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a b s t r a c t

Introduction: Mesenchymal stem cells (MSCs) possess immunomodulatory potential and are used for 
cell therapy in both human and veterinary medicine. However, donor-derived MSCs have limited pro
liferative activities and variations, which restrict their clinical applicability. In contrast, induced 
pluripotent stem cells (iPSCs) can self-renew indefinitely and differentiate into the three germ layers. By 
exploiting these characteristics, iPSCs can differentiate into mesenchymal stem cells (iMSCs) and 
potentially overcome the limitations of donor-derived MSCs. In humans, the characteristics of iMSCs 
have been reported to vary depending on the differentiation strategy and cell origin of iPSCs. However, 
no studies have investigated the differentiation strategies and cell origins of canine iPSCs (ciPSCs) in 
relation to iMSC generation.
Methods: Canine embryonic fibroblast-derived iPSCs (CEF-iPSCs) were differentiated into iMSCs via the 
mesoderm or ectoderm, and their proliferative ability and the expression levels of CD34, CD44, CD45, 
and CD90 were assessed. We then applied the iMSC induction method via the ectoderm to other ciPSC 
lines, including canine dermal fibroblast-derived iPSCs (CDF-iPSCs), canine peripheral mononuclear cell- 
derived iPSCs (cPBMC-iPSCs), and canine urine-derived cell-derived iPSCs (cUC-iPSCs). We assessed 
their proliferation, marker expression, and ability to differentiate into tri-lineages and performed 
comparative analyses.
Results: IMSCs derived from CEF-iPSCs via the ectodermal lineage showed higher proliferative ability 
and expressed MSC markers at a higher rate than iMSCs generated via mesodermal induction. Notably, 
with the exception of CDF-iPSCs, iMSCs were successfully generated from other ciPSC lines via ecto
dermal lineages. These iMSCs exhibited proliferative activities over passage 10, expressed MSC markers, 
and demonstrated the ability to differentiate into tri-lineages. iMSCs derived from cUC-iPSCs exhibited 
the highest expression of CD90 compared to other iMSCs.
Conclusions: Highly proliferative iMSCs expressing a high rate of MSC markers can be obtained from 
cUC-iPSCs via ectodermal induction. Our study demonstrated that the differentiation strategy and cell 
origin of ciPSCs play crucial roles in the generation of iMSCs.

© 2025 The Author(s). Published by Elsevier BV on behalf of The Japanese Society for Regenerative 
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1. Introduction

Human mesenchymal stem cells (MSCs) are plastically 
adherent cells derived from various tissues that express surface 
markers, including CD73, CD90, and CD105, but lack the expres
sion of hematopoietic and endothelial markers. MSCs can differ
entiate into adipocytes, chondrocytes, and osteoblasts [1,2]. Owing 
to their immunomodulatory effects, MSCs have been used in 
various clinical trials in the fields of cardiology, pulmonology, and 
the immunomodulation of immune diseases [3]. Canines naturally 
develop diseases similar to humans, and canine MSCs have been 
shown to have immunomodulatory effects similar to human MSCs 
[4–6]. Therefore, canine MSCs have also been used in veterinary 
regenerative medicine [7].

Despite the wide application of MSCs in cell-based therapies in 
human and veterinary medicine, their clinical utility remains 
limited [8]. This limitation arises from the restricted proliferation 
capabilities and variations shown by donor-derived MSCs, which 
are influenced  by factors such as donors, passage numbers, and 
culture conditions [9–12]; these variabilities are the major barrier 
for good clinical usefulness.

Pluripotent stem cells (PSCs), including embryonic stem cells 
and induced pluripotent stem cells (iPSCs), have the remarkable 
ability to self-renew indefinitely and differentiate into all three 
germ layers. Leveraging these characteristics, MSC generation 
from iPSCs offers a potential solution to overcome the limitations 
associated with donor-derived MSCs [8,13]. Numerous studies 
have reported the generation of MSCs from human PSCs [14,15]. 
MSCs induced from iPSC (iMSCs) derivation protocols can be 
broadly categorized into two groups based on their cell origins. 
One approach involves direct mesodermal induction by targeting 
the lateral plate mesoderm (LPM). Another approach involves in
duction of iMSCs through the ectoderm, specifically  through 
neural crest cells (NCCs). Importantly, a study has reported that 
iMSCs derived from these two protocols show distinct character
istics [16]. Although there have been reports of iMSC induction 
from canine iPSCs (ciPSCs) [17,18], no investigation has been con
ducted to determine whether LPM or NCCs can generate high- 
quality iMSCs from ciPSCs. Furthermore, although human iPSC 
lines exhibit variations in their ability to differentiate into specific 
lineages owing to epigenetic memory inherited from somatic cells 
or de novo variations during cell reprogramming and extended 
culture [19], there is no evidence that such variations exist in 
ciPSCs.

Therefore, it is important to efficiently  generate high-quality 
iMSCs from ciPSCs for transplantation. We hypothesized that the 
differentiation protocol and ciPSC variability influence the differ
entiation kinetics and quality of canine iMSCs. To test this hy
pothesis and provide valuable insights for veterinary regenerative 
medicine, we compared the two iMSC induction protocols, via LPM 
and NCCs, using canine embryonic fibroblast (CEF) derived iPSCs 
(CEF-iPSCs). Furthermore, we investigated the influence of ciPSC 
variability on the differentiation kinetics and iMSC features using 
ciPSC lines generated from other cell origins. Our findings  will 
facilitate future studies using iMSCs derived from ciPSCs in vet
erinary regenerative medicine.

2. Materials and methods

2.1. ciPSC culture

CEF-iPSCs (OPUiEF1-D-2), canine dermal fibroblast (CDF) 
derived iPSCs (CDF-iPSCs) (OPUiD05-FA-1), and canine urine- 
derived cell (cUC) derived iPSCs (cUC-iPSCs) (OPUiD02-UD-1) 
were established using Sendai virus (SeV) encoding canine KLF4, 

OCT3/4, SOX2, C-MYC, LIN28A, and NANOG [20]. cPBMC-iPSCs 
(OPUiD04-B) were generated using SeV encoding human KLF4, 
OCT3/4, SOX2, and C-MYC [21]. They were maintained using a 
laminin-511-E8 fragment (iMatrix511; Nippi, Tokyo, Japan) and 
StemFit AK02 N (StemFit; Ajinomoto, Tokyo, Japan) at 37 ◦C and 5 % 
CO2 and passaged mechanically using a Pasteur pipet every 5 or 6 
days.

2.2. iMSC induction via LPM

The iMSCs were derived according to a previous study with 
some modifications  [22], as illustrated in Fig. 1A. Briefly, ciPSCs 
were plated as cell clusters on Matrigel-coated dishes (Corning 
Inc., Corning, NY, USA). After 2–5 days, the medium was changed to 
KSR + SB medium, which consisted of Dulbecco's Modified Eagle 
Medium/Nutrient Mixture F-12 Ham (DMEM/F-12; Nacalai Tesque, 
Kyoto, Japan) with 20 % knockout serum replacement (KSR; 
Thermo Fisher Scientific, Waltham, MA, USA), 2 mM L-glutamine 
(Nacalai Tesque), 100 IU/mL penicillin, 100 μg/mL streptomycin 
(Nacalai Tesque), 0.1 mM non-essential amino acid (Nacalai Tes
que), 0.1 mM 2-mercaptoethanol (Thermo Fisher Scientific),  and 
10 μM transforming growth factor β (TGFβ) inhibitor (SB431542; 
Fujifilm Wako Pure Chemical Corporation, Osaka, Japan). After 10 
days, the cells were dissociated using the TrypLE Select Enzyme 
(Thermo Fisher Scientific) and seeded into tissue culture dishes at 
a density of 4.0 × 104/cm2. They were cultured in fetal bovine 
serum (FBS)-containing MSC medium (FBS-MSC medium), which 
consisted of Minimum Essential Medium α with 2 mM GlutaMAX 
(Thermo Fisher Scientific), 10 % FBS (Sigma-Aldrich, St. Louis, MO, 
USA), 100 IU/mL penicillin, 100 μg/mL streptomycin, 10 ng/mL 
basic fibroblasts  growth factor (bFGF; Peprotech, Rocky Hill, NJ, 
USA) at 37 ◦C and 5 % CO2. The FBS-MSC medium was replaced 
every other day and bFGF was added daily. For subsequent pas
sages, the cells were seeded at a density of 2.0 × 104/cm2.

2.3. iMSC induction via NCCs

The iMSCs were induced via NCCs following a previously 
described protocol [23] with some modifications (Fig. 1B and C). 
Briefly, 3–5 days after passage, ciPSCs were cultured in NCC in
duction medium, which consisted of StemFit without supplement 
C (StemFit without C) supplemented with 10 ng/mL bFGF, 10 μM 
SB431542, 1 μM glycogen synthase kinase 3β (GSK3β) inhibitor 
(CHIR99021; Fujifilm  Wako Pure Chemical Corporation) for 10 
days at 37 ◦C and 5 % CO2. The cells were then collected using 
TrypLE Select Enzyme, seeded onto a fibronectin (Sigma-Aldrich)- 
coated dish at a density of 2.0 × 104–1.2 × 105 cells/cm2, and 
cultured in NCC maintenance medium, which consisted of StemFit 
without C supplemented with 20 ng/mL bFGF, 10 μM SB431542, 
and 20 ng/mL human epidermal growth factor (EGF; Thermo 
Fisher Scientific).  The medium was changed daily. After several 
passages, when the NCCs reached approximately 50 % confluence, 
they were cultured in either StemFit for mesenchymal stem cells 
(Ajinomoto) (referred to as NCC + StemFit) or PRIME-XV MSC 
expansion XSFM (Fujifilm  Wako Pure Chemical Corporation) 
(referred to as NCC + PRIME). In the NCC + StemFit protocol, the 
cells were maintained on iMatrix511, while in the NCC + PRIME 
protocol, the cells were cultured on fibronectin. The medium was 
changed every 2 or 3 days.

2.4. Evaluation of iMSC characteristics

2.4.1. Cell doubling time
iMSCs derived using each protocol were counted at each pas

sage. Cell doubling time was calculated as follows.
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Doubling time = culture time (day) × log2/(logNt-logN0).
Nt: the harvested cell number after culture, N0: the starting cell 

number.

2.4.2. Analysis of cell surface antigens using flow cytometry
iMSCs at each passage were dissociated using 0.25 % trypsin- 

EDTA (Sigma-Aldrich). Cell pellets were resuspended in FACS 
buffer consisting of phosphate-buffered saline (PBS) (− ) (Nacalai 
Tesque) containing 2 % FBS and 1 mg/mL sodium azide (Fujifilm 
Wako Pure Chemical Corporation). The cells were then labeled with 

specific antibodies on ice for 30 min. Negative control cells were 
incubated with the appropriate isotype control. Subsequently, the 
cells were washed with FACS buffer and analyzed using a flow cy
tometer (CytoFLEX, Beckman Coulter, CA, USA). The antibodies used 
in this study are listed in the Supplementary Table 1.

2.4.3. Osteoblast induction from iMSCs
iMSCs were seeded onto a fibronectin-coated dish at a density of 

2.0 × 104/cm2. The cells were cultured in canine osteoblast differ
entiation medium (Cell Applications, San Diego, CA, USA) for 28 

Fig. 1. Schema to obtain induced pluripotent stem cell (iPSC)-derived mesenchymal stem cells (iMSCs). (A) A method for iMSC generation via lateral plate mesoderm (LPM). To 
induce mesodermal lineage, canine iPSCs (ciPSCs) were cultured on Matrigel with 20 % knockout serum replacement (KSR) medium containing transforming growth factor β 
(TGFβ) signal inhibitor, SB431542 (SB). After passages, the cells were cultured on tissue-culture dishes with fetal bovine serum (FBS)-MSC medium containing basic fibroblast 
growth factor (bFGF). We described this iMSC induction protocol as the LPM protocol. (B) A method for iMSC generation via neural crest cells (NCCs). To induce NCCs, ciPSCs were 
cultured with laminine-511 (LN511) and StemFit without solution C (StemFit without C) containing glycogen synthetase kinase 3β (GSK3β) inhibitor, CHIR99031 (CHIR), SB, and 
bFGF. After neural specification, the cells were maintained in NCC maintenance medium, which was StemFit without C containing SB, bFGF, and epidermal growth factor (EGF) on 
fibronectin (FN). When NCCs differentiated into iMSCs, they were cultured with StemFit for mesenchymal stem cells and LN511. We described this iMSC induction protocol as 
NCC + StemFit. (C) iMSC induction method via NCCs using other iMSC culture conditions. NCCs generated as described in (B) were induced to iMSCs by culturing with PRIME-XV 
MSC expansion XSFM on FN. We described this iMSC induction protocol as NCC + PRIME.
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days at 37 ◦C and 5 % CO2. The medium was changed every 3 days. 
Differentiation into osteoblasts was assessed using quantitative RT- 
PCR (qPCR) or Von Kossa staining. For staining, the cells were fixed 
in 96 % ethanol (Nacalai Tesque) for 15 min and washed with pure 
water. Subsequently, the cells were treated with 5 % silver nitrate 
(Fujifilm Wako Pure Chemical Corporation) at 25 ◦C for 1 h under 
light exposure. After washing with pure water, the cells were 
treated with 5 % sodium thiosulfate (Fujifilm Wako Pure Chemical 
Corporation) for 3 min and washed again with pure water.

2.4.4. Adipocyte induction from iMSCs
iMSCs were seeded onto a Geltrex (Thermo Fisher Scientific)- 

coated dish at a density of 2.0 × 104/cm2. The cells were 
cultured in canine adipocyte differentiation medium (Cell Appli
cations) for 21 days at 37 ◦C and 5 % CO2. The medium was changed 
every other day. Differentiation into adipocytes was assessed using 
qPCR or Oil Red O staining. Briefly, the cells were washed with PBS 
(− ) and fixed in 4 % paraformaldehyde (PFA) for 5 min. After 
washing with PBS (− ), the cells were treated with 60 % 2-propanol 
(Nacalai Tesque). The cells were then stained with 0.18 % Oil Red O 
(Fujifilm Wako Pure Chemical Corporation) for 15 min in the dark. 
Subsequently, the cells were treated with 60 % 2-propanol and 
washed twice with PBS (− ).

2.4.5. Chondrocyte induction from iMSCs
iMSCs were seeded into a 96 well U bottom plate (Thermo 

Fisher Scientific) at a density of 5.0 × 105/well. The cells were then 
cultured in canine chondrocyte differentiation medium (Cell Ap
plications) for 30 days at 37 ◦C and 5 % CO2. The medium was 
changed every day. Differentiation into chondrocytes was assessed 
using qPCR or Alcian blue staining. For staining, cell spheres were 
fixed in 4 % PFA and embedded in paraffin. Sections of the spheres 
were treated with 3 % acetic acid for 3 min, stained with 1 % Alcian 
blue (Fujifilm Wako Pure Chemical Corporation) for 30 min, and 
rinsed with water. Subsequently, the sections were stained with 
0.1 % Nuclear Fast Red (Tokyo Chemical Industry Co., Tokyo, Japan) 
for 5 min and washed with water for 3 min. Finally, the sections 
were dehydrated in ethanol and xylene for 5 min and mounted 
using MGK-S (Matsunami Glass, Osaka, Japan).

2.4.6. Quantitative RT-PCR
Total RNA was extracted using the FastGene™ RNA Premium Kit 

(Nippon Genetics, Tokyo, Japan). Reverse transcription (RT) was 
performed using random primers and ReverTra Ace (Toyobo, 
Osaka, Japan). Polymerase chain reaction (PCR) was performed 
using THUNDERBIRD Next SYBR™ qPCR Mix (Toyobo) and a Ste
pOnePlus real-time PCR machine (Theremo Fisher Scientific). 
β-ACTIN was used as a normalization control gene, and relative 
gene expression levels were calculated by ΔΔCt method. All 
primers are listed in Supplementary Table 2.

2.5. Statistical analysis

Data are expressed as the mean ± standard deviation. Statis
tical significance  was determined using Tukey–Kramer multiple 
comparison or Student's t-test using Statcel software (OMS Ltd., 
Tokorozawa, Japan).

3. Results

3.1. iMSC generation and characterization from CEF-iPSCs via LPM 
and NCCs

After cultivating CEF-iPSCs in KSR + SB medium, a morpho
logical change from epithelial to spindle shape was observed 

(Fig. 2A). These cells maintained their spindle morphology 
throughout the passages in the FBS-MSC medium (Fig. 2A). In 
contrast, when CEF-iPSCs were differentiated using NCC induction 
medium, iPSC colonies became dome-shaped, and some cells 
differentiated into neuron-like cells (Fig. 2B). Subculturing and 
maintenance of these cells in NCC maintenance medium resulted 
in cells acquiring an NCC-like dendritic morphology (Fig. 2B). 
These cells expressed the neural progenitor markers NESTIN, 
SOX2, and PAX6 but did not express the pluripotent marker OCT3/ 
4 or the neuronal marker TUBB3 (Fig. 2C and Supplementary 
Fig. 1). Following culture in StemFit for mesenchymal stem cells 
or PRIME-XV MSC expansion in XSFM, morphological changes 
were observed, and spindle-shaped cells proliferated (Fig. 2D and 
E).

iMSCs using the LPM protocol (LPM-iMSCs) maintained their 
morphologies until passage three, but after several passages, they 
exhibited swelling and ceased proliferation, as indicated by their 
increased doubling time until passage five (n = 3) (Fig. 3A). iMSCs 
derived from NCC + StemFit (StemFit-iMSCs) initially displayed 
spindle morphology but lost their MSC-like characteristics by 
passage three. Their growth was limited and ceased by passage 
eight (Fig. 3A). In contrast, iMSCs derived using NCC + PRIME 
(PRIME-iMSCs) maintained their spindle morphology, continued 
to proliferate, and retained their phenotype until passage 13 
(Fig. 3A). Comparative marker expression analysis of LPM-, Stem
Fit-, and PRIME-iMSCs using flow cytometry revealed that PRIME- 
iMSCs exhibited higher expression of CD90 and CD44 than 
StemFit-iMSCs (Fig. 3B). None of the LPM-, StemFit-, or PRIME- 
iMSCs expressed the MSC markers CD34 and CD45 (Fig. 3B).

Based on these results, it was confirmed that the NCC + PRIME 
protocol successfully generated iMSCs, that had the highest pro
liferative capacity and expressed MSC-positive markers at the 
highest rate.

3.2. PRIME-iMSCs could be generated from other ciPSC lines

Next, we generated PRIME-iMSCs from different iPSC sources, 
including CDF-iPSCs, cUC-iPSCs, and cPBMC-iPSCs. All ciPSC lines 
formed three-dimensional colonies when cultured in the NCC in
duction medium (Fig. 4A). In line with the findings for CEF-iPSCs, it 
was also observed that some cells derived from cUC-iPSCs and 
cPBMC-iPSCs differentiated into neuron-like cells. Moreover, these 
cells could be maintained in the NCC maintenance medium. They 
expressed SOX2, NESTIN, and PAX6, but not OCT3/4 or TUBB3 
(Supplementary Figs. 2 and 3). However, the cells that differenti
ated from CDF-iPSCs did not proliferate in NCC maintenance me
dium and appeared to differentiate into neuron-like cells with 
round cell bodies and elongated axon-like structures (Fig. 4A). 
MSC-like cells were obtained after culturing NCCs from cUC-iPSCs 
and cPBMC-iPSCs in PRIME-XV MSC expansion XSFM (Fig. 4A). The 
PRIME-iMSCs derived from CEF-, cUC-, and cPBMC-iPSCs main
tained their proliferative activity and exhibited bipolar or multi
polar shapes over multiple passages (Fig. 4B).

Marker expression analysis of PRIME-iMSCs from different iPSC 
sources revealed that all PRIME-iMSCs expressed CD44 at a rate 
similar to that of the adipose-derived MSCs Ad-MSCs (Fig. 5). The 
expression of CD90 varied among different iPSC sources. Notably, 
PRIME-iMSCs from cUC-iPSCs exhibited an increasing proportion 
of CD90-positive cells over subsequent passages, reaching 
approximately 90 % by passage seven. However, PRIME-iMSCs 
from CEF- and cPBMC-iPSCs expressed at a lower rate than Ad- 
MSCs, even after multiple passages (Fig. 5). All PRIME-iMSCs 
from the CEF-, cUC-, and cPBMC-iPSCs were negative for CD34, 
CD45, and SSEA1 (Fig. 5). qPCR analysis indicated a similar trend 
for CD90 expression as observed with flow  cytometry 
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(Supplementary Fig. 4). qPCR also showed that PRIME-iMSCs 
rarely express CD105, a positive marker for human and canine 
MSCs [1,6], or CD74, also known as HLA-DR in humans and cor
responds to the canine invariant chain of the major group of his
tocompatibility class II (MHC-II) (Supplementary Fig. 4) [24].

Furthermore, the tri-lineage differentiation ability of PRIME- 
iMSCs was assessed. After osteoblast induction, all PRIME-iMSCs 
were positive for Von Kossa staining and upregulated osteoblast 
markers, SPP1 and BGLAP (Fig. 6A). Following adipocyte induction, 
all PRIME-iMSCs differentiated into adipocytes, as confirmed  by 
Oil Red O staining, although only a small portion of cells exhibited 
positive staining. qPCR revealed that PLIN1 was induced in differ
entiated cells; however, statistical significance was not observed 
due to data variability (Fig. 6B). Similarly, after chondrocyte in
duction, all PRIME-iMSCs formed spheres and stained positive for 
Alcian blue, and chondrocyte-induced cells expressed ACAN and 
SOX9 (Fig. 6C).

4. Discussion

To obtain iMSCs from ciPSCs, we first differentiated CEF-iPSCs 
into iMSCs using two different protocols, via LPM or NCCs, and 
compared their characteristics. Our findings  demonstrated that 
iMSCs derived from NCCs in PRIME-XV medium exhibited the 
highest proliferative ability and expressed MSC-positive markers 
at the highest rate. Although human iMSCs have been reported to 
exhibit greater proliferative capacity and telomerase activity than 
those derived from tissue-derived MSCs [25], this does not apply 
to canine cells due to the limited proliferative potential of LPM- 
iMSCs. One possible explanation is that PRIME-iMSCs were 
cultured in PRIME-XV serum-free medium. Higher proliferation 
activities in serum-free medium have also been reported in human 
[26] and canine MSCs [27], as well as human iMSCs [28]. Another 
reason for the success of NCC + PRIME method may be that iMSCs 
were derived via NCCs rather than direct mesodermal induction. 

Fig. 2. Morphological changes during mesenchymal stem cell (MSC) induction from canine embryonic fibroblast (CEF)-derived induced pluripotent stem cells (iPSCs). (A) Cell 
morphologies with lateral plate mesoderm protocol. Before differentiation, canine iPSCs (ciPSCs) on Matrigel maintained their undifferentiated colony shapes. After approximately 
8 days from mesoderm induction, the cells exhibited spindle shapes. iPSC-derived mesenchymal stem cells (iMSCs) maintained their spindle morphologies after several passages. 
Scale bar = 100 μm. (B–E) Morphological changes during iMSC induction via neural crest cells (NCCs). (B) A common procedure for inducing NCCs from ciPSCs (squared with black 
dashed line). ciPSCs cultured on laminin-511 (LN511) had flat colony morphologies and became dome-shaped 10 days after NCC induction (black arrow). Some cells differentiated 
into neuron-like cells (black arrowheads). Subculturing and maintenance of these cells in NCC maintenance medium resulted in cells acquiring an NCC-like dendritic morphology. 
(C) NCC expression of the neural progenitor markers NESTIN, SOX2, and PAX6, as detected by immunocytochemistry. Scale bar = 50 μm. (D) and (E) show the iMSC morphologies 
derived using the NCC + StemFit and NCC + PRIME protocols, respectively. Scale bar = 100 μm.
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The standardized protocol after several passages as NCCs might 
influence  the results. However, it should be noted that another 
serum-free medium, StemFit-iMSCs, could not maintain their MSC 
characteristics from NCCs. This supports the hypothesis that cul
ture conditions play a pivotal role in the quality of ciPSC-derived 
iMSCs. We concluded that the combination of the differentiation 
method (via NCCs) and expansion medium (serum-free medium, 
especially PRIME-XV MSC expansion XSFM) is optimal for pro
ducing highly proliferative iMSCs from CEF-ciPSCs, although we 
could not evaluate these two factors independently. This approach 
is beneficial  to prepare a large number of cells for cell therapy, 
despite not assessing karyotypes and tumorigenesis of iMSCs in 
this study.

We successfully generated PRIME-iMSCs from CEF-iPSCs, as 
well as cUC- and cPBMC-iPSCs. This indicated that the 
NCC + PRIME protocol was reproducible for iMSC generation from 
ciPSCs, and PRIME-iMSCs from three different cell lines fulfilled 
the minimum criteria for canine MSCs, including morphology, 
marker expression of CD44 and CD90, and tri-lineage differentia
tion ability [29], although there are no definitive marker expres
sion criteria for canine tissue-derived MSCs, unlike those 
established for human MSCs [1,2]. Flow cytometry revealed that 
PRIME-iMSCs expressed CD44 at levels comparable to Ad-MSCs, 
while qPCR indicated that PRIME-iMSCs barely expressed CD105. 
Canine tissue-derived MSCs exhibit variable CD105 expression 
depending on the tissue source and experimental conditions [30]. 

Fig. 3. Induced pluripotent stem cell-derived mesenchymal stem cells (iMSCs) proliferative activities and marker expression. (A) Cell doubling time of iMSCs generated by three 
protocols, lateral plate mesoderm (LPM), neural crest cells (NCC) + StemFit, and NCC + PRIME at each passage number. Each bar color indicates a biological replicate. (B) Flow 
cytometry analysis of iMSCs generated by three methods for hematopoietic markers CD34 and CD45, and mesenchymal markers CD44 and CD90 at passage number 1. Each 
experiment was performed three times as biological replicates. Data are shown as the mean ± standard deviation (n = 3). Asterisks indicate statistical significance: *p < 0.05, 
**p < 0.01. LPM-iMSCs, StemFit-iMSCs, and PRIME-iMSCs represent iMSCs derived by the LPM, NCC + StemFit, and NCC + PRIME protocols, respectively.
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One possible explanation for the low CD105 expression in PRIME- 
iMSCs could be the use of serum-free culture medium, which has 
been reported to decrease CD105 expression in human MSCs 
[31,32]. Both flow  cytometry and qPCR also showed that CD90 

expression in PRIME-iMSCs was lower than in Ad-MSCs. However, 
PRIME-iMSCs derived from cUC-iPSCs displayed an increased ratio 
of CD90 positive cells at latter passages, though the underlying 
mechanism remains unknown. Previous studies have suggested 

Fig. 4. Mesenchymal stem cell (MSC) induction from other canine induced pluripotent stem cell (ciPSC) lines originated from various tissues. (A) MSCs were induced using the 
neural crest cell (NCC) + PRIME protocol (PRIME-iMSCs). ciPSCs originated from canine urine-derived cells (cUCs), canine peripheral blood mononuclear cells (cPBMCs), or canine 
dermal fibroblasts (CDFs) were used. Morphological differences were not observed before differentiation and 10 days after NCC induction. NCCs derived from cUC-iPSCs and 
cPBMC-iPSCs could be maintained over repeated passages and differentiated into iMSCs. High magnification images are shown within each picture. NCCs derived from CDF-iPSCs 
did not proliferate and differentiated into neuron-like cells with round cell bodies and elongated axon-like structures. Scale bars = 100 μm. (B) The cell morphologies of PRIME- 
iMSCs derived from three different cell lines. The origin of PRIME-iMSCs is shown on the left side of the pictures: canine embryonic fibroblast-derived iPSCs (CEF-iPSCs), cUC- 
iPSCs, and cPBMC-iPSCs. These maintained their proliferation activities and bipolar or multipolar morphologies even after 11 passages. Scale bars = 100 μm.
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that CD90 expression is more variable than CD44 expression in 
canine MSCs [33,34]. Reduced CD90 expressions in human MSCs 
have reported to correlate with an increased differentiation ca
pacity into tri-lineages [35], or a loss of immunosuppressive effect 
[36]. To our knowledge, no study has yet examined the role of 
CD90 in canine MSCs. Further study will be needed to understand 
the CD90 functions in canine iMSCs, and additional strategies, such 
as cell sorting, may be required to obtain more purified and ho
mogeneous population of iMSCs from ciPSCs.

Although three ciPSC lines were induced to iMSCs, CDF-iPSCs 
failed to differentiate into PRIME-iMSCs, which could be attrib
uted to the inability of CDF-iPSCs cultured in NCC to maintain their 
progenitor or stem cell properties. Human iPSC lines also exhibit 
considerable variation in their differentiation capacity, which can 
be attributed to epigenetic memory inherited from somatic cells or 
de novo variations during cell reprogramming and extended cul
ture [19]. Although there is no solid evidence supporting inherent 
variations in ciPSCs, it is plausible that such variations exist. This 

Fig. 5. Flow cytometry analysis for mesenchymal stem cell (MSC) negative and positive markers. CD44, CD90, CD34, CD45, and SSEA1 were used as MSC-positive and -negative 
markers, respectively. Adipose-derived MSCs (Ad-MSCs) and ciPSCs (for SSEA1) were used as controls (gray or black bars). Induced pluripotent stem cell (iPSC)-derived MSCs 
(iMSCs) were obtained using the neural crest cell (NCC) + PRIME protocol (PRIME-iMSCs). PRIME-iMSCs were generated from three canine iPSC lines: canine embryonic fibroblast 
(CEF)-derived iPSCs (CEF-iPSCs; blue bars), canine urine-derived cell (cUC)-derived iPSCs (cUC-iPSCs; yellow bars), and canine peripheral blood mononuclear cell (cPBMC)-derived 
iPSCs (cPBMC-iPSCs; red bars). Flow cytometry analysis was performed on PRIME-iMSCs at each passage number. Each experiment was performed three times as biological 
replicates. Data are shown as the mean ± standard deviation (n = 3). Within the graph, means marked with different letters (a, b, c, and d) are significantly different (P < 0.05).
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hypothesis is supported by the observed differences in iMSC in
duction kinetics among different ciPSC sources, which are thought 
to be caused by variations in ciPSC characteristics [20] like with 
human iPSCs [19].

Cell therapy utilizing donor-derived MSCs has inherent limi
tations such as limited cell supply and variations arising from the 
donor's characteristics (such as age or sex), passage number, and 
original tissues of the MSCs [37–39]. Our study suggests that the 

Fig. 6. Tri-lineage differentiation ability of induced pluripotent stem cell (iPSC)-derived mesenchymal stem cells (iMSCs) obtained using the neural crest cell (NCC) + PRIME 
protocol. iMSCs were obtained from canine embryonic fibroblast (CEF)-derived iPSCs (CEF-iPSCs), canine urine-derived cell (cUC)-derived iPSCs (cUC-iPSCs), and canine peripheral 
blood mononuclear cell (cPBMC)-derived iPSCs (cPBMC-iPSCs) using the NCC + PRIME protocol. The origin of PRIME-iMSCs is represented on the upper side of the pictures. (A) 
Von Kossa staining after osteoblast induction. Von Kossa staining identified hydroxyapatite crystals in the extracellular matrix of differentiated cells. Scale bar = 100 μm. qPCR for 
osteogenic markers, SPP1 and BGLAP, were shown below the staining. Black bars and white bars represent iMSCs before and after differentiation. Data are presented as relative 
quantification (RQ) for iMSCs before differentiation and as the mean ± standard deviation (n = 3). *p < 0.05. (B) Oil Red O staining after adipocyte differentiation. The cells formed 
Oil Red O-positive lipid vacuoles in the cytoplasm. Scale bar = 20 μm. qPCR for adipogenic marker, PLIN1, was shown below the staining. Black bars and white bars represent iMSCs 
before and after differentiation. Data are presented as RQ for iMSCs before differentiation and as the mean ± standard deviation (n = 3). (C) Images of Alcian blue staining after 
chondrocyte induction. The iMSCs from all iPSC lines formed spheres and exhibited Alcian blue-positive proteoglycan production. Nuclei were stained red using nuclear fast red 
stain. Scale bar = 50 μm. qPCR for chondrogenic markers, ACAN and SOX9, were shown below the picture. Black bars and white bars represent iMSCs before and after differ
entiation. Data are presented as RQ for iMSCs before differentiation and as the mean ± standard deviation (n = 3).
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use of ciPSC-derived iMSCs offers a solution by providing a per
manent and renewable source of MSCs. Furthermore, our study 
also suggests that differentiation kinetics and iMSC quality vary 
depending on the origin of ciPSC lines. Consequently, although we 
could not assess the immunosuppressive effect, the selection of 
ciPSC lines will be crucial in generating high-quality iMSCs suit
able for cell therapy. Our findings  have the potential to signifi
cantly contribute to the development of veterinary regenerative 
medicine.

5. Conclusions

Our study compared the induction methods of iMSCs from 
ciPSCs using either LPM or NCCs and demonstrated that the 
NCC + PRIME protocol resulted in the generation of more prolif
erative iMSCs with a higher expression of MSC markers. We 
observed differences in the differentiation kinetics of ciPSCs 
derived from the different somatic cell types and in the charac
teristics of iMSCs from different ciPSC lines. Although further in
vestigations are necessary to evaluate the relationship between 
ciPSC lines as the origin of iMSCs, the expression of iMSC markers, 
and their functions including immunosuppressive effect, our 
findings  provide valuable insights into the application of ciPSCs 
and iMSCs in the field of veterinary regenerative medicine.
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