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Abstract

Human mesenchymal stem/stromal cells (hMSCs) have garnered enormous interest

as a potential resource for cell-based therapies. However, the molecular mechanisms

regulating senescence in hMSCs remain unclear. To elucidate these mechanisms, we

performed gene expression profiling to compare clonal immature MSCs exhibiting

multipotency with less potent MSCs. We found that the transcription factor Frizzled

5 (FZD5) is expressed specifically in immature hMSCs. The FZD5 cell surface antigen

was also highly expressed in the primary MSC fraction (LNGFR+THY-1+) and cultured

MSCs. Treatment of cells with the FZD5 ligand WNT5A promoted their proliferation.

Upon FZD5 knockdown, hMSCs exhibited markedly attenuated proliferation and dif-

ferentiation ability. The observed increase in the levels of senescence markers

suggested that FZD5 knockdown promotes cellular senescence by regulating the

noncanonical Wnt pathway. Conversely, FZD5 overexpression delayed cell cycle

arrest during the continued culture of hMSCs. These results indicated that the intrin-

sic activation of FZD5 plays an essential role in negatively regulating senescence in

hMSCs and suggested that controlling FZD5 signaling offers the potential to regulate

hMSC quality and improve the efficacy of cell-replacement therapies using hMSCs.
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1 | INTRODUCTION

Mesenchymal stem/stromal cells (MSCs) are typically defined as

multipotent mesenchymal stromal cells present in the bone marrow

(BM) and other organs.1,2 These cells are characterized by their spindle-

shaped morphology and capacity for self-renewal and differentiation into

cells of mesenchymal lineages.3 MSCs were originally isolated from BM

cells by exploiting their adherence to plastic substrates. However, long-

term culture in vitro leads to replicative senescence of MSCs.4-6 Senes-

cence is a cellular condition characterized by irreversible cell cycle arrest

and high activation of senescence-related markers (genes and proteins);

increased gene expression and senescence-related β-galactosidase (SA β-

gal) activity, such as P53, P16, and P21, are the main features of cellular

senescence.7,8 Replicative senescence results in an increase in the cell

area, changes the metabolic phenotype, and impairs multi-differentiation

capacity.9-12 It has also been reported to inhibit therapeutic activity,

including reduced anti-inflammatory cytokine production and reduced

fracture repair capacity.13-15 Therefore, replicative senescence can be a

significant barrier to the development of cell therapy technologies for

applications in regenerative medicine.16-18

The Wnt signaling pathway is an important pathway that deter-

mines cell fate.19 Activation levels of the β-catenin signaling pathway

have been reported to be closely associated with the maintenance of

undifferentiated stem cells.20-22 Moreover, the over-activation of the

β-catenin signaling pathway has been shown to cause senescence of

HSCs.23-25 Various other factors, such as stimulation by inflammatory

cytokines, cell-to-cell contact, and dysregulation of intracellular signal-

ing pathways, promote cell senescence.26,27 Thus, the analysis of sig-

nals that affect human MSCs (hMSCs) may contribute to our

understanding of the mechanisms of MSC senescence.

The heterogeneity of MSC populations makes it difficult to identify

MSC-specific signals. Even if the criteria for defining MSCs, including

(a) their plastic-adherent characteristics in standard culture conditions,

(b) expression of particular subsets of cell surface markers, and (c) the dif-

ferentiation capability to osteoblasts, adipocytes, and chondroblasts

in vitro, as proposed by the International Society for Cellular Therapy are

met, there is no guarantee that the MSC population is homogeneous.28

Heterogeneous, nonclonal cultures of stromal cells exhibit diverse differen-

tiation and proliferative capacities.29 In our previous studies, we used a

suite of cell surface markers to ensure quality and clonality.30,31 We found

that the LNGFR+ (CD271) THY-1+ (CD90) fraction isolated from adult

human BM, synovium, dental pulp, or induced pluripotent stem cell-derived

cells contained a high proportion of hMSCs.30,32-34 Moreover, based on

the results of single-cell sorting and clonal expansion of LNGFR+THY-1+

cells, we concluded that rapidly expanding clones (RECs) exhibited various

properties associated with an immature phenotype. In particular, RECs, in

addition to being the most expandable population among the isolated clones,

could differentiate into the three mesenchymal lineages from a single cell.

In this study, we performed extensive gene expression profiling

to identify the molecular mechanisms underlying the differences

between clonal immature MSCs and less potent clonal MSCs. We

found that Frizzled5 (FZD5) was expressed specifically in the highly

functional and immature hMSC cells. Conversely, knockdown of

FZD5 resulted in the loss of stem cell properties, whereas FZD5 over-

expression inhibited senescence in hMSCs. These findings provide

evidence that FZD5 plays a key role in regulating hMSC properties,

including the maintenance of proliferation and multilineage potency.

2 | MATERIALS AND METHODS

2.1 | Cell preparation and fluorescence-activated
cell sorting (FACS)

All BM-MNC experiments were performed using Poietics BM-MNCs

purchased from LONZA. Ethical approval for the generation of these

cells was comprehensively undertaken by LONZA. hMSCs were pre-

pared from human BM (human BM-MNCs; Lonza, Amagazaki, Japan) as

described in our previous report and in the Supplemental Experimental

Procedures.30,35 All experimental protocols were approved by the ani-

mal committee of Keio University, Japan. All methods were conducted

in strict accordance with the approved guidelines of the institutional

animal care committee. LNGFR-PE (Miltenyi Biotec, Bergisch-Gladbach,

Germany) and THY-1-APC (BD Pharmingen, San Jose, California) were

added to the human BM cells and incubated for 30 minutes on ice. The

tube was centrifuged, the supernatant was discarded, and HBSS con-

taining propidium iodide (Sigma, St. Louis, Missouri) was added. The

cells were sorted using a triple-laser MoFlo (Beckman Coulter, Brea,

California), FACS Vantage SE, or FACS Aria III (Becton Dickinson, Bed-

ford, Massachusetts). The data were analyzed using FlowJo software

(Tree Star, Ashland, Oregon). All flow cytometry experiments are

described in the Supplemental Experimental Procedures.

2.2 | Cell culture and immunocytochemistry

hMSCs were cultured in DMEM (Nacalai Tesque, Kyoto, Japan) con-

taining 20% fetal bovine serum (FBS), 10 mM HEPES (Nacalai Tesque),

Significance statement

Mesenchymal stem/stromal cells (MSCs) hold considerable

promise for cell therapy. Generally, MSCs are cultured

in vitro to increase cell numbers and ensure functionality.

However, long-term culture can lead to cellular senescence,

wherein cells no longer replicate. Here, the clones derived

from single MSCs were evaluated, revealing that the FZD5

regulatory protein is specifically expressed in highly func-

tional MSCs. FZD5 prevents senescence and preserves mul-

tipotency in the most immature, rapidly proliferating

subtype of MSCs. Controlling FZD5 gene expression may

thus allow the suppression of MSC senescence, while

maintaining their stem cell properties throughout long-term

culture in vitro.
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10 ng/mL basic fibroblast growth factor (recombinant human

FGF-basic; Peprotech, Rocky Hill, New Jersey), and 1% penicillin-

streptomycin (Nacalai Tesque). Wnt treatment was performed in

DMEM containing 1% FBS, 10 mM HEPES, and 1% penicillin-strepto-

mycin. All cell culture experiments are described in the Supplemental

Experimental Procedures.

The cells were plated on eight-well chamber slides (Iwaki) or glass

slips (Matsunami) coated with poly-L-ornithine (Sigma) and fibronectin

(Sigma). After several treatments and culture, the cells were fixed

(4% PFA) and blocked with phosphate-buffered saline containing 5%

FBS. F-actin was stained with Alexa fluor 555 Phalloidin (Molecular

probes). We prepared the anti-FZD5 (#6F5B9) and anti-ROR2

(#6F12A2) monoclonal antibodies in Medical & Biological Laboratories

Co, Ltd (previously named ACTGen, Inc) (antibody information,

Table S2). The proximity-ligation assay (PLA) visualizes the interaction

when a pair of oligonucleotide probes are close to each other. For this

assay, the Duolink in situ kit was used according to the manufacturer's

protocol (Olink Bioscience). To detect the interaction between non-

canonical Wnt pathway-related factors (FZD5/ROR2), the in situ PLA

was performed with RECs cultured in 1% serum. The number of dots

was counted as signals. A signal is generated and interaction is

detected only when the target protein is within 40 nm of each other.

In each assay, an average of more than 200 cells was scored. All

immunocytochemistry experiments are described in the Supplemental

Experimental Procedures.

2.3 | Gene expression and Microarray analysis

Total RNA was extracted from hMSC clones (RECs, moderately expan-

ding clones [MECs], and slowly expanding clones [SECs]). After purifica-

tion, 300 ng of total RNA was labeled with Cy3 and hybridized to an

Agilent human whole-genome chip (4 × 44 K, AMADID = 14 850;

Agilent Technologies, Santa Clara, California), which was scanned using

a microarray scanner system (Agilent Technologies). Gene expression

analysis was performed using GeneSpring GX10 (Agilent Technologies).

The results were uploaded to the Gene Expression Omnibus (number:

GSE86369). The quantitative PCR was performed with fast SYBR Green

master mix or Power SYBR Green PCR master mix (Life Technologies)

and an HT7900 fast real-time PCR system or a ViiA7 real-time PCR sys-

tem (Applied Biosystems) (Table S1). Microarray and quantitative PCR

analyses are described in the Supplemental Experimental Procedures.

2.4 | FZD5 knockdown and overexpression

Knockdown of FZD5 was performed using the lentiviral vectors

CS-shFZD5-EG and CS-shFZD5-EF-mRFP (Table S1). hMSCs were

seeded on six-well plates at a density of 2 × 105 cells/well. After

approximately 24 hours, appropriate amounts of CS-shFZD5-EG or

CS-shFZD5-mRFP lentivirus were added. Following incubation for

12 hours, the medium containing lentivirus was removed and the cells

were passaged if necessary. Four days after viral infection, EGFP-

positive or mRFP-positive hMSCs were isolated by FACS. Ten days

after viral infection, several analyses were performed.36 FZD5 was

overexpressed using the PiggyBac transposon vector system (System

Biosciences, Palo Alto, California). Wild-type (wt)-FZD5 (PB513-

FZD5-2xHA) or mutant (mut)-FZD5 (PB513-FZD5mut-2xHA) was

transfected into hMSCs along with the PB200 vector (System Biosci-

ences) at a molar ratio of 5:1 using the Human MSC Nucleofector Kit

(Amaxa Biosystems, Cologne, Germany) or ViaFect Transfection

Reagent (Promega, Madison, Wisconsin).

2.5 | Statistical analysis

Quantitative data are presented as the means ± SEM from representa-

tive experiments (n ≥ 3). For statistical analyses, the data were evalu-

ated using the Student's t test; P values <.05 were considered

significant.

3 | RESULTS

3.1 | FZD5 is specifically expressed in multipotent
hMSCs

In our previous study, we demonstrated that clones resulting from

colony-forming hMSCs, which constitute a heterogeneous population,

could be classified as RECs, MECs, or SECs based on their capacities

(Figure S1A).30 The RECs exhibited robust multilineage differentiation

and self-renewal potency. To investigate the molecular mechanisms

underlying the behavior of these cells, we isolated RECs and less

potent MSCs (MECs or SECs) and analyzed their gene expression pro-

files. We validated the expression levels of genes whose expression

levels in RECs were at least onefold to twofold higher than those in

MECs/SECs by parsing and clustering the differentially expressed genes

(57 genes) using the k-means algorithm (Figure S1B,C). Gene expression

and ontology analysis revealed that genes upregulated in RECs included

Wnt signaling genes involved in the Wnt/Ca+, PCP, and Wnt/β-catenin

signaling pathways (Figure S1D). Therefore, we focused on the Wnt-

Fzd pathway in our subsequent characterization of RECs.

Among the FZD family of genes, FZD5 was found to be specifically

expressed in RECs (Figure 1A) and was confirmed by quantitative

RT-PCR to be the most upregulated gene in RECs compared with

MECs/SECs (Figure 1B). Western blotting and immunocytochemistry

also confirmed the specific expression of FZD5 in RECs at the protein

level (Figure 1C,D). To investigate the expression of FZD5 in primary

cells and eliminate the effect of culture conditions, we examined

freshly isolated cell fractions from human BM and found that FZD5

was expressed only in the LNGFR+THY-1+ MSC fraction (Figure 1E,F).

The Fzd5 mRNA expression level was also elevated in purified mouse

MSCs (Figure S2). Together, these data indicated that FZD5 is specifi-

cally expressed in highly potent and freshly isolated MSCs. To ascertain

whether FZD5 plays an important role in maintaining multipotency, we

focused on the function in RECs.
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3.2 | Multipotent hMSCs can be activated by the
FZD5-related pathway

The Wnt pathway is classified into canonical and noncanonical modes

of activity.37 In the canonical pathway, Wnt ligands bind to cognate

FZD receptors along with a coreceptor, lipoprotein receptor-related

protein 5/6 (LRP5/6). The AXIN2 gene, a direct downstream target, is

expressed in many sites in which Wnt signaling is active. To determine

whether these factors function in conjunction with FZD5 in RECs, we

measured expression levels of the corresponding genes (qRT-PCR,

AXIN2, LRP5, and LRP6), β-catenin dephosphorylation as shown using

the anti-active β-catenin 8E7 antibody, and activation of the canonical

F IGURE 1 FZD5 is specifically expressed in immature mesenchymal stem/stromal cells (MSCs). A, Heat map of FZD family gene expression
in rapidly (RECs), moderately (MECs), and slowly (SECs) expanding clones (repeated gene names indicate results from different probe sets).
B, Relative FZD5 expression levels in RECs, MECs, and SECs as determined by quantitative RT-PCR. The ratios of FZD5 to GAPDH mRNA were
calculated for three clones of each cell type (n = 3). The mean level in three RECs was adjusted to 100. C, Western blot analysis of FZD5 in RECs,
MECs, and SECs. GAPDH was used as the internal control. D, Immunostaining of FZD5 (red) and nuclei (blue) in RECs, MECs, and SECs.

E, Relative FZD5 mRNA expression level in each fraction of bone marrow mononuclear cells. FZD5 mRNA expression levels were normalized
against the corresponding levels of GAPDH mRNA. Human whole bone marrow (WBM) cells were used as an unsorted cell population.
Hematopoietic stem cells (HSCs) were sorted to obtain the CD34+THY1+ population. The mean level in the three LNGFR+THY-1+ clones was
adjusted to 100. Three clones of each cell type were used (n = 3). n.d., not detected. F, Immunostaining of FZD5 (green) and nuclei (blue) in
freshly sorted cells of the LNGFR+THY-1+ or LNGFR−THY-1− fraction from human bone marrow. Data are presented as the means ± SEM.
**P < .01, ***P < .001; Student's t test
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F IGURE 2 The noncanonical Wnt pathway can activate mesenchymal stem/stromal cell (MSC) proliferation. A, Relative ROR2 expression
levels in rapidly (RECs), moderately (MECs), and slowly (SECs) expanding clones (quantitative RT-PCR). ROR2/GAPDH mRNA ratios were
calculated for three clones of each cell type (n = 3). The mean level in three RECs was adjusted to 100. B, Western blot analysis of ROR2 in RECs
and SECs. GAPDH served as the internal control. C, FZD5 and ROR2 colocalization (in situ PLA analysis). The white arrows indicate the cells in
which the signal was detected. Dotted lines indicate cell boundaries. D, Quantification of FZD5-ROR2 interaction in RECs, determined by PLA
signal number per cell; n = 3 clones. E, REC proliferation in the presence of rWnt5A. Cells were seeded (1 × 104) and counted after 1 week; n = 3
clones. F, Relative ROR2 expression levels in freshly sorted bone marrow mononuclear cells. Human WBM cells served as an unsorted cell
population. HSCs were sorted into the CD34+THY1+ population. ROR2/GAPDH mRNA ratios were calculated as in (A) (n = 3); LNGFR+THY-1+

mean levels were adjusted to 100. G, FZD5 (green), ROR2 (red), and nuclei (blue) immunostaining in freshly sorted LNGFR+THY-1+ BM-MNCs.
Data represent the means ± SEM. n.s., not significant. *P < .05, **P < .01, ***P < .001; Student's t test
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F IGURE 3 FZD5 knockdown increases mesenchymal stem/stromal cell (MSC) cell size and decreases their adipogenic differentiation
potential and proliferative capacity. A, Relative FZD5 expression levels in rapidly expanding clones (RECs) transfected with shFZD5 or control
(shCTRL) lentivirus. FZD5 mRNA levels were normalized to GAPDH. Three clones of each cell type were used (n = 3). B, Time-dependent changes
in shFZD5-transfected REC numbers. Ratio of the number of shFZD5 cells divided by the number of shCTRL cells is shown. The mean at day
10 (after transfection) was adjusted to 1; n = 3 clones. C, F-actin (red) and α-tubulin (blue) immunostaining in RECs transfected with shCTRL or
shFZD5 plus the EGFP expression vector (green). Scale bar = 50 μm. D, Quantification of cell areas. The mean size of shCTRL-treated cells was
defined as 1; n = 3 clones. E, Adipogenic, osteogenic, or chondrogenic differentiation capacities of shCTRL- or shFZD5-transfected RECs. Cells
were stained as follows: adipocytes (Oil Red-O), osteoblasts (ALP), and chondrocytes (Alcian blue). Scale bar = 100 μm. F, Relative expression of
adipocyte (PPARγ and C/EBPα), osteoblast (RUNX2 and OSTEOCALCIN), and chondrocyte (AGGRECAN and COL10A1) markers in cells derived from
shFZD5- or shCTRL-treated RECs. The mean level in shCTRL-treated cells was adjusted to 100; n = 3 clones. Data represent the means ± SEM.
n.s., not significant. *P < .05, **P < .01, ***P < .001; Student's t test
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Wnt pathway as estimated using the TOP/FOP flash assay

(Figure S3A-E). According to these results, the canonical Wnt pathway

seemed to be activated in RECs, albeit not statistically significant.

Focusing on the ligands of FZD5, we found that recombinant WNT3A

promoted the activation of the canonical Wnt pathway. However,

WNT5A, which is primarily involved in the noncanonical pathway, did

not cross-activate but instead inhibited the canonical Wnt pathway

(Figure S3F).

F IGURE 4 Legend on next page.
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In the noncanonical Wnt pathway, ROR2 functions as a cor-

eceptor of FZDs.38 ROR2 mRNA expression was fivefold higher in

RECs than in MECs, but was undetectable in SECs (Figure 2A).

Similarly, in Western blots, ROR2 could be detected in RECs but

not in SECs (Figure 2B). Therefore, to determine whether non-

canonical Wnt signaling is activated in the RECs, we investigated if

there is a direct interaction between FZD5 and ROR2 in the pres-

ence of WNT5A using in situ PLA, an assay that can detect the

interaction and localization of endogenous proteins with high sensi-

tivity. We confirmed that the PLA could detect the interaction

between FZD5 and ROR2 in cells (white arrow), and found that

the number of PLA signals was significantly increased upon treat-

ment with recombinant (r)WNT5A (Figure 2C,D). In addition, during

ex vivo expansion, the addition of rWNT5A (200 ng/mL) induced

REC proliferation (Figure 2E). ROR2 mRNA was expressed in

freshly isolated LNGFR+THY-1+ cells but not in the other

populations of BM-MNCs (LNGFR−THY-1+, LNGFR+THY-1−, and

LNGFR−THY-1−) (Figure 2F,G). WNT5A was more highly expressed

in RECs than in MECs or SECs (Figure S4A). Consistent with this

finding, WNT5A mRNA level in the LNGFR+THY-1+ fraction was

higher than those in other fractions (Figure S4B). WNT5A protein

was also expressed in RECs grown in culture medium (Figure S4C).

Together, these results suggested that the noncanonical Wnt path-

way (WNT5A/FZD5/ROR2 axis) is specifically activated in imma-

ture hMSCs.

3.3 | Loss of FZD5 impairs MSC stemness

The selective activation of FZD5 signaling in RECs motivated us to

investigate the possible role of FZD5-mediated Wnt signaling in the

regulation of REC-specific cellular properties. We used a lentiviral

vector to introduce a short hairpin RNA (shRNA) targeting FZD5

into RECs (Figure 3A). After culturing the cells, we calculated the

numerical ratio of FZD5-knockdown (shFZD5) RECs vs RECs trans-

fected with the control vector (shCTRL), and determined that the

proliferation rate in shFZD5-RECs was reduced (Figure 3B). The

noncanonical Wnt pathway is deeply involved in stress fiber

rearrangement.39,40 Therefore, among various REC-specific cellular

phenotypes, we initially focused on the finding that F-actin-positive

tubular components are rarely detected in RECs (Figure S1). In con-

trast, FZD5 knockdown triggered stress fiber formation in RECs

(Figure 3C). In addition, shFZD5-RECs exhibited larger cell bodies,

resembling those of SECs (Figure 3D). We then investigated the role

of FZD5 in the regulation of differentiation potential for mesenchy-

mal lineage. Although osteogenic and chondrogenic differentiation

was unaffected, FZD5 knockdown markedly inhibited adipogenic

differentiation (Figure 3E). The results of quantitative RT-PCR for

lineage-specific marker genes confirmed that FZD5 knockdown in

RECs only affected genes associated with adipocyte differentiation,

including PPARγ and C/EBPα, but not marker genes of osteoblasts

(RUNX2 and OSTEOCALCIN) or chondrocytes (AGGRECAN and

COL10A1) (Figure 3F). These findings suggest that, in RECs, FZD5

regulates the capacity to proliferate and differentiate into adipo-

cytes. Notably, shFZD5-RECs exhibit cellular properties similar to

those of SECs, the slowest-expanding population with the lowest

potential for adipocyte differentiation.

3.4 | FZD5 deletion promotes cellular senescence

Many types of somatic cells undergo senescence when cultured for

long periods of time in vitro.41 To determine whether these pheno-

types could also be observed during in vitro senescence, we investi-

gated the expression of FZD5, P16INK4a, and PROGERIN in RECs

subjected to short- and long-term culture (fewer than 30 days and

more than 60 days, respectively). We found that the expression of

FZD5 decreased with culture duration, whereas that of P16INK4a and

PROGERIN increased (Figure 4A,B). Notably, the expression of WNT5A

decreased similar to that of FZD5 (Figure 4C). Upon analyzing the

effect of FZD5 knockdown on senescence in RECs, we observed an

increased percentage of cells expressing the senescence marker SA-β-

gal (Figure 4D,E). We also found that P16INK4a and PROGERIN were

upregulated in shFZD5-RECs (Figure 4F). To comprehensively exam-

ine the effects of FDZ5 knockdown, we performed RNA sequencing

in shFZD5-RECs and shCTRL-RECs. The results showed that the

genes involved in senescence and cell cycle (RB1, RB2, CBX3, and

CDK2) were highly expressed in shFZD5-RECs (Figure S5A). Further-

more, the expression of noncanonical Wnt signaling-related genes

(AP1, PLCB1, SDC1, PRKACA, and PRKCA) tended to decrease

(Figure S5B). Western blotting results revealed that the phosphoryla-

tion of JNK, p38MAPK, PKC, CaMKII, and ERK in RECs was not

higher than that in MECs/SECs (Figure S6A-E). Because the c-JUN

phosphorylation was activated in the RECs, it may be involved as a

F IGURE 4 FZD5 knockdown accelerates cellular senescence. A-C, Relative gene expression levels in rapidly expanding clones (RECs) cultured
for short (fewer than 30 days) or long (more than 60 days) durations: FZD5 (A), P16INK4a and PROGERIN (B), and WNT5A (C). Three clones of
each cell type were used (n = 3). D, SA-β-gal staining of rapidly expanding clones (RECs) transfected with shCTRL or shFZD5. E, Quantification of

SA-β-gal-positive cells. Three clones of each cell type were used (n = 3). F, Relative P16INK4a and PROGERIN mRNA expression levels in RECs
transfected with shFZD5 or shCTRL. The mRNA expression levels were normalized against those of GAPDH mRNA. The mean level in shCTRL-
treated cells was adjusted to 100. Three clones of each cell type were used (n = 3). G, Immunostaining of γH2AX (light blue) and 53BP1 (red) in
RECs transfected with shCTRL or shFZD5 along with EGFP (green). H, Quantification of cell foci (γH2AX and 53BP1) with shCTRL or shFZD5.
I, G-tail telomere hybridization protection assay. The results were calculated as relative light units (RLU) of telomere length and telomere G-tail
length per μg of DNA (n = 3, telomere length, P = .23/ G-tail length, P = .27). Data represent the means ± SEM. n.s., not significant. *P < .05,
**P < .01, ***P < .001; Student's t test
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target for FZD5-related pathway (Figure S6F). We also found that

RAC and CDC42 were activated in response to Wnt5A treatment

(Figure S6G,H).

During cellular senescence, the global induction of heterochroma-

tin formation results in the generation of senescence-associated het-

erochromatic foci. Specifically, phosphorylated H2AX (γH2AX)

recruits DNA-damage-response (DDR)-related factors (eg, 53BP1) to

several hundred kilobase-long regions near the damaged site, where

they form large DDR foci.42,43 To confirm the progression of senes-

cence in shFZD5-RECs, we examined the expression of γH2AX and

53BP1 using immunocytochemistry. The results revealed the pres-

ence of very few 53BP1 foci and numerous γH2AX foci in

shFZD5-RECs (Figure 4G,H). FZD5 depletion tend to decrease the

telomere and G-tail lengths (Figure 4I).

F IGURE 5 Legend on next page.
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3.5 | FZD5 overexpression prevents cellular
senescence

To analyze the effect of FZD5 signaling on hMSCs, we overexpressed

HA-tagged wild-type FZD5 (wt-FZD5) in RECs (Figure 5A). The

wt-FZD5 protein could be detected by immunofluorescence using

both anti-FZD5 and anti-HA antibodies (Figure 5B). RECs over-

expressing wt-FZD5 retained proliferative capacity for longer than

controls (Figure 5A,C). To confirm the function of overexpressed

FZD5, we performed rescue experiments in shFZD5-RECs. For this

purpose, we inserted silent mutations into wt-FZD5 to construct a

mutant FZD5 (mut-FZD5) that was not recognized by shFZD5

(Figure 5D). Consequently, mut-FZD5 protein could be detected in

REC lysates by Western blotting even when shFZD5 was introduced

(Figure 5E). Cells overexpressing wt-FZD5 in the presence of shFZD5

increased in size and became flattened in shape, indicating that the

effects of shFZD5 were not rescued by wt-FZD5 (Figure 5F). In con-

trast, the overexpression of mut-FZD5 in the presence of shFZD5

resulted in the maintenance of cellular size and spindle shape, similar

to that in native RECs (Figure 5F). Furthermore, shFZD5 did not affect

the proliferation of RECs carrying mut-FZD5, whereas it markedly

inhibited the proliferation of RECs expressing wt-FZD5 (Figure 5G).

In the course of the long-term culture (more than 50 days), the

adipogenic capacity of shFZD5-RECs persisted under conditions

where mut-FZD5 was overexpressed (Figure 5H). Furthermore, the

adipogenic differentiation capacity of wt-FZD5 overexpression was

reduced (Figure 5H). These observations were confirmed by quantita-

tive PCR of adipocyte (PPARγ and C/EBPβ) and osteoblast (RUNX2

and OSTEOCALCIN) marker genes (Figure 5I). Together, these data

suggested that FZD5 is required to retain both proliferation and dif-

ferentiation capacity in multipotent MSCs.

4 | DISCUSSION

Extensive attempts have been made to identify surface antigens spe-

cific to MSCs; however, the molecular mechanisms regulating the bio-

logical features of these cells remained unclear. Previously, we

classified populations that retained the multipotent properties of

clonal hMSCs, revealing that RECs constitute the majority of func-

tional MSCs. In the present study, we built on that work, showing that

a noncanonical Wnt pathway mediated by FZD5 is involved in regu-

lating the cellular identity in hMSCs. Moreover, because Fzd5 mRNA

expression was also elevated in mouse MSCs, we consider it likely

that the role of FZD5 in regulating MSC stemness is evolutionarily

conserved.

The role of classical signals in MSCs is very well studied.44,45 How-

ever, noncanonical Wnt pathway in these cells has not been well char-

acterized. Previous studies evaluated the phenotypes of mice lacking

components of non-canonical Wnt pathways, including ROR2 and

WNT5A. Deficiencies in both of these factors result in similar pheno-

types, including short extremities, short tails, and dyschondroplasia in

the distal portion of the extremities.46,47 Furthermore, in the human

diseases brachydactyly B and recessive Robinow syndrome, which are

caused by mutations in the tyrosine kinase domain of ROR2, patients

exhibit short-limbed dwarfism characterized by abnormal morphogene-

sis of the face, external genitalia, and vertebral segmentation.48-51

Notably, the phenotypes observed with these mutations are closely

related to defects of the skeletal system, which is composed of MSC

derivatives. These reports implied that the dysregulation of MSC

behavior may contribute to the pathogenesis in noncanonical Wnt

pathway mutants.

MSCs exhibit a number of unique cellular features, including rapid

cellular proliferation, capacity to differentiate, and distinct cytoskeletal

organization.52,53 In the present study, we found that cellular aging

and related changes in gene expression were strongly associated with

MSC function and were regulated by FZD5. Specifically, RECs cul-

tured for short periods expressed high levels of FZD5 and WNT5A,

whereas both genes were downregulated in RECs cultured for long

periods in vitro (Figure 4A,C). The age-related protein progerin, a

short isoform of lamin A (encoded by LMNA), is expressed in senes-

cent fibroblasts.54,55 Patients with Hutchinson-Gilford progeria syn-

drome harbor LMNA mutations and exhibit abnormal osteogenesis

and loss of subcutaneous adipose tissue.56,57 Consistent with this, the

overexpression of progerin leads to the progression of osteogenic dif-

ferentiation and inhibits adipogenic differentiation.55 We found that

p16, progerin, RB1, and RB2 levels increased with FZD5 knockdown in

RECs (Figure 4B; Figure S5A).58,59 Furthermore, cells with FZD5

F IGURE 5 FZD5 overexpression promotes mesenchymal stem/stromal cell (MSC) proliferation and inhibits senescence. A, MSCs were
transfected with wt-FZD5 (PB513-FZD5-2xHA) and EGFP (green). Mock (PB513B-1) served as the control. B, Total (red) and HA-tagged (blue)
FZD5 immunostaining in RECs transfected with PB513-FZD5-2xHA plus EGFP (green). Nuclei was visualized by Hoechst straining (blue).
C, Time-dependent change in the number of overexpression (wt-FZD5) vs mock vector-transfected RECs. Bar graph shows the ratio of wt-FZD5
cells divided by Mock cell numbers. Three clones of each cell type were used (n = 3). D, DNA (1502-1522 base pairs from the 50 terminus) and
amino acid (residues 501-508 from the N-terminus) sequence of wt-FZD5 and mut-FZD5. E, HA-tagged wt-FZD5 and mut-FZD5 (PB513-mut-

FZD5-2xHA) in shCTRL- or shFZD5-transfected RECs (Western blot). Band intensities were quantitated and the HA-tagged FZD5/β-actin ratios
were calculated. The ratio in cells co-transfected with wt-FZD5 or mut-FZD5 and shCTRL was set to 1. F, RECs were cotransfected with shFZD5
(CS-shFZD5-EF-mRFP) and overexpression vector (wt-FZD5 or mut-FZD5). G, Ratio of REC numbers 2 weeks after shCTRL or shFZD5
transfection into wt-FZD5- or mut-FZD5-transfected cells. The mean for wt-FZD5- and shCTRL-treated cells was defined as 1; n = 4 clones.
H, Adipogenic (Oil Red-O staining) and osteogenic differentiation (ALP staining) in the rescued RECs. Cells were processed for immunostaining
54 days after sorting. I, Relative expression of adipocyte (PPARγ and C/EBPβ) and osteoblast (RUNX2 and OSTEOCALCIN) markers in the cells
described in (H); n = 3 clones. Data represent the means ± SEM. n.s., not significant. *P < .05, **P < .01; Student's t test
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knockdown tended to have short telomere and G-tail length (Figure 4I).

We found that γH2AX expression was high in FZD5-KD RECs, which

suggests that damaged DNA undergoes the repair process in these cells

(Figure 4G,H).42,43 Based on the results of gene expression and immu-

nostaining, the FDZ5 deletion phenotype appears to change to one that

resembles cellular senescence rather than one that causes aging. Like

C/EBPα, C/EBPβ has been reported to have the ability to induce adipo-

cyte differentiation.60 Especially, C/EBPβ is transiently elevated early in

adipocyte differentiation and play early catalytic roles in the differentia-

tion pathway (Figure 5I).61 Thus, these findings support that FZD5/

WNT5A signaling plays a role in preventing senescence in RECs,

thereby preserving their potential for proliferation as immature MSCs.

The noncanonical Wnt pathway functions as a “hub” gene that

coordinates stem cell functions.62-65 Previous reports have suggested

that rheumatoid arthritis fibroblasts with high expression of Wnt5A and

FZD5 acquire the characteristics of immature MSCs in vivo.62 MSCs

with low expression of FZD5 (MECs and SECs) have osteogenic and

chondrogenic differentiation capabilities similar to those of unmani-

pulated RECs. However, when envisaging cell transplantation, RECs

with high expression of FZD5 and Wnt5A are considered to be the

most appropriate cell source. An understanding—and consideration—of

the properties of MSCs that can be cultured for long durations in vitro

would provide insights that would enable their use in clinical research.

We observed no differences in the activation of the canonical pathway

among various types of MSC clones (Figure S3D). However, the differ-

ences between RECs and SECs may be explained based on the modula-

tion of FZD5 expression. We could identify these differences in this

experiment because we had analyzed a homogenous cell population

originating from a single clone. The mechanism by which FZD5 exerts

its effects on RECs through the noncanonical Wnt pathway remains an

open question. It would be interesting to investigate if modulation of

FZD5 expression can be used as a strategy for stem cell rejuvenation.

Our findings raise the possibility that aging decreases the expression

of FZD5 and inhibits the response to its ligand WNT5A, thereby promot-

ing age-related changes. The decrease in FZD5 expression is not com-

pensated for by other signals and the positive feedback loop that

induces aging cannot be interrupted until the cell cycle is arrested. These

findings may contribute to the development of methods for increasing

yields of full potency hMSCs, with higher capacities for proliferation and

differentiation upon stimulation with appropriate growth factors, such as

WNT5A or drugs that activate the noncanonical Wnt pathway.66 In addi-

tion, such hMSCs might be purified by cell sorting using an anti-FZD5

antibody. However, the relationship between WNT5A/FZD5/ROR2 and

the noncanonical Wnt pathway constitutes only one part of the complex

mechanism that maintains hMSC stemness. To precisely control the

behavior of hMSCs and increase their clinical utility, further studies must

be conducted to characterize the pathways downstream of WNT5A/

FZD5/ROR2 signaling and the detailed mechanisms of noncanonical

Wnt signaling and other pathways that regulate hMSC stemness.
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