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ABSTRACT
Background: Muse (multilineage-differentiating stress-enduring) cells are a pluripotent subpopu-
lation of mesenchymal stem cells (MSCs), characterized by their stress tolerance and significant po-
tential in regenerativemedicine. However, their low abundance poses challenges for isolation. This
study aims to evaluate the efficacy of severe stress conditions—including low temperature, severe
hypoxia, and collagenase treatment (LHC)—in isolating Muse cells. Methods: Human umbilical
cord-derived MSCs (hUCMSCs) were treated with 0.1% collagenase D in DMEM at 37 ◦C for 30 min-
utes, then incubated at 4 ◦C for 16 hours in sealed containers completely filledwith the collagenase-
containingmedium. Muse cell enrichment following this treatment was quantified by flow cytom-
etry. Morphological characteristics of the Muse-enriched-cell (MEC) populations were examined
under adherent and suspension culture conditions. Their trilineage differentiation potential into
adipocytes (mesoderm), hepatocyte-like cells (endoderm), and neuron-like cells (ectoderm) was
evaluated. Additionally, the expression of pluripotency-associated genes (Sox2, Nanog, and Oct4)
was assessed via RT-qPCR, and chromosomal stabilitywas confirmed throughG-banding karyotype
analysis. Results: The percentage of SSEA-3+ cells inMEC populations (53.47± 17.16%)was signif-
icantly higher than in native hUCMSCs (3.43± 1.50%). MECs formed clusters resembling embryonic
stem cells in suspension culture and differentiated into adipocytes (lipid droplet+), hepatocyte-like
cells (cytokeratin-7+), and neuron-like cells (MAP-2+). MEC-SC populations exhibited significantly
higher mRNA expression of Nanog, Sox2, and Oct4 compared to MEC-AC populations and native
hUCMSCs. Conclusion: The LHCmethod provides a promising and efficient approach for isolating
Muse cells, which could significantly advance their applications in regenerative medicine.
Key words: Human umbilical cord mesenchymal stem cells, Multilineage-differentiating stress-
enduring cell, Muse cell, Mesenchymal stem cell, Pluripotent stem cells, Cellular stress environment

INTRODUCTION
In recent decades, mesenchymal stem cells (MSCs)
have been extensively studied and applied in regen-
erative medicine due to their remarkable therapeu-
tic potential. These cells exhibit essential properties
that facilitate tissue repair, including immunomodu-
latory effects, secretion of growth factors, and the
ability to differentiate into various functional cell
types. These characteristics make MSCs promising
candidates for treating various diseases, including
osteoarthritis, diabetes, and limb ischemia1.
MSCs can be isolated from multiple tissue sources,
such as adipose tissue, bone marrow, and umbili-
cal cord-derived tissues1. Interestingly, MSCs de-
rived from different sources exhibit distinct biolog-
ical properties. For example, umbilical cord-derived
MSCs display strong immunomodulatory effects,
bone marrow-derived MSCs provide superior regen-
erative support, and adipose tissue-derived MSCs
possess an enhanced capacity for extracellular ma-
trix production2,3. Moreover, even within the same

tissue source, MSC populations exhibit heterogene-
ity in their characteristics and functional capacities.
This cellular heterogeneity is well-documented and
is thought to influence the therapeutic efficacy of
MSC-based therapies1,4.
In 2010, a distinct subpopulation of MSCs, known as
multilineage-differentiating stress-enduring (Muse)
cells, was first identified by a research group at
Tohoku University in Japan4. These cells express
the stage-specific embryonic antigen-3 (SSEA-3), a
marker typically associated with embryonic devel-
opment. Muse cells exhibit several pluripotent-like
characteristics, including self-renewal, expression of
key pluripotency markers (such as Nanog, Sox2, and
Oct3/4), and the capacity to differentiate into cells
of all three germ layers. Unlike traditional pluripo-
tent stem cells, however, Muse cells do not form
teratomas when injected into animals, highlighting
their safety for therapeutic applications. Addition-
ally, they possess unique biological properties, such
as high resistance to stress conditions, efficient mi-
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gration to injury sites, and an intrinsic ability to de-
tect and repair DNA damage5.
Muse cells have been identified in various tissues and
organs, including bone marrow, peripheral blood,
adipose tissue, skin, umbilical cord tissue, spleen,
trachea, pancreas, and the amniotic membrane5,6.
Rather than being confined to a specific niche, Muse
cells are thought to be sparsely distributed through-
out the body. Muse cells constitute approximately
0.01 to 0.03 percent of the mononuclear cell fraction
in bonemarrow, while in peripheral blood, their pro-
portion ranges from 0.01 to 0.2 percent. Their pres-
ence in peripheral blood is believed to result from
migration from other tissues, such as bone marrow
or the spleen, and their abundance may fluctuate in
response to the body’s physiological state5.
Muse cells have been successfully isolated from a
range of human tissues, including skin fibroblasts,
adipose tissue, bone marrow, and the amniotic mem-
brane4–7. They have also been isolated from mes-
enchymal stem cell populations in the bone marrow,
adipose tissue, and skin of several animal species,
including rabbits8, mice9, rats10, pigs11, sheep12,
goats13, and dogs14. Most studies have focused on
isolating Muse cells from adipose tissue and bone
marrow. Within mesenchymal stem cell popula-
tions, Muse cells typically comprise 0.5 to 3 percent
of the total population, with variations depending on
the source tissue or species.
Several methods have been developed to isolate or
enrich Muse cells, which can be broadly catego-
rized into two groups: cell sorting techniques (such
as fluorescence-activated cell sorting [FACS] and
magnetic-activated cell sorting [MACS]) and stress
condition treatments4.
FACS is one of the most effective methods for isolat-
ing Muse cells. In this method, cells are labeled with
antibodies targeting specific surface markers, such
as SSEA-3, a critical marker for Muse cells. Depend-
ing on the cell source or culture stage, SSEA-3 may
be used alone or combined with other markers (e.g.,
CD105 for MSCs or CD45 for blood cells)15,16. After
incubation with the antibodies, the labeled cells are
sorted using a flow cytometry-based system. FACS
offers high purity and precision but requires sophis-
ticated equipment and extensive technical expertise,
and it may also affect cell viability.
Similar to FACS, MACS relies on cell-surface mark-
ers to isolate Muse cells. Cells are labeled with an-
tibodies conjugated to magnetic beads and passed
through a magnetic column. The bead-bound cells

are retained, while non-target cells flow through. Al-
though MACS is simpler and less costly than FACS,
it has lower precision and purity.
The stress condition treatment (SCT) method is a
simple approach for isolating and enriching Muse
cells. This technique utilizes commonly available
and inexpensive chemicals, making it accessible
without costly equipment. In SCT, Muse cells can
be isolated or enriched from tissue or cultured cells.
Cells in culture are exposed to stress conditions, such
as nutrient deprivation, serum starvation, or pro-
longed trypsin exposure. However, these techniques
generally yield a relatively low proportion of Muse
cells, with SSEA-3-positive cells comprising about 8
to 11 percent4.
Some studies have explored the use of combined
stress conditions to isolate Muse cells directly from
adipose tissue. In these cases, the adipose tissue is
treated with collagenase and then incubated at 4◦C
for 16 hours in sealed containers filled with colla-
genase solution, creating a low-oxygen, closed en-
vironment. This method has yielded a cell popula-
tion with a high percentage of SSEA-3-positive cells,
ranging from 57 to 90 percent12,17,18. However, this
approach has primarily been applied to freshly iso-
lated tissues. Based on this, we hypothesize that
a combination of collagenase treatment, low tem-
perature, and limited gas exchange (hereafter re-
ferred to as LHC conditions) may also be effective for
enriching Muse cells from secondary cell cultures.
Thismethod is expected to selectively eliminate non-
Muse cells, thereby increasing the proportion of
Muse cells within the population. Accordingly, this
study investigates the percentage of SSEA-3-positive
cells in human umbilical cord-derived mesenchymal
stem cell cultures following LHC treatment.

METHODS
Collagenase Treatment
Human umbilical cord mesenchymal stem cells
(hUCMSCs) at passage 4 or 5 were obtained from
the Cell Bank of the Stem Cell Institute, University
of Science, VNUHCM, Viet Nam. At 70-80% conflu-
ence, the cells were harvested using 0.25% Trypsin-
EDTA (Gibco, Thermo Fisher Scientific, USA). The
cell pellets were washed twice with PBS (300 × g, 5
min) and then incubated in 2 mL of DMEM (Gibco,
Thermo Fisher Scientific, USA) containing 0.1% col-
lagenase D (Roche, Merck, USA) at 37◦C for 30 min-
utes. Following incubation, the cells were trans-
ferred to a sealed 2 mL cryotube pre-filled with col-
lagenase solution and incubated at 4◦C for 16 hours

7266



Biomedical Research and Therapy 2025, 12(4):7265-7276

under low-oxygen conditions created by the closed
system17. Afterward, the cells were cultured in T25
flasks under adherent conditions for 6–12 hours to
remove dead cells, and the candidate Muse-enriched
cell (MEC) populations were harvested17.

Flow Cytometry Analysis for MSC Surface
Markers
Cells harvested at passages 4–5 were washed twice
with phosphate-buffered saline (PBS) and incu-
bated for 15 minutes at 37◦C in the dark with
the following fluorochrome-conjugated antibodies:
Anti-human CD14-FITC, CD34-FITC, CD45-APC,
and HLA-DR-FITC (hematopoietic lineage markers),
Anti-human CD44-PE, CD73-APC, CD105-PE, and
CD90-PE (mesenchymal stromal cell markers). Post-
incubation, cells were washed to remove unbound
antibodies and analyzed using a BD FACSMelodyTM
flow cytometer (Becton Dickinson, Franklin Lakes,
NJ, USA). Data acquisition was performed with BD
FACSuiteTM software, and subsequent analysis was
conducted using FlowJoTM software (Tree Star, Ash-
land, OR, USA).

SSEA-3 Expression Analysis
The percentage of SSEA-3 expression in MEC pop-
ulations was measured after low-oxygen and col-
lagenase (LHC) treatment using flow cytometry
(FACSCalibur, BD Biosciences, USA). Briefly, MECs
were washed with PBS and suspended in 100 µL
of PBS. The cells were then incubated with Alexa
Fluor® 488-conjugated SSEA-3 antibody (Invitro-
gen, Thermo Fisher Scientific, USA) or without the
antibody (negative control) at 4◦C for 30 minutes.
After incubation, the cells were washed twice with
PBS and resuspended in 200 µL of PBS. The per-
centage of SSEA-3-positive cells was quantified us-
ing FACSCalibur and analyzedwith FlowJo software.
Additionally, MECs seeded in 96-well plates were in-
cubated with SSEA-3 antibody, and expression was
visualized using an Axio A1 microscope (Carl Zeiss,
Germany).

Cluster Information Assay
To prevent adhesion, the flask surface was coated
with 1% agarose. MECs were seeded at 20,000 cells
per 2 mL in a 6-well plate or T25 flask. The morphol-
ogy and size of the resulting clusters were measured
on day 7.

Adipocyte Differentiation
MECs were seeded at 2,500 cells/well in a 96-well
plate and cultured in DMEM/F12 (Gibco, Thermo

Fisher Scientific, USA) supplemented with 10% FBS
(Gibco, Thermo Fisher Scientific, USA) at 37◦C
with 5% CO2. After 12–24 hours, the medium
was replaced with adipocyte differentiation medium
(Gibco,Thermo Fisher Scientific, USA), refreshed ev-
ery 48 hours for 21 days. Lipid droplets were stained
with 0.5% Oil Red O (Sigma-Aldrich, USA) prepared
as a 3:2 (v/v) solution in distilled water. Oil Red O-
positive area was quantified using ImageJ.

Hepatocyte Differentiation
MECs were treated with hepatocyte differentiation
medium (DMEM + 10% FBS, 1× ITS (Gibco, Thermo
Fisher Scientific, USA), 10 nM dexamethasone, 100
ng/mL HGF (PeproTech, USA), and 50 ng/mL FGF-
4 (PeproTech, USA)) for 7 days. Hepatocytes were
identified by immunostaining for cytokeratin 7 (CK-
7; Abcam, UK). Fluorescence intensity was quanti-
fied using ImageJ.

Neuron Differentiation
MECswere cultured in suspension in 6-well agarose-
coated plates for 7 days in neural differentiation
medium A (Neurobasal medium (Gibco, Thermo
Fisher Scientific, USA) + 1×B-27, 2mML-glutamine,
30 ng/mL bFGF (Miltenyi Biotech, Germany), and 30
ng/mL EGF (PeproTech, USA)). Clusters were then
transferred to a 96-well plate and cultured for 7 more
days in neural differentiation medium B (DMEM +
2% FBS, 25 ng/mL bFGF, 25 ng/mL BDNF (PeproTech,
USA)). Neurons were identified byMAP-2 immunos-
taining (Thermo Fisher Scientific, USA).

Immunocytochemistry
Cells were fixed in 2% paraformaldehyde (20 min,
RT), permeabilized with 0.1% Triton X-100 (Merck,
Germany), and blocked with 4% goat serum (Gibco,
Thermo Fisher Scientific, USA) + 1% BSA (Bomeibio,
China). Primary antibodies (CK-7 for hepatocytes or
MAP-2 for neurons) were applied overnight (4◦C),
followed by secondary antibodies (1 h, RT) and 1
µg/mL DAPI (Merck, Germany) nuclear staining.
Images were captured using an Axio A1 microscope
(Carl Zeiss, Germany; 20× objective).

RT-qPCR Analysis
Total RNA was extracted from MECs and hUCM-
SCs using the easy-BLUETM Total RNA Extraction
Kit (iNtRON Biotechnology, Korea). mRNA levels
of Nanog, Sox2, and Oct4 were assessed by one-step
RT-qPCR (Luna® Universal Kit, New England Bio-
labs, USA) and quantified via the 2−∆∆Ct method19.
Primer sequences are listed inTable 120.
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Karyotype Analysis
MECs at 70–80% confluency were treated with 0.1
µg/mL Colcemid (Gibco, Thermo Fisher Scientific,
USA) for 15 min, incubated in 0.075 M KCl (15
min, 37◦C), and fixed in Carnoy’s solution (3:1
methanol:acetic acid). Cells were dropped onto
chilled slides, air-dried, treated with 0.25% Trypsin-
EDTA (30 sec), and stainedwith Giemsa stain (Gibco,
Thermo Fisher Scientific, USA). Karyotypes were
analyzed using Ikaros software (MetaSystems, Ger-
many).

Statistical Analysis
Data are presented asmean± SD (n = 5). Differences
were analyzed by one-way ANOVA with Tukey’s
post-hoc test (GraphPad Prism 9; p < 0.05).

RESULTS
Expression of human umbilical cord mes-
enchymal stem cell markers
Flow cytometry analysis demonstrated that the cul-
tured cells displayed a surface marker profile charac-
teristic of mesenchymal stem cells (MSCs). The cells
showed negligible expression (< 2%) of hematopoi-
etic and immune lineage markers (CD14, CD34,
CD45, and HLA-DR) but exhibited strong positivity
(> 95%) for the canonical MSC markers CD44, CD73,
CD90, and CD105 (Figure 1).

Morphology and SSEA-3 expression of
MECs
Under adherent culture conditions (MEC-AC), MECs
displayed a spindle-shaped morphology, similar
to hUCMSCs, and expressed SSEA-3, whereas
hUCMSCs exhibited minimal SSEA-3 positivity
(Figure 2A,B,D,F). In suspension culture conditions
(MEC-SC), MECs formed clusters ranging in size
from 90.18 µm to 104.94 µm by day 7. Although
hUCMSCs also formed clusters, these were fewer
in number (Figure 2C,F). Following LHC treat-
ment, flow cytometry analysis revealed a signifi-
cantly higher proportion of SSEA-3-positive cells
in MEC populations (53.47 ± 17.16%) compared to
native hUCMSCs (3.43 ± 1.50%) (p < 0.05, n = 4)
(Figure 2G,H).

Differentiation of MECs to adipocytes
MECs were induced to differentiate into adipocytes
over 21 days. During this period, they underwent
morphological changes, including cytoplasmic en-
largement and lipid droplet formation, which pro-
gressively increased in size and stained positive

with Oil Red O (ORO) dye (Figure 3A,B). Similarly,
hUCMSCs also formed lipid droplets and stained
ORO-positive (Figure 3D,E). Uninduced cells in
both groups lacked lipid droplets and were ORO-
negative (Figure 3C,F). The ORO staining area in
the MEC group (37.992 ± 3.286%) was significantly
larger than in the hUCMSC group (5.110 ± 0.853%)
(p < 0.05, n = 3) (Figure 3G).

Differentiation of MECs to hepatocytes
MECs cultured in hepatogenic medium demon-
strated endodermal differentiation potential, transi-
tioning from a spindle-shaped to a polygonal mor-
phology after 7 days. These cells were CK-7-positive,
indicating hepatocyte differentiation (Figure 4A–
C). In contrast, hUCMSCs showed limited CK-
7 expression (Figure 4E–G). Uninduced cells in
both groups were CK-7-negative (Figure 4D,H). Al-
though CK-7 staining inMECs (14.949± 2.199%) was
higher than in hUCMSCs (6.455 ± 6.623%), the dif-
ference was not statistically significant (n = 3, Fig-
ure 4J).

Differentiation of MECs to neurons
To assess neural differentiation potential, MECs
were cultured in suspension for 7 days and then
transitioned to adherent conditions for another 7
days. During suspension culture, MECs formed
compact clusters resembling M-clusters. After tran-
sitioning to adherent conditions, the cells spread
outward, initially displaying a mesenchymal mor-
phology but later elongating and forming branched
processes resembling neurons (Figure 5A–C). Im-
munocytochemistry confirmed MAP-2 expression
in these cells (Figure 5D–F). In contrast, hUCM-
SCs rarely formed M-clusters in suspension and
exhibited poor attachment and limited neuron-like
morphology after transitioning to adherent cul-
ture (Figure 5H,J). Uninduced cells in both groups
were MAP-2-negative (Figure 5G,K). The MAP-2-
positive area in MECs (6.038 ± 1.048%) was signif-
icantly larger than in hUCMSCs (p < 0.05, n = 3)
(Figure 5L).

Expression of pluripotent genes NANOG,
SOX-2, and OCT-4
Pluripotent gene expression in MECs was evaluated
under adherent (MEC-AC) and suspension (MEC-
SC) culture conditions. MEC-SC showed signifi-
cantly higher mRNA expression levels of NANOG
(4.65± 0.39-fold), SOX-2 (4.04± 0.18-fold), andOCT-
4 (2.04 ± 0.12-fold) compared to MEC-AC (1.95 ±
0.08-fold, 1.82 ± 0.13-fold, and 1.52 ± 0.08-fold, re-
spectively) and hUCMSCs (p < 0.05, n = 3) (Figure 6).

Biomedical Research and Therapy 2025, 12(4):7265-7276
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Table 1: Primer sequence information

Primer Sequences Gene ID

Nanog F: 5’ TAGCAATGGTGTGACGCAGAAG 3’ NM_024865.2

R: 5’ TCTGGTTGCTCCACATTGGAAGG 3’

Sox-2 F: 5’ CATCACCCACAGCAAATGACAGC 3’ NM_002701.4

R: 5’ TTGCGTGAGTGTGGATGGGATTG 3’

Oct-4 F: 5’ GAGGCAACCTGGAGAATTTGTTCC 3’ NM_003106.2

R: 5’ ATGTGGCTGATCTGCTGCAGTG 3’

ACTB F: 5’ GGCGGACTATGACTTAGTTGCGTTACACC 3’ NM_001101.5

R: 5’AAGTCCTCGGCCACATTGTGAACTTTG 3’

Figure 1: Phenotypic Characterization of Human Umbilical CordMesenchymal Stem Cells (hUC-MSCs).
hUC-MSCs demonstrated robust expression of mesenchymal markers CD44, CD73, CD90, and CD105, confirming
their stromal identity. In contrast, cells were negative for hematopoietic lineage markers (CD14, CD34, CD45) and
HLA-DR, aligning with standard MSC immunophenotypic criteria. Data reflect purity and absence of immune cell
contamination. Abbreviations: hUC-MSCs: human Umbilical cord derived mesenchymal stem cells; CD: Cluster
of Differentiation; HLA-DR: Human leukocyte antigen DR.

Karyotyping
Karyotype analysis of MECs following colla-
genase treatment revealed a normal karyotype
(Figure 7C,D), consistent with that of hUCMSCs
(Figure 7A,B).

DISCUSSION
Muse cells are a unique subpopulation within mes-
enchymal stem cells (MSCs) and are reportedly
pluripotent. They exhibit key pluripotency charac-
teristics, including self-renewal, the ability to differ-
entiate into cell types from all three germ layers, and
expression of pluripotency markers such as Sox2,
Nanog, Oct4, and SSEA-3. Additionally, Muse cells
demonstrate remarkable stress tolerance and effi-

cient homing to injury sites, making them a promis-
ing therapeutic option for regenerative medicine5.
However, their low abundance in tissues and cul-
tured MSC populations presents significant chal-
lenges for their isolation and application.
Isolation techniques such as fluorescence-activated
cell sorting (FACS) and magnetic-activated cell sort-
ing (MACS) are commonly used but are costly and
technically complex. Stress-induced isolation meth-
ods have also been explored but remain limited in ef-
ficiency. Recent studies suggest that combining col-
lagenase treatment, hypoxia, and low-temperature
(LHC) conditions could yield Muse cells with high
purity. However, these studies have predominantly
focused on isolating Muse cells directly from tis-

Biomedical Research and Therapy 2025, 12(4):7265-7276
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Figure 2: Morphology and SSEA-3 Expression of MECs After Collagenase Treatment. Under adherent
culture, MECs (A) exhibited a morphology similar to that of hUCMSCs (D). Immunofluorescence staining with
SSEA-3 (green) and DAPI (blue) demonstrated stronger SSEA-3 expression in the MEC group (B) compared to the
hUCMSC group (E). Both MECs (C) and hUCMSCs (F) formed clusters under suspension culture. Flow cytome-
try analysis of SSEA-3+ cells (G, H) revealed a significantly higher percentage in MEC populations compared to
hUCMSCs (*p < 0.05, n = 4). Abbreviations: hUCMSCs (Human Umbilical Cord-Derived Mesenchymal Stem
Cells), MEC (Muse-Enriched Cell), MSCs (Mesenchymal Stem Cells), Muse (Multilineage-Differentiating Stress-
Enduring), and SSEA-3 (Stage-Specific Embryonic Antigen-3)

sues12,17,18. This study evaluates the efficacy of the
LHC method in isolating Muse cells from secondary
cell cultures.
Our findings demonstrate that the LHC method is a
promising strategy for isolating or enriching Muse
cells from human umbilical cord-derived mesenchy-
mal stem cells (hUCMSCs). Following LHC treat-
ment, the proportion of SSEA-3-positive cells in the
Muse-enriched cell (MEC) population was signifi-
cantly higher compared to untreated hUCMSCs. Un-
der adherent culture conditions, MECs retained a
fibroblast-like morphology similar to that of hUCM-
SCs, while in suspension, they formed characteris-
tic cell clusters. The enriched SSEA-3+ cell pop-

ulation also exhibited the ability to differentiate
into cell types representative of all three germ lay-
ers, including hepatocyte-like and neuron-like cells.
Although the observed differentiation efficiencies—
14.95 ± 2.20 % for CK-7+ hepatocyte-like cells and
6.04 ± 1.05 % for MAP-2+ neuron-like cells—were
modest, these results support the multipotent nature
of the enriched Muse cells and validate the poten-
tial of the LHCmethod as a foundational enrichment
strategy.
It is important to note that these results represent
an initial step toward the development of a Muse
cell-based platform from hUCMSCs. The differenti-
ation protocols employed in this study were not op-

Biomedical Research and Therapy 2025, 12(4):7265-7276
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Figure 3: Differentiation of MECs into Adipocytes. Lipid droplet formation was observed in MECs (A, B) and
hUCMSCs (D, E) after differentiation into adipocytes at 21 days, while it was absent in undifferentiated MECs (C)
and hUCMSCs (F). BothMECs (B) and hUCMSCs (E) stained positive with Oil Red O.Quantification of the Oil Red
O staining area (%) is shown in (G), with MECs exhibiting a significantly higher staining area compared to hUCM-
SCs (*p < 0.05, n = 3). Abbreviations: hUCMSCs (Human Umbilical Cord-Derived Mesenchymal Stem Cells),
MEC (Muse-Enriched Cell), MSCs (Mesenchymal Stem Cells), and Muse (Multilineage-Differentiating Stress-
Enduring)

Figure 4: Cytokeratin-7 Staining of MECs and hUCMSCs After Hepatogenic Differentiation. Cytokeratin-
7 (CK-7) staining of MECs (A-C) and hUCMSCs (E-G) was observed after 7 days in hepatogenic differentiation
medium (green: CK-7 staining, blue: nucleus staining with DAPI). No CK-7 expression was detected in the un-
differentiated MEC (D) and hUCMSC (H). Quantification of CK-7 staining area (%) is shown in (J), n = 3. Ab-
breviations: CK-7 (Cytokeratin 7), hUCMSCs (Human Umbilical Cord-Derived Mesenchymal Stem Cells),MEC
(Muse-Enriched Cell),MSCs (Mesenchymal Stem Cells), andMuse (Multilineage-Differentiating Stress-Enduring)

timized for maximal efficiency or functional matu-
ration but served to establish proof of concept for
the responsiveness of the enriched cells to lineage-
specific cues. Future studies will focus on refining
induction conditions, improving lineage-specific dif-
ferentiation efficiencies, assessing functional char-
acteristics of derived cells, and evaluating therapeu-
tic potential in relevant in vivo models. These steps
are essential before considering clinical translation.
Muse cells were originally isolated from human
bone marrow MSCs via long-term trypsin incuba-
tion. However, this method yielded low efficiency,
with only 11.6 % SSEA-3-positive cells in MSCs and

8.6 % in fibroblasts. Alternative stress-induced con-
ditions, such as serum-free culture, HBSS incuba-
tion, or low oxygen environments, have also been
explored, but these studies lacked quantitative as-
sessments of Muse cell proportions post-treatment4.
FACS and MACS have proven more effective, with
MACS achieving SSEA-3-positive cell proportions
ranging from 63.4 % to 96.29 %21–25. In our study,
the LHC method resulted in approximately 50 %
SSEA-3-positive cells, higher than long-term trypsin
methods but lower than MACS. These results align
with previous studies isolating Muse cells from adi-
pose tissue using collagenase12,18. However, the

Biomedical Research and Therapy 2025, 12(4):7265-7276
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Figure 5: Differentiation of MECs into neurons. MECs displayed spheroid morphology when cultured in
neuron differentiation medium under suspension conditions for 7 days (A). When shifted to adherent conditions,
they exhibited spindle-shaped morphology after 2 days (B) and maintained this morphology for 7 days (C). After
14 days of neural differentiation, the expression of the neural marker MAP-2 (green) was observed alongside DAPI
staining (blue) to label nuclei (D-F). For comparison, hUCMSCs under neural differentiation conditions showed
spheroid morphology in suspension cultures (H) and spindle-like morphology under adherent conditions (J). MECs
(G) and hUCMSCs (K) that were not subjected to neural differentiation did not express MAP-2. The percentage
of MAP-2-positive staining area was quantified (L) with n = 3. Abbreviations: hUCMSCs (Human Umbilical
Cord-Derived Mesenchymal Stem Cells), MAP-2 (Microtubule-associated protein 2), MEC (Muse-Enriched Cell),
MSCs (Mesenchymal Stem Cells),Muse (Multilineage-Differentiating Stress-Enduring)

Figure 6: Expression of pluripotency-related genes. The levels of NANOG, SOX2, and OCT4 mRNA expression
in MEC-AD, MEC-SC and hUCMSCs group.* p < 0.05; n = 3. Abbreviations: hUCMSCs (Human Umbilical
Cord-Derived Mesenchymal Stem Cells), MEC (Muse-Enriched Cell), MSCs (Mesenchymal Stem Cells), Muse
(Multilineage-Differentiating Stress-Enduring),MEC-AC: MEC under adherent culture condition,MEC-SC: MEC
under suspension culture condition

Biomedical Research and Therapy 2025, 12(4):7265-7276
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Figure 7: Karyotype annalysis of MECs after collagenase treatment. Metaphase chromosomes visualized by
Giemsa staining and aligning chromosomes inMECs (A, B) and hUCMSCs (C, D) (n = 2). Abbreviations: hUCM-
SCs (HumanUmbilical Cord-DerivedMesenchymal StemCells),MEC (Muse-Enriched Cell),MSCs (Mesenchymal
Stem Cells), Muse (Multilineage-Differentiating Stress-Enduring)

proportion of SSEA-3-positive cells in the MEC pop-
ulation varied in our study. This variability may
be attributed to differences in donor-derived cell
sources and passage numbers. As Muse cells rep-
resent a rare subpopulation within MSCs, their fre-
quency is inherently low, subject to donor variabil-
ity, and may fluctuate throughout the culture pro-
cess25,26. Previous studies have reported a wide
range in the percentage of Muse cells following col-
lagenase treatment of adipose tissue, with values
ranging from approximately 90 %17 to 73.4± 18 %12

and 57.7 ± 11.8 %18. Additionally, the relatively
small sample size in our study (n = 3–4) represents
a limitation. Future studies with larger sample sizes
and standardized conditions are needed to confirm
these findings. Despite these limitations, the LHC
method demonstrates potential as an effective strat-
egy for isolatingMuse cells from cultured hUCMSCs.
A defining characteristic of Muse cells is their abil-
ity to differentiate into cells from all three germ lay-
ers, setting them apart from somatic stem cells. In
vitro, Muse cells can differentiate spontaneously or
in response to cytokine cocktails into various cell

types, including hepatocytes, cholangiocytes (endo-
dermal), neurons, melanocytes, keratinocytes (ec-
todermal), adipocytes, osteocytes, cardiomyocytes,
and glomerular cells (mesodermal). Similarly, in
vivo, Muse cells have been shown to differenti-
ate into neuronal cells (ectoderm), hepatocytes (en-
doderm), and cardiomyocytes and glomerular cells
(mesoderm)5.
In this study, MECs demonstrated differentiation
into adipocytes, hepatocytes, and neuronal cells.
Additionally, MECs exhibited significantly higher
expression levels of pluripotency genes, such as
Nanog, Sox2, and Oct4, compared to hUCMSC pop-
ulations. Notably, MECs cultured under suspension
conditions expressed these genes at higher levels
than those in adherent culture. These findings are
consistent with recent studies on Muse cells12,27,28.
While GAPDH is a commonly used housekeeping
gene, several studies have reported its variable ex-
pression under specific conditions, including hy-
poxia. In contrast, ACTB (β -actin) has demonstrated
stable expression under hypoxic conditions29–31.
Given the hypoxic conditions in our experimental
design, we selected ACTB as the reference gene to
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ensure accurate normalization and minimize vari-
ability in gene expression analysis.
Muse cells are known for their exceptional stress tol-
erance, attributed to their ability to secrete stress
resistance factors such as Serpins and 14-3-3 pro-
teins. Serpins inhibit proteases, including trypsin,
thrombin, and neutrophil elastase, while 14-3-3 pro-
teins regulate the cell cycle, DNA repair, and apop-
tosis resistance5. Muse cells also possess superior
DNA repair capabilities through an enhanced non-
homologous end joining (NHEJ) mechanism32,33.
This robust DNA repair ability enables Muse cells to
survive under conditions lethal to most other stem
cells, leaving only Muse cells in the population34.
In our study, severe stress treatments resulted in the
death of most non-Muse cells, enriching the surviv-
ing population with Muse cells. This survival capac-
ity supports the effectiveness of stress-based meth-
ods, such as LHC, in increasing the proportion of
Muse cells within a population.

CONCLUSION
In this study, the LHC method effectively enriched
Muse cells within MSC populations. These enriched
populations exhibited key characteristics of pluripo-
tent stem cells, including differentiation into cells of
all three germ layers and high expression levels of
pluripotency-associated genes. Moreover, the LHC
method demonstrated advantages in time efficiency
and cost-effectiveness, streamlining the Muse cell
isolation process. This approach holds significant
promise for advancing Muse cell research and en-
abling their clinical applications.

ABBREVIATIONS
ACTB (Beta-actin), ANOVA (Analysis of Variance),
BDNF (Brain-Derived Neurotrophic Factor), bFGF
(Basic Fibroblast Growth Factor), CD14, CD34,
CD44, CD45, CD73, CD90, CD105 (Cluster of
Differentiation 14, 34, 44, 45, 73, 90, 105), CK-
7 (Cytokeratin 7), DMEM (Dulbecco’s Modified
Eagle Medium), EGF (Epidermal Growth Factor),
FACS (Fluorescence-Activated Cell Sorting), FBS
(Fetal Bovine Serum), FGF-4 (Fibroblast Growth
Factor-4), GAPDH (Glyceraldehyde 3-Phosphate
Dehydrogenase), HBSS (Hank’s Balanced Salt Solu-
tion), HGF (Hepatocyte Growth Factor), HLA-DR
(Human Leukocyte Antigen–DR), hUCMSCs (Hu-
man Umbilical Cord-Derived Mesenchymal Stem
Cells), ITS (Insulin-Transferrin-Selenium), LHC
(Low temperature, Hypoxia, and Collagenase treat-
ment), MACS (Magnetic-Activated Cell Sorting),
MAP-2 (Microtubule-associated protein 2), MEC

(Muse-Enriched Cell), MSCs (Mesenchymal Stem
Cells), Muse (Multilineage-Differentiating Stress-
Enduring), NHEJ (Non-Homologous End Join-
ing), ORO (Oil Red O), PBS (Phosphate-Buffered
Saline), RT-qPCR (Reverse TranscriptionQuantita-
tive Polymerase Chain Reaction), SCT (Stress Con-
dition Treatment), SD (Standard Deviation), and
SSEA-3 (Stage-Specific Embryonic Antigen-3)
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