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Abstract 

Background The clinical application of mesenchymal stem cells (MSCs) has garnered attention due to their remarka-
ble capacity to differentiate into adipocytes, chondrocytes, and osteoblasts. However, the quality of MSC culture varies 
from batch to batch, which poses challenges in ensuring consistent cellular quality across batches. Consequently, it 
becomes imperative to identify specific markers that can distinguish superior and slightly inferior MSCs.

Methods Human bone marrow-derived MSC clones were isolated and subjected to flow cytometry analysis to assess 
the expression of NRP2, VEGFR, and plexinA1. The osteogenic and adipogenic differentiation potentials were evalu-
ated using Alizarin Red S and Oil Red O staining, respectively. Furthermore, the migration capacity was assessed 
through the scratch healing assay.

Results Nine out of twenty MSC clones significantly expressed NRP2. NRP2-expressing MSC clones  (NRP2+ MSCs) 
retained superior proliferation and differentiation capacities, along with increased migratory capacity compared 
to non-expressing MSC clones  (NRP2− MSCs). In addition, the activation of VEGF-C/NRP2 signaling augmented 
the potential of MSCs in cell proliferation and differentiation.

Conclusion In contrast to  NRP2− MSCs,  NRP2+ MSCs exhibited superior proliferation, differentiation abilities, 
and migration capacity. Moreover, the stimulation of VEGF-C/NRP2 signaling further enhanced the proliferation 
and differentiation rates, indicating a role of NRP2 in the maintenance of MSC stemness. Hence, NRP2 holds potential 
as a cell surface marker for identifying beneficial MSCs for regenerative medicine.
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Background
Mesenchymal stem cells (MSCs) have been attracting 
increasing attention due to their differentiation capac-
ity into bone [1] and cartilage tissue [2] and their immu-
nomodulatory function [3, 4] in cell therapy. Since the 
discovery, researchers have isolated MSCs from the 
bone marrow, adipose tissue, placenta, and dental pulp, 
based on adherence to plastic flasks, and harvested 
the adherent cells with a spindle-shaped morphology 
that emerge after 2–3 weeks of culture as MSCs. How-
ever, this conventional protocol is unable to establish 
the MSC culture, which is free from contamination of 
fibroblasts, granulocytes, and hematopoietic cells; these 
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contaminants negatively affect transplantation outcomes 
[5]. Moreover, prolonged MSCs cultivation induces 
replicative senescence and compromises clinical out-
comes. Senescent MSCs cause pulmonary embolism 
after intravenous transplantation because they fail to 
pass through the capillary vessels in the lung. Our pre-
vious study established a protocol to prospectively iso-
late MSC clones from the human bone marrow by flow 
cytometry using antibodies against low-affinity nerve 
growth factor receptor (LNGFR) and THY- 1. We dem-
onstrated that the  LNGFR+THY-  1+ fraction is enriched 
in colony-forming unit fibroblast (CFU-F) activity and a 
part of  LNGFR+THY-  1+ cells clonally grow in a well of 
the 96-well plate even though the cell proliferation rate 
differs from clone to clone. The clones that grew to sub-
confluent in two weeks are called REC, Rapidly Expand-
ing Clone. MEC, Moderately Expanding Clone, grew 
slower than REC, and SEC, Slowly Expanding Clone, 
merely expanded [6]. RECs also retain higher differentia-
tion potential than MECs or SECs. Even in RECs, some 
clones cease proliferation at relatively early passages and 
undergo replicative senescence, whereas others maintain 
their differentiation and proliferative potential for a long-
term. Consequently, cell surface markers that distinguish 
superior clones from inferior clones enable us to estab-
lish beneficial RECs for regenerative medicine. The Inter-
national Society for Cellular Therapy defined the positive 
(CD105, CD73, and CD90) and negative markers (CD45, 
CD34, CD14 or CD11b, CD79α or CD19, and HLA-DR) 
for human MSCs [7]. However, these markers are mini-
mal criteria of MSCs and do not necessarily guarantee 
the quality of MSCs.

NRP2 is a co-receptor for vascular endothelial growth 
factor receptor (VEGFR) and plexin that contributes to 
the arterial or venous identity of vessels in concert with 
NRP1 and sympathetic axonal responses to Semaphorin 
IV [8–11].  NRP2  was also reported to be one of the 
genes expressed in human MSCs [12]; however, its role 
in MSCs remains unclear. Here, we demonstrated that 
the RECs with robust proliferation, differentiation, and 
migration potential express the NRP2. In addition, stimu-
lation of VEGF-C/NRP2 signaling augments the prolifer-
ation and differentiation capacities. These results clearly 
show that NRP2 is an ideal marker for beneficial MSCs.

Methods
Isolation of bone marrow‑derived MSCs and cell culture
Frozen human bone marrow mononuclear cells (BM-
MNC) were purchased from Lonza, thawed at 37 °C and 
incubated in Hank’s Balanced Salt Solution (HBSS, Fuji 
Film Wako Pure Chemicals, Japan) containing 10 units/
µL DNase I (Sigma-Aldrich) at room temperature for 10 
min. The cell suspension was centrifuged at 200 × g for 

5 min and the supernatant was discarded. The cells were 
resuspended with HBSS supplemented with 2% fetal 
bovine serum (FBS) and then stained with anti-LNGFR-
APC (Miltenyi Biotec, Germany) and anti-THY- 1-PE 
(BioLegend, CA, USA).  LNGFR+ THY-  1+ cells were 
sorted as single cells on each well of 96-well plates using 
JSAN JR (Bay Bioscience, Japan). Sorted cells were cul-
tured in a growth medium (Dulbecco’s Modified Eagle 
Medium [DMEM] supplemented with 20% FBS, 0.01 
mol/L HEPES, 100 units/mL penicillin, 100 µg/mL strep-
tomycin, and 20 ng/mL basic fibroblast growth factor 
[FGF]). The definition of MSC subtypes, REC, MEC, and 
SEC was described previously [6].

Induction of osteogenic and adipogenic differentiation
MSCs were seeded on 12-well plates at a density of 1 × 
 105 cells/well, and precultured in a growth medium until 
they became confluent. To induce osteogenic differentia-
tion, the medium was replaced with an osteogenic induc-
tion medium (DMEM supplemented with 20% FBS, 0.01 
mol/L HEPES, 100 units/mL penicillin, 100 µg/mL strep-
tomycin, 10 mM β-glycerophosphate, 50 µM L-ascorbic 
acid, 0.1 µM dexamethasone, and 0.02% gentamicin). 
MSCs were cultured in the medium for 10 days, with 
the medium replaced every 3–4 days. To induce adipo-
genic differentiation, MSCs were cultured in an adipo-
genic induction medium (DMEM supplemented with 
20% FBS, 0.01 mol/L HEPES, 100 units/mL penicillin, 
100 µg/mL streptomycin, 0.5 mM isobutylmethylxan-
thine, 0.2 mM indomethacin, and 1 µM dexamethasone) 
for 10 days, with the medium replaced every 3–4 days. 
Osteogenic-induced cells and adipogenic-induced cells 
were stained with Alizarin Red S (Waldeck GmbH & Co 
KG, Division Chroma, Germany) and Oil Red O (MUTO 
PURE CHEMICALS, Japan), respectively. Briefly, oste-
ogenic-induced cells were washed with phosphate-
buffered saline (PBS), fixed with 4% paraformaldehyde 
(PFA) for 10 min, washed again with PBS three times, 
and then stained with Alizarin Red S for 5 min. Adipo-
genic-induced cells were washed with PBS and fixed with 
4% PFA for 10 min. They were washed again with PBS 
three times, washed with 60% isopropyl alcohol for 30 s, 
and stained with Oil Red O for 30 min. Then cells were 
washed with 60% isopropyl alcohol for 30 s and washed 
with PBS three times. The stained cells were observed 
using BZ-X710 fluorescence microscope (KEYENCE, 
Japan). The differentiation capacity of MSCs was evalu-
ated by measuring the ratio of the stained area using 
ImageJ software (National Institutes of Health).

Flow cytometry
Cultured cells were detached from culture dishes using 
0.05% trypsin- 0.53 mmol/L EDTA･4 Na solution, 
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resuspended in 100 µL of HBSS containing 2% FBS for 
1–3 ×  105 cells, and then stained on ice for 30 min with 
the following monoclonal antibodies and dilutions: anti-
human/mouse NRP2-APC (1:10), anti-human VEGFR2-
APC (1:20), and anti-human VEGFR3-APC (1:20). The 
cells were also treated with anti-human plexin A1 (1:100) 
and anti-mouse IgG2b-FITC (1:100) for primary and 
secondary antibodies, respectively. Anti-human/mouse 
NRP2-APC and anti-human PlexinA1 were purchased 
from R&D Systems (MN, USA). Anti-human VEGFR2-
APC, anti-human VEGFR3-APC, and anti-mouse IgG2b-
FITC were purchased from BioLegend. A flow cytometric 
analysis was performed on CytoFLEX (Beckman Coul-
ter, CA, USA), and mean fluorescent intensity (MFI) was 
analyzed with FlowJo software (TreeStar, Inc., CA, USA).

Scratch healing assay
The scratch healing assay was performed as described by 
Liang CC et  al. previously [13]. After cells were seeded 
on 24-well plates and grown to confluence, one straight 
scratch wound was made in the monolayer using the 
CELL Scratcher (IWAKI, Japan). Then, the cells were 
washed using PBS to remove debris, and fresh DMEM 
(serum-free) was added. Representative images of the 
scratched areas were photographed at × 40 magnification 
under a light microscope to estimate the relative number 
of migrating cells. The migration area was defined as the 
area at which the cell-free area after 35–42 h of incuba-
tion was excluded from the total region scratched. The 
ratio of the migration area to the total scratched region 
was calculated.

Quantitative reverse transcriptase polymerase chain 
reaction (q‑PCR) analysis
Total RNA was purified with the RNeasy Mini Kit (Qia-
gen, Germany), and first-strand cDNA was synthesized 
with PrimeScript II Reverse Transcriptase (TaKaRa Bio, 
Japan). q-PCR was performed on the ABI 7500 Fast 
Real-time PCR System (Applied Biosystems, MA, USA) 
using the Fast SYBR Green Master Mix (Applied Biosys-
tems, MA, USA). NRP2 expression was analyzed using 
the ΔΔCT method. The primer sequences were as fol-
lows: NRP2, 5’-CAG AAT GGC TAC TAT GTC AAA TCC 
- 3’ (forward) and 5’-CGT TGT TGG CTT GAA ATA CCT- 
3’ (reverse); Hprt, 5’-TGA CCT TGA TTT ATT TTG CAT 
ACC - 3’ (forward) and 5’-CGA GCA AGA CGT TCA GTC 
CT- 3’ (reverse).

Short‑term cell proliferation assay
Five hundred cells were seeded on each well of a 96-well 
plate and cultured with or without 10 ng/mL of VEGF-C 
(BioLegend, CA, USA) for 7 days. Cell proliferation was 
measured using Cell Counting kit- 8 (CCK- 8, Dojindo, 

Japan) according to the manufacturer’s instructions. 
After the working solution of CCK- 8 was added to each 
well, cells were incubated in a humidified incubator with 
5%  CO2 at 37 °C for 2 h. The absorbance was measured at 
450 nm using GloMax Discover microplate reader (Pro-
mega, USA).

Long‑term cell proliferation assay
As the start point of the experiment, MSCs at passage 4 
were seeded on 10-cm dishes at a density of 2 ×  105 cells/
dish. These cells were cultured until they became conflu-
ent, treated with 0.05% trypsin- 0.53 mmol/L EDTA･4 
Na solution, harvested, and then counted using hemo-
cytometers. They were seeded again at a density of 2 × 
 105 cells/dish. The counting and seeding of cells were 
repeated until passage 10.

Microarray analysis
Transcriptome profiling was performed on three RECs 
and four MECs using a GeneChip Array System (Applied 
Biosystems, MA, USA). Briefly, total RNA was isolated 
using TRIZOL solution (Invitrogen, MA, USA), and 250 
ng of the total RNA was amplified and labeled with biotin 
using the GeneChip 3’IVT Reagent Kit (Applied Biosys-
tems, MA, USA). Ten micrograms of the labeled cRNA 
was hybridized using the Human Genome U133 Plus 2.0 
Array. After hybridization and washing with the Hybridi-
zation, Wash, and Stain Kit (Applied Biosystems, MA, 
USA), images were obtained using Affymetrix Gene-
Chip Command Console software. All procedures were 
conducted according to the manufacturer’s instructions. 
Global scaling, which sets the average signal intensity of 
all probes to a Target Signal of 500, was performed using 
Affymetrix Expression Console software. Normalized 
data was analyzed using limma and affy package from 
Bioconductor [14]. A heatmap was created using Prism 
software (GraphPad).

Statistical analysis
Data are shown as the mean ± standard deviation (SD). 
The significance of differences was assessed by Student’s 
t-test, and P values of < 0.05 were considered significant.

Results
NRP2 is strongly expressed in RECs
To screen the genes that could serve as cell surface mark-
ers for MSCs with stem cell characteristics, we per-
formed microarray analysis using three REC clones and 
four MEC clones. Statistical analysis identified approxi-
mately 2200 genes (3187 probes) upregulated in REC 
clones in comparison with MEC clones with a p-value 
of less than 0.05 (Fig. 1a). Gene set enrichment analysis 
(GSEA) revealed the positive enrichment of gene sets 
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related to Cell cycle, Interferon response, Lipid metabo-
lism, and Oxidative phosphorylation in REC (Fig.  1b). 
Among TOP50 genes (Fig. 1b), we focused on Neuropilin 
2 (NRP2) because the gene encodes a cell surface protein 
and its role in MSCs has yet to be reported (Fig. 1c).

RECs include  NRP2+ and  NRP2− clones
The cell surface expression levels of NRP2 in RECs at pas-
sage 3 were analyzed by flow cytometry and 9 out of 20 
MSC clones significantly expressed NRP2. Representative 
data are shown in Fig. 2a. Interestingly, NRP2 expression 
levels differed in each REC, i.e., some exhibited slightly 
dim but single peak expression of NRP2, whereas oth-
ers did not (Fig. 2a). A comparison of MFI in  NRP2+ and 
 NRP2− RECs showed a significant difference between 

the two groups (Fig.  2b). A q-PCR analysis confirmed 
that the gene expression of NRP2 was higher in  NRP2+ 
RECs than in  NRP2− RECs (Fig. 2c). Then, changes in the 
expression levels of NRP2 were investigated among serial 
passages. The results revealed that the expressions were 
not detected in  NRP2− RECs throughout the culture 
period. On the contrary, the intensity of the expression 
level of NRP2 in  NRP2+ RECs was relatively high in the 
early passage and gradually reduced as the passage num-
ber increased (Fig. 2d).

NRP2+ RECs have a higher proliferation and differentiation 
capacity than  NRP2− RECs
Owing to the variations in the properties of each REC, 
such as proliferation and differentiation potentials, we 

Fig. 1 NRP2 is strongly expressed in RECs. a Volcano plot showing differences in the gene expression profile of RECs and MECs. Only probes 
with p value of less than 0.05 were plotted. b Gene sets enriched in RECs. Normalized enrichment scores (NES), nominal p values (NOM), and false 
discovery rates (FDR) are indicated. c The TOP50 of up-regulated genes in RECs are shown as a heatmap. MEC, moderately expanding clone; REC, 
rapidly expanding clones
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hypothesized that the expression level of NRP2 may be 
related to such functions. Expectedly, the proliferation 
rate of  NRP2+ RECs was significantly higher than that of 
 NRP2− RECs at passage 3 (Fig. 3a). The proliferation rate 
and NRP2 expression level were significantly correlated 
(Fig.  3b). In the long-term serial passage,  NRP2+ RECs 
exhibited higher long-term growth potential than  NRP2− 
RECs (Fig. 3c). These results suggested that  NRP2+ RECs 
have a higher proliferation capacity than  NRP2− RECs in 
short- and long-term in vitro cultures.

Then, the ability of  NRP2+ and  NRP2− RECs at pas-
sages 4 and 11 to differentiate into osteocytes and adipo-
cytes was investigated. At passage 4, the differentiation 
potential of  NRP2+ RECs was significantly higher than 
that of  NRP2− RECs in both osteogenesis and adipogen-
esis (Fig.  4a–d). The differentiation potential at passage 
11 was similar to that at passage 4 (Fig.  4e–h). We also 
confirmed that the expression levels of NRP2 were higher 
in  NRP+ RECs than in  NRP2− RECs at passages 4 and 
11 (Fig.  4i, j). Therefore, compared with  NRP2− RECs, 

 NRP2+ RECs at early and late passages exhibited higher 
differentiation ability to osteocytes and adipocytes 
in  vitro. These results suggest that the expression levels 
of NRP2 are highly correlated with the proliferation and 
differentiation potency of RECs.

Proliferation and differentiation capacities of NRP2high 
and NRP2low populations in one  NRP2+ REC 
do not markedly differ
To investigate the correlation between the proliferation 
and differentiation capacities and NRP2 expression level 
in one  NRP2+ REC,  NRP2high and  NRP2low populations 
were sorted based on the gating of top ~ 2% and bottom 
~ 2% of NRP2-expressing cells in an  NRP2+ REC (Fig. 5a). 
In our previous observation, MECs and SECs, which 
were composed of larger cells than RECs, had a lower 
proliferation and differentiation potential than RECs 
[6]. Therefore, we compared the cellular sizes between 
 NRP2high and  NRP2low cells. As shown in Figure 5b and 
c,  NRP2high cells tended to be larger than  NRP2low cells. 

Fig. 2 RECs include  NRP2+ and  NRP2− clones. a Representative data of NRP2 expression levels in  NRP2− and  NRP2+ clones (n = 11 or 9 per group). 
b MFI values of NRP2-APC on  NRP2– and  NRP2+ clones. Values are represented as the mean ± standard deviation (SD) (n = 3). (c) q-PCR analysis 
of NRP2 expression in  NRP2− and  NRP2+ clones. Values are represented as the mean ± SD (n = 3). (d) Expression levels of NRP2 in  NRP2− and  NRP2+ 
clones at passages 3, 5, and 7 were analyzed by flow cytometry. *p < 0.05, ***p < 0.001. q-PCR, quantitative polymerase chain reaction; REC, rapidly 
expanding clones
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However, the proliferation rates of  NRP2high and  NRP2low 
cells were not significantly different, even though 
 NRP2low cells proliferated slightly faster than  NRP2high 
cells (Fig.  5d). Moreover, the differentiation potential 
of these two groups into osteocytes and adipocytes was 
compared, and no significant differences in osteogenic 
differentiation were found. However, the adipogenic dif-
ferentiation potential of  NRP2high cells was higher than 
that of  NRP2low cells (Fig. 5e–g).

NRP2+ RECs have a higher migration capacity than  NRP2− 
RECs
Then, the motility of  NRP2+ and  NRP2− RECs was 
examined. Figure  6a shows that  NRP2+ REC (clone 6) 
migrated farther than  NRP2− REC (clone 5) 42 h after 
scratching (Fig.  6a, b). In addition, similar results were 
obtained using different clones  (NRP2+: clones 8 and 10, 
 NRP2−: clones 7 and 9) (Fig. 6c–f). These results indicate 
that  NRP2+ RECs have a higher migration capacity than 
 NRP2− RECs.

Effects of VEGF‑C/NRP2 signaling on MSCs
Since NRP2 was reported to constitute a co-receptor 
with plexinA1, VEGFR2, and VEGFR3, their cell sur-
face expression in MSCs was analyzed. As shown in 

Fig.  7a, neither  NRP2+ nor  NRP2− RECs expressed 
plexinA1 but expressed VEGFR2 and VEGFR3. Then, 
whether VEGF-C/NRP2 signaling affected the prolifer-
ation rate of MSCs was investigated. The growth rate of 
cells was assessed in a medium with or without VEGF-
C supplementation for 7 days. The results showed that 
 NRP2+ RECs in a medium supplemented with VEGF-C 
proliferated significantly faster than those in a medium 
without VEGF-C (Fig. 7b). In contrast to  NRP2+ RECs, 
the growth rate of  NRP2− RECs did not enhance by 
VEGF-C.

VEGF promotes the osteogenic differentiation of MSCs 
[11, 15]. Therefore, whether stimulation with VEGF-C 
affected differentiation into osteoblasts and adipocytes 
was investigated. Although no significant difference in 
adipogenic differentiation was found between cells with 
and without VEGF-C (Fig.  7c), VEGF-C significantly 
enhanced the osteogenic differentiation of  NRP2+ and 
 NRP2− RECs (Fig. 7d). As with the proliferation rate, the 
effect of VEGF-C on  NRP2+ RECs was greater than that 
on  NRP2− RECs for osteogenic differentiation. These 
results suggest that VEGF-C/NRP2 signaling in MSCs 
significantly affects proliferation and differentiation into 
osteoblasts.

Fig. 3 NRP2+ RECs have a higher proliferation capacity than  NRP2− RECs. a Proliferation rates of  NRP2− and  NRP2+ RECs at passage 3 (n = 11 
or 9 per group). A total of 1 ×  105 cells were seeded on 10-cm culture dishes, and the number of cells was counted after 5 days. b Correlation 
between the proliferation rate and expression level of NRP2. c Growth potential of representative  NRP2+ and  NRP2− RECs from passages 4–10. REC, 
rapidly expanding clones
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Discussion
MSCs can be expanded in culture to the amount that 
meets the clinical requirements. However, long-term 
serial passaging accompanies the replicative senes-
cence, which hampers cell proliferation and differen-
tiation capacity. The capacity of MSCs to expand differs 
from batch to batch. Therefore, screening the beneficial 
MSCs in MSC-based regenerative medicine before clini-
cal usage is crucial. This study demonstrated that 
approximately 45% of REC clones express NRP2  (NRP2+ 
RECs), and the expression in  NRP2+ RECs ceases upon 
serial passaging.  NRP2+ RECs robustly proliferate and 

differentiate into adipocytes and osteoblasts, demon-
strating that  NRP2+ RECs retain stem cell properties. 
Contrary,  NRP2− RECs show poor proliferation and dif-
ferentiation capacity. These results clearly show that 
NRP2 expression distinguishes beneficial MSCs from 
adverse MSCs. CD90/THY- 1 is a well-recognized MSC 
marker. Given that CD90 expression is one of the mini-
mal criteria of MSCs, it is supposed to be expressed vir-
tually in all MSCs independent of their proliferation and 
differentiation capacity. Therefore, NRP2 is a superior 
cell surface marker to CD90 for screening of beneficial 
MSCs.

Fig. 4 NRP2+ RECs have a higher differentiation capacity than  NRP2− RECs. (a, b, e, f) Osteogenic potential of each REC at passage 4 (a, b) 
and passage 11 (e, f). The percentage of the area stained with Alizarin Red S was calculated, and representative micrographs are shown. Values 
are represented as the mean ± standard deviation (SD) (n = 3). Scale bar = 300 µm. (c, d, g, h) Adipogenic potential of each REC at passage 4 (c, d) 
and passage 11 (g, h). The percentage of the area stained with Oil Red O was calculated, and representative micrographs are shown. Values are 
represented as the mean ± SD (n = 3). Scale bar = 300 µm. (i, j) NRP2 expression levels in  NRP2+ and  NRP2− RECs at passages 4 and 11 analyzed 
by flow cytometry. *p < 0.05, ***p < 0.001. REC, rapidly expanding clones



Page 8 of 11Tanaka et al. Inflammation and Regeneration           (2025) 45:12 

The neuropilin family has two members, NRP1 and NRP2. 
Previous studies have reported that NRP1 is a marker of 
human bone marrow mesenchymal stromal cell-derived 
extracellular vesicles and regulates osteogenesis [16, 17]. 
Human MSCs also express NRP2 [12].  Nrp2  deletion 
reduces bone mass in mice, indicating its role in osteogen-
esis [18]. VEGF-C, one of the ligands of NRP2, promotes 

the osteogenic differentiation of MSCs [15]. In this study, 
we demonstrated that VEGF significantly enhances the pro-
liferation and osteogenic differentiation of  NRP2+ MSCs, 
but not  NRP2− MSCs, showing that VEGF fulfills its func-
tion through NRP2 in MSCs. In addition, VEGF tends to 
enhance adipogenic differentiation. Therefore, it is worth 
speculating that VEGF/NRP2 signaling plays a role in 

Fig. 5 Proliferation and differentiation capacities of  NRP2high and  NRP2low populations in one  NRP2+ REC did not markedly differ. a  NRP2high 
and  NRP2low populations in one  NRP2+ REC were defined by flow cytometry. b Phase-contrast micrographs of  NRP2high and  NRP2low populations. 
Scale bar = 300 µm. c The cell size of each population was analyzed by flow cytometry. d The proliferation rates of each population were measured 
for 7 days. Data are represented as the means ± standard deviation (SD) of triplicate experiments. (n = 1) e Osteogenic potential of each population. 
The percentage of the area stained with Alizarin Red S was calculated. Data are represented as the means ± SD of triplicate experiments. f 
Adipogenic potential of each population. The percentage of the area stained with Oil Red O was calculated. Data are represented as the means 
± SD of triplicate experiments. g Representative micrographs of osteogenic- and adipogenic-induced cells derived from  NRP2high and  NRP2low 
populations. Scale bar = 300 µm. n.s., not significant. *p < 0.05. REC, rapidly expanding clones
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maintaining the self-renewal capacity of MSCs, rather than 
simply promoting cell proliferation. We also note that this 
is the first to report the role of NRP2 in MSCs. However, it 
will be necessary to conduct the gain- and loss-of-function 
analysis of the NRP2 gene to confirm the functional role 
of  NRP2  in MSCs. Moreover, Elaimy et  al. reported that 
transcriptional coactivator with PDZ-binding motif (TAZ) is 
the downstream effector of VEGF/NRP2 signaling in breast 
cancer cells [19]. Therefore, TAZ is also possibly involved in 
the proliferation and differentiation of MSCs.

In the present study,  NRP2+ RECs showed higher 
proliferation, differentiation, and migration potentials 
than  NRP2− RECs, and VEGF-C notably enhanced the 

proliferation and differentiation rates of  NRP2+ RECs. 
We observed that all  LNGFR+THY-  1+ cells expressed 
NRP2 before culture (data not shown). Therefore, it is 
plausible to conclude that only MSCs with stemness-
associated properties can maintain NRP2 expression 
for a prolonged period after isolation while all MSCs 
express NRP2 when they reside in the bone marrow. 
Although the exact mechanism underlying the mainte-
nance of NRP2 expression remains unclear, it is likely 
influenced by differences in their epigenetic status 
and/or the circumstances in which they reside in the 
bone marrow.

Fig. 6 NRP2+ RECs have a higher migratory capacity than  NRP2− RECs. a Representative micrographs of scratched areas 0 and 42 h after the scratch 
wound were made. Clone 5 was the  NRP2− REC, and clone 6 was the  NRP2+ REC. Scale bar = 500 µm. The dotted line represents the migration 
front. b The ratio of the migration area to the total scratched region was calculated. Data are represented as the means ± standard deviation (SD) 
of triplicate experiments. c–f Representative micrographs of scratched areas 0 and 35–40 h after the scratch wound was made (c, e) and the ratio 
of the migration area to the total scratched region (d, f). Clones 7 and 9 were  NRP2− RECs, and clones 8 and 10 were NRP2.+ RECs. Scale bar = 500 
µm. The dotted line represents the migration front. Data are represented as the means ± SD of triplicate experiments. ***p < 0.001
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Conclusions
This study demonstrated that  NRP2+ RECs had robust 
proliferation, differentiation, and migration poten-
tials. Establishing a technique to screen MSCs with 
stemness-associated properties at a higher rate in the 
initial stage of culture will significantly contribute 
to the advances in regenerative medicine. Therefore, 
NRP2 is a marker of MSCs with stemness-associated 
properties.

Abbreviation
MEC  Moderately expanding clone
MSCs  Mesenchymal stem cells
NRP2  Neuropilin-2
REC  Rapidly expanding clone
SEC  Slowly expanding clone
TAZ  Transcriptional coactivator with PDZ-binding motif
VEGF  Vascular endothelial growth factor
VEGFR  Vascular endothelial growth factor receptor

Acknowledgements
We thank Dr. Hiroaki Kato for his valuable advice on the microarray data 
analysis.

Fig. 7 Effects of VEGF-C/NRP2 signaling on MSCs. a The expression levels of plexinA1, VEGFR2, and VEGFR3 on  NRP2− and  NRP2+ RECs were 
analyzed by flow cytometry. b Representative proliferation rates of  NRP2+ and  NRP2− RECs cultured with or without VEGF-C were measured 
for 7 days (n = 3 per group). Data are represented as the means ± standard deviation (SD) of triplicate experiments. c Representative adipogenic 
potential of each REC cultured with or without VEGF-C (n = 3 per group). After the percentage of the area stained with Oil Red O was calculated, 
its value was standardized by the value of each REC cultured without VEGF-C. Data are represented as the means ± SD of triplicate experiments. 
d Representative osteogenic potential of each REC cultured with or without VEGF-C (n = 3 per group). After the percentage of the area stained 
with Alizarin Red S was calculated, its value was standardized by the value of each REC cultured without VEGF-C. Data are represented as the means 
± SD of triplicate experiments. n.s., not significant. **p < 0.01, ***p < 0.001. REC, rapidly expanding clones



Page 11 of 11Tanaka et al. Inflammation and Regeneration           (2025) 45:12  

Authors’ contributions
KT, RY, and YM conceived and designed the experiments. KT and RY per-
formed the experiments. KT, RY, and SM analyzed the data. TS, HM, and YK 
isolated hMSCs from the human bone marrow. KM supported and supervised 
the research. KT, RY, SM and YM wrote the manuscript. All authors read and 
approved the final manuscript.

Funding
Not applicable.

Data availability
All data generated or analyzed during this study are available within the 
manuscript or from the corresponding author upon reasonable request.

Declarations

Ethics approval and consent to participate
Not applicable.

Consent for publication
Not applicable.

Competing interests
YM is the CSO of PuREC Co., Ltd. TS, HM, and YK are employees of PuREC Co., 
Ltd. This study was funded by PuREC Co., Ltd.

Received: 25 September 2024   Accepted: 19 April 2025

References
 1. Maruyama T, Jeong J, Sheu TJ, Hsu W. Stem cells of the suture mesen-

chyme in craniofacial bone development, repair and regeneration. Nat 
Commun. 2016;7:10526.

 2. Richardson SM, Kalamegam G, Pushparaj PN, Matta C, Memic A, Khadem-
hosseini A, Mobasheri R, Poletti FL, Hoyland JA, Mobasheri A. Mesenchy-
mal stem cells in regenerative medicine: focus on articular cartilage and 
intervertebral disc regeneration. Methods. 2016;99:69–80.

 3. Iyer SS, Rojas M. Anti-inflammatory effects of mesenchymal stem cells: 
novel concept for future therapies. Expert Opin Biol Ther. 2008;8:569–81.

 4. Auletta JJ, Eid SK, Wuttisarnwattana P, Silva I, Metheny L, Keller MD, 
Guardia-Wolff R, Liu C, Wang F, Bowen T, Lee Z, Solchaga LA, Ganguly S, 
Tyler M, Wilson DL, Cooke KR. Human mesenchymal stromal cells attenu-
ate graft-versus-host disease and maintain graft-versus-leukemia activity 
following experimental allogeneic bone marrow transplantation. Stem 
Cells. 2015;33:601–14.

 5. Pereira MC, Secco M, Suzuki DE, Janjoppi L, Rodini CO, Torres LB, Araujo 
BH, Cavalheiro EA, Zatz M, Okamoto OK. Contamination of mesenchymal 
stem-cells with fibroblasts accelerates neurodegeneration in an experi-
mental model of Parkinson’s disease. Stem Cell Rev Rep. 2011;7:1006–17.

 6. Mabuchi Y, Morikawa S, Harada S, Niibe K, Suzuki S, Renault-Mihara F, 
Houlihan DD, Akazawa C, Okano H, Matsuzaki Y. LNGFR(+)THY-1(+)
VCAM-1(hi+) cells reveal functionally distinct subpopulations in mesen-
chymal stem cells. Stem Cell Rep. 2013;1:152–65.

 7. Zhou T, Yuan Z, Weng J, Pei D, Du X, He C, Lai P. Challenges and advances 
in clinical applications of mesenchymal stromal cells. J Hematol Oncol. 
2021;14:24.

 8. Herzog Y, Kalcheim C, Kahane N, Reshef R, Neufeld G. Differential expres-
sion of neuropilin-1 and neuropilin-2 in arteries and veins. Mech Dev. 
2001;109:115–9.

 9. Chen H, He Z, Bagri A, Tessier-Lavigne M. Semaphorin-neuropilin interac-
tions underlying sympathetic axon responses to class III semaphorins. 
Neuron. 1998;21:1283–90.

 10. Jauhiainen S, Häkkinen SK, Toivanen PI, Heinonen SE, Jyrkkänen HK, 
Kansanen E, Leinonen H, Levonen AL, Ylä-Herttuala S. Vascular endothelial 
growth factor (VEGF)-D stimulates VEGF-A, stanniocalcin-1, and neuro-
pilin-2 and has potent angiogenic effects. Arterioscler Thromb Vasc Biol. 
2011;31:1617–24.

 11. Hu K, Olsen BR. Osteoblast-derived VEGF regulates osteoblast dif-
ferentiation and bone formation during bone repair. J Clin Invest. 
2016;126:509–26.

 12. Crigler L, Robey RC, Asawachaicharn A, Gaupp D, Phinney DG. Human 
mesenchymal stem cell subpopulations express a variety of neuro-regu-
latory molecules and promote neuronal cell survival and neuritogenesis. 
Exp Neurol. 2006;198:54–64.

 13. Liang CC, Park AY, Guan JL. In vitro scratch assay: a convenient and 
inexpensive method for analysis of cell migration in vitro. Nat Protoc. 
2007;2:329–33.

 14. Xia X, McClelland M, Wang Y. WebArray: an online platform for microarray 
data analysis. BMC Bioinformatics. 2005;6:306.

 15. Murakami J, Ishii M, Suehiro F, Ishihata K, Nakamura N, Nishimura M. 
Vascular endothelial growth factor-C induces osteogenic differentiation 
of human mesenchymal stem cells through the ERK and RUNX2 pathway. 
Biochem Biophys Res Commun. 2017;484:710–8.

 16. Munshi A, Mehic J, Creskey M, Gobin J, Gao J, Rigg E, Muradia G, Luebbert 
CC, Westwood C, Stalker A, Allan DS, Johnston MJW, Cyr T, Rosu-Myles 
M, Lavoie JR. A comprehensive proteomics profiling identifies NRP1 as 
a novel identity marker of human bone marrow mesenchymal stromal 
cell-derived small extracellular vesicles. Stem Cell Res Ther. 2019;10:401.

 17. Liu YQ, Han XF, Bo JX, Ma HP. Wedelolactone enhances osteoblastogen-
esis but inhibits osteoclastogenesis through Sema3A/NRP1/PlexinA1 
pathway. Front Pharmacol. 2016;7:375.

 18. Verlinden L, Kriebitzsch C, Beullens I, Tan BK, Carmeliet G, Verstuyf A. 
Nrp2 deficiency leads to trabecular bone loss and is accompanied 
by enhanced osteoclast and reduced osteoblast numbers. Bone. 
2013;55:465–75.

 19. Elaimy AL, Guru S, Chang C, Ou J, Amante JJ, Zhu LJ, Goel HL, Mercurio 
AM. VEGF-neuropilin-2 signaling promotes stem-like traits in breast 
cancer cells by TAZ-mediated repression of the Rac GAP β2-chimaerin. Sci 
Signal. 2018;11:eaao6897.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.


	NRP2+ human mesenchymal stem cells have stemness-associated properties
	Abstract 
	Background 
	Methods 
	Results 
	Conclusion 

	Background
	Methods
	Isolation of bone marrow-derived MSCs and cell culture
	Induction of osteogenic and adipogenic differentiation
	Flow cytometry
	Scratch healing assay
	Quantitative reverse transcriptase polymerase chain reaction (q-PCR) analysis
	Short-term cell proliferation assay
	Long-term cell proliferation assay
	Microarray analysis
	Statistical analysis

	Results
	NRP2 is strongly expressed in RECs
	RECs include NRP2+ and NRP2− clones
	NRP2+ RECs have a higher proliferation and differentiation capacity than NRP2− RECs
	Proliferation and differentiation capacities of NRP2high and NRP2low populations in one NRP2+ REC do not markedly differ
	NRP2+ RECs have a higher migration capacity than NRP2− RECs
	Effects of VEGF-CNRP2 signaling on MSCs

	Discussion
	Conclusions
	Acknowledgements
	References


