereas the SLE group showed
a clear increase in p53 and p21 expression. Compared with
the SLE group, p53 and p21 expression was substantially
inhibited in the DKKI1 or si-f-catenin groups (Fig. 5b).
Therefore, we considered that the target genes of pS3 and
p21 were closely related to the cell senescence induced by
excessive activation of Wnt/B-catenin signaling.

Discussion

Recently, some researchers have postulated that SLE is a stem
cell disorder disease. A better understanding of the dysfunc-
tion of the BM-MSCs in SLE patients could have major
clinical implications in SLE treatment. In our study, we con-
firmed that the BM-MSCs from SLE patients displayed
prominent senescent characteristics, such as increased SA--
gal staining, disordered cytoskeletons and slow growth rates,
which were similar to our previous studies [14].
Whnt/B-catenin signaling is an evolutionarily conserved
intracellular signaling cascade with demonstrated roles in
cell proliferation and cell fate determination [25]. Besides,
Whnt signaling pathways also control lineage specification in
vertebrate embryos and maintain pluripotency in embryonic
stem cells [31]. In recent years, several lines of evidence
suggested that Wnt/B-catenin signaling plays pivotal roles in
cell or tissue senescence. For instance, Brack et al. [32]
confirmed that the Wnt/B-catenin signaling pathway was
elevated in tissue-specific stem cell aging and increased in
tissue fibrosis with age. Liu H et al. [33] also found that both
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in vitro and in vivo, continuous Wnt exposure triggered
accelerated cellular senescence in a mammalian mouse
model of accelerated senescence. In relation to BM-MSCs,
Da-yong Zhang et al. [22, 24] indicated that Wnt/B-catenin
signaling played a critical role in the BM-MSC senescence
induced by the serum of aged animals. In our study, we show
that B-catenin expression and the nuclear accumulation of B-
catenin increased in BM-MSCs from SLE patients, and this
accumulation could be inhibited by treatment with DKK1 or
si-B-catenin. These results indicated that Wnt/B-catenin
signaling in SLE BM-MSCs may mediate their senescence.
To further explore the relationship between SLE BM-MSC
senescence and the activity of Wnt/B-catenin signaling, we
examined the changes in the SLE BM-MSCs after modu-
lating Wnt/B-catenin signaling. In the SLE group, after
treatment with 100 ng/ml DKK1 or si--catenin for 48 h, the
number of SA-B-gal-positive cells significantly decreased,
and the proliferation was obviously enhanced. Taken toge-
ther, we concluded that Wnt/B-catenin signaling was an
important mediator of senescence in BM-MSCs from SLE
patients.

Previous studies have found that the p53/p21 pathway
may be the main mediator of BM-MSC senescence induced
by excessive Wnt/B-catenin signaling [22-24]. A recent
study reported that the expression levels of p53 and p21
were increased in BM-MSCs from SLE patients [18]. In our
current study, we examined whether Wnt/B-catenin signal-
ing mediated the senescence of BM-MSCs from SLE
patients through the p53/p21 pathway. Our results showed a
clear increase in p53 and p21 expression in the SLE group
compared with their expression in the normal group. After
treatment with 100 ng/ml DKKI1 or si-B-catenin, the
expression of p53 and p21 substantially decreased. These
results implied that the activation of Wnt/B-catenin signaling
induced SLE BM-MSC senescence by activating the p53/
p21 pathway. We confirmed that the p53/p21 pathway could
mediate the cell senescence induced by excessive Wnt/B-
catenin signaling. Therefore, there is a correlation between
Whnt/B-catenin signaling and the p53/p21 pathway, and both
pathways could be potential molecular targets to delay the
onset of senescence of BM-MSCs in SLE patients.

In conclusion, Wnt/B-catenin signaling played a critical
role in the senescence of BM-MSCs from SLE patients.
The p53/p21 pathway may be the main mediator of the
BM-MSC senescence induced by excessive Wnt/B-catenin
signaling. Deciphering the mechanisms of Wnt/B-catenin
signaling involved in the senescence of SLE BM-MSCs
will help improve transplantation efficacy of BM-MSCs in
SLE patients.

Acknowledgments This study was supported by grants from the
Chinese National Natural Science Foundation (Nos. 81172841 and
81202368), China Postdoctoral Science Foundation (2013M541708);



Mol Cell Biochem (2014) 387:27-37

37

the Natural Science Foundation of Jiangsu Colleges and Universities
Grant (09KJB320010); the “Top Six Types of Talents” Financial
Assistance of Jiangsu Province Grant (No. 6); the project of Jiangsu
Provincial Health Department (Z201005); the innovative project of
Nantong University postgraduate students (13025043); and the Ji-
angsu province’s Outstanding Medical Academic Leader Program
(LJ201136).

References

10.

12.

13.

14.

15.

. Julkunen H (2012) Systemic lupus erythematosus. Duodecim

128:51-61

. Ding S, Liang Y, Zhao M, Liang G, Long H, Zhao S, Wang Y,

Yin H, Zhang P, Zhang Q, Lu Q (2012) Decreased microRNA-
142-3p/5p expression causes CD4 + T cell activation and B cell
hyperstimulation in systemic lupus erythematosus. Arthritis
Rheum 64:2953-2963

. Charbord P (2010) Bone marrow mesenchymal stem cells: his-

torical overview and concepts. Hum Gene Ther 21:1045-1056

. Deng W, Han Q, Liao L, You S, Deng H, Zhao RC (2005) Eftects

of allogeneic bone marrow-derived mesenchymal stem cells on T
and B lymphocytes from BXSB mice. DNA Cell Biol 24:458-463

. Nguyen TM, Arthur A, Hayball JD, Gronthos S (2013) EphB and

Ephrin-B interactions mediate human mesenchymal stem cell
suppression of activated T-cells. Stem Cells Dev. [Epub ahead of
print]

. Liang J, Zhang H, Hua B, Wang H, Lu L, Shi S, Hou Y, Zeng X,

Gilkeson GS, Sun L (2010) Allogenic mesenchymal stem cells
transplantation in refractory systemic lupus erythematosus: a pilot
clinical study. Ann Rheum Dis 69:1423-1429

. Zhang H, Zeng X, Sun L (2010) Allogenic bone-marrow-derived

mesenchymal stem cells transplantation as a novel therapy for
systemic lupus erythematosus. Expert Opin Biol Ther 10:701-709

. Carrion F, Nova E, Ruiz C, Diaz F, Inostroza C, Rojo D,

Monckeberg G, Figueroa FE (2010) Autologous mesenchymal
stem cell treatment increased T regulatory cells with no effect on
disease activity in two systemic lupus erythematosus patients.
Lupus 19:317-322

. Gu F, Molano I, Ruiz P, Sun L, Gilkeson GS (2012) Differential

effect of allogeneic versus syngeneic mesenchymal stem cell
transplantation in MRL/lpr and (NZB/NZW)F1 mice. Clin
Immunol 145:142-152

Sun LY, Zhang HY, Feng XB, Hou YY, Lu LW, Fan LM (2007)
Abnormality of bone marrow-derived mesenchymal stem cells in
patients with systemic lupus erythematosus. Lupus 16:121-128

. Nie Y, Lau C, Lie A, Chan G, Mok M (2010) Defective phe-

notype of mesenchymal stem cells in patients with systemic lupus
erythematosus. Lupus 19:850-859

Li X, Liu L, Meng D, Wang D, Zhang J, Shi D, Liu H, Xu H, Lu
L, Sun L (2012) Enhanced apoptosis and senescence of bone-
marrow-derived mesenchymal stem cells in patients with sys-
temic lupus erythematosus. Stem Cells Dev 21:2387-2394
Tang Y, Ma X, Zhang H, Gu Z, Hou Y, Gilkeson GS, Lu L, Zeng
X, Sun L (2012) Gene expression profile reveals abnormalities of
multiple signaling pathways in mesenchymal stem cell derived
from patients with systemic lupus erythematosus. Clin Dev
Immunol 2012:826182

Gu Z, Cao X, Jiang J, Li L, Da Z, Liu H, Cheng C (2012)
Upregulation of pl6INK4A promotes cellular senescence of bone
marrow-derived mesenchymal stem cells from systemic lupus
erythematosus patients. Cell Signal 24:2307-2314

Jim Leu SJ, Sung JS, Chen MY, Chen CW, Cheng JY, Wang TY,
Wang JJ (2013) The matricellular protein CCN1 suppresses lung

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

217.

28.

29.

30.

31.

32.

33.

cancer cell growth by inducing senescence via the p53/p2l
pathway. J Cell Biochem 114:2082-2093

Poulsen RC, Watts AC, Murphy RJ, Snelling SJ, Carr AJ, Hulley
PA (2013) Glucocorticoids induce senescence in primary human
tenocytes by inhibition of sirtuin 1 and activation of the p53/p21
pathway: in vivo and in vitro evidence. Ann Rheum Dis.[Epub
ahead of print]

Fujiwara Y (1995) Aging and cellular senescence. Nihon Ronen
Igakkai Zasshi 32:259-265

Gu Z, Jiang J, Tan W, Xia Y, Cao H, Meng Y, Da Z, Liu H,
Cheng C (2013) p53/p21 pathway involved in mediating cellular
senescence of bone marrow-derived mesenchymal stem cells
from systemic lupus erythematosus patients. Clin Dev Immunol
2013:134243

Hahnvajanawong C, Ketnimit S, Pattanapanyasat K, Ananta-
choke N, Sripa B, Pinmai K, Seubwai W, Reutrakul V (2012)
Involvement of p53 and nuclear factor-kappaB signaling pathway
for the induction of Gl-phase cell cycle arrest of cholangiocar-
cinoma cell lines by isomorellin. Biol Pharm Bull 35:1914-1925
Vadlakonda L, Pasupuleti M, Pallu R (2013) Role of PI3K-AKT-
mTOR and Wnt signaling pathways in transition of G1-S phase of
cell cycle in cancer cells. Front Oncol 3:85

Wang X, Bai H, Zhang X, LiuJ, Cao P, Liao N, Zhang W, Wang Z,
Hai C (2013) Inhibitory effect of oleanolic acid on hepatocellular
carcinoma via ERK-p53-mediated cell cycle arrest and mito-
chondrial-dependent apoptosis. Carcinogenesis 34:1323—-1330
Zhang DY, Wang HJ, Tan YZ (2011) Wnt/beta-catenin signaling
induces the aging of mesenchymal stem cells through the DNA
damage response and the p53/p21 pathway. PLoS ONE 6:e21397
Xiang XX, Chen L, Wang JH, Zhang YB, Zhang DY (2011) Role
of Wnt/beta-catenin signaling in aging of mesenchymal stem
cells of rats. Zhejiang Da Xue Xue Bao Yi Xue Ban 40:630-640
Zhang DY, Pan Y, Zhang C, Yan BX, Yu SS, Wu DL, Shi MM,
Shi K, Cai XX, Zhou SS, Wang JB, Pan JP, Zhang LH (2013)
Wnht/beta-catenin signaling induces the aging of mesenchymal
stem cells through promoting the ROS production. Mol Cell
Biochem 374:13-20

Reya T, Clevers H (2005) Wnt signalling in stem cells and
cancer. Nature 434:843-850

Clevers H (2006) Wnt/beta-catenin signaling in development and
disease. Cell 127:469-480

Damalas A, Kahan S, Shtutman M, Ben-Ze’ev A, Oren M (2001)
Deregulated beta-catenin induces a p53- and ARF-dependent
growth arrest and cooperates with Ras in transformation. EMBO J
20:4912-4922

Xu M, Yu Q, Subrahmanyam R, Difilippantonio MJ, Ried T, Sen
JM (2008) Beta-catenin expression results in p53-independent
DNA damage and oncogene-induced senescence in prelympho-
magenic thymocytes in vivo. Mol Cell Biol 28:1713-1723

Mao CD, Hoang P, DiCorleto PE (2001) Lithium inhibits cell
cycle progression and induces stabilization of p53 in bovine
aortic endothelial cells. J Biol Chem 276:26180-26188
Demidenko ZN, Blagosklonny MV (2009) Quantifying pharma-
cologic suppression of cellular senescence: prevention of cellular
hypertrophy versus preservation of proliferative potential. Aging
(Albany NY) 1:1008-1016

Sokol SY (2011) Maintaining embryonic stem cell pluripotency
with Wnt signaling. Development 138:4341-4350

Brack AS, Conboy MJ, Roy S, Lee M, Kuo CJ, Keller C, Rando
TA (2007) Increased Wnt signaling during aging alters muscle
stem cell fate and increases fibrosis. Science 317:807-810

Liu H, Fergusson MM, Castilho RM, Liu J, Cao L, Chen J,
Malide D, Rovira II, Schimel D, Kuo CJ, Gutkind JS, Hwang PM,
Finkel T (2007) Augmented Wnt signaling in a mammalian
model of accelerated aging. Science 317:803-806

@ Springer



	Wnt/ beta -catenin signaling mediates the senescence of bone marrow-mesenchymal stem cells from systemic lupus erythematosus patients through the p53/p21 pathway
	Abstract
	Introduction
	Materials and methods
	Patients
	Isolation, cell culture, and identification of BM-MSCs from SLE and normal subjects
	siRNA and transfection
	Treatment methods of BM-MSCs
	SA- beta -gal assay
	Immunofluorescence assay of the cytoskeleton of BM-MSCs
	Cell proliferation assay
	Flow cytometry
	Western blotting
	Immunofluorescence
	Statistical analysis

	Results
	The BM-MSCs from SLE patients showed senescence characteristics
	Wnt/ beta -catenin signaling was over-activated in BM-MSCs from SLE patients
	DKK1 and si- beta -catenin decreased the expression of Wnt/ beta -catenin signaling in BM-MSCs from SLE patients
	DKK1 and si- beta -catenin slowed cell senescence in BM-MSCs from SLE patients
	Activated Wnt/ beta -catenin signaling promoted the expression of p53 and p21 in BM-MSCs from SLE patients

	Discussion
	Acknowledgments
	References


