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Figure 5 | Characterization of M-clusters. (a) Phase-contrast image of an
M-cluster. (b-d) The result of the ALP reaction; the M-cluster (b) and
mouse ES cells (c) are positive for the ALP reaction, whereas NHDFs (d) are
negative. Scale bars, 50 pm (a-c), 100 um (d).

Muse cells can be purified from the mesenchymal cell
populations such as adult human BMSCs, dermal fibroblasts
and the mononuclear cell population of fresh bone marrow
by FACS using the antibody against the specific cell surface
marker SSEA-3 (Fig. 4). The percentage of SSEA-3+ cells
among these cell populations is dependent on the cell
sources: it is <1% in adult human cultured BMSCs, 2-3%
in adult human cultured fibroblasts and 0.003-0.004% in
mononuclear cells directly isolated from fresh bone marrow.
Muse cells have telomerase activity as low as that of naive
fibroblasts or BMSCs (Supplementary Fig. 1), suggesting
low tumorigenicity of Muse cells. After SSEA-3+ cells are
isolated, they can be cultured in a single-cell suspension
culture or an MC culture. About half (40-60%) of the Muse
cells form M-clusters, whose diameters are >25 um and
which resemble embryoid bodies generated from human
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ES cells, have ALP activity similar to that of other pluripotent cells (Fig. 5) and contain the cells positive for pluripotency
markers such as Nanog, Oct3/4 and Sox2 in addition to SSEA-3 (as shown by immunocytochemical analysis and RT-PCR

(Fig. 6)). The growth curve of Muse cells in M-cluster formation shows the limitation of proliferative activity of Muse cells in
a single-cell suspension culture (Supplementary Fig. 2). The proportion of M-cluster-forming activity is dependent on the
viability of cells and is usually 45-65% in our laboratory. In contrast, SSEA-3- and/or CD105- cells did not form any clusters
after single-cell suspension culture or MC culture. After expansion of M-clusters in adherent culture, second-generation
M-cluster can be formed from the M-cluster-derived adherent culture-expanded cells, and the proportion of second-generation
M-cluster formation is 48.0 + 5.8% (fibroblasts) (mean + s.d.) or 40.3 + 9.1% (BMSCs). Alternatively, Muse cells can be
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isolated by FACS sorting with anti-SSEA-3 antibody, and

the percentage of SSEA-3+ cells is 45.0 + 3.2% (fibroblasts).
This SSEA-3+ percentage is similar to the proportion of
M-cluster-forming cells after adherent culture presented
above, suggesting that SSEA-3+ Muse cells have M-cluster-
forming activity.

Differentiation of Muse cells can be confirmed by two
methods: a spontaneous differentiation assay in which they
are cultured on the gelatin-coated coverslip or induced
differentiation of Muse cells into mesodermal-, endodermal-
and ectodermal-lineage cells. After culturing on a gelatin-
coated coverslip with 10% (vol/vol) FBS in a-MEM, Muse
cells spontaneously differentiate into cells representative
of all three germ layers, including cells positive for neuro-
filament (marker for neuronal cells, ectodermal lineage),
SMA (smooth muscle, mesodermal lineage), a-fetoprotein
(hepatocyte, endodermal lineage), cytokeratin-7 (biliary
duct, endodermal lineage) and desmin (muscle, mesodermal
lineage) (Fig. 7a-d). RT-PCR demonstrates the expression

Figure 6 | Expression of pluripotency markers in M-clusters.

(a-d) Immunocytochemical analysis showing cells in an M-cluster
expressing pluripotency markers (green) such as Nanog (a), Oct3/4 (b),
Sox2 (c) and SSEA-3 (d); nuclei are also visualized (blue). (e) mRNA
expression of pluripotency markers. Human ES cells are used as a positive
control. Scale bar, 50 um. Samples treated without a reverse-transcription
reaction (RT-) are used as a negative control. Panels a,b,e are modified
from Kuroda et al.39, Wakao et al.40 and Kuroda et al.39, respectively.
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Figure 7 | Spontaneous differentiation
of Muse cells on a gelatin-coated coverslip.
(a-d) Immunocytochemistry against
markers for specific cell types; M-cluster-
derived cells cultured on gelatin-coated
coverslips are positive for neurofilament
NF and SMA (a), cytokeratin-7 (CK7) (b),
o-fetoprotein (c-FP) (c) and desmin (d).
(e-g) Expression of mRNA for cell
lineage markers. M-cluster-derived

cells cultured on the gelatin-coated

. R T S |
coverslip express mRNA for o-FP, GATA6, %&Tﬁg_ c:m:g T (I\BAT;Z =
MAP-2 and Nkx2.5 (e, cells from M-clusters Nioc2.5 Nk2.5 [ Nkx2.5 [y
derived from adult human dermal fibroblasts; B-Actin [ —— B-Actin ey B-Actin
(f,g) cells from M-clusters derived from a & & & &
mononucleated cell of human fresh bone Ve V@ép e @és

marrow). Human fetal liver (liver) was
used as a positive control for o-FP, and whole human embryo (embryo) was used as a positive control for GATA6, MAP-2 and Nkx2.5. Scale bars,
50 wm. Panels a,g are modified from Wakao et al.40 and Kuroda et al.39, respectively.

of a-fetoprotein, GATA6 (endodermal lineage), MAP-2 (ectodermal lineage) and Nkx2.5 (mesodermal lineage) (Fig. 7e-g).
Muse cells without induction of differentiation do not express any of the differentiation markers mentioned above, as shown
by immunocytochemical analysis and RT-PCR (Supplementary Fig. 3).

The self-renewal property of Muse cells can be confirmed by cycle culture consisting of suspension culture-adherent
culture-suspension culture. M-cluster in the third generation created by this cycle-culture method also has the same
differentiation ability as that observed in the first generation (Fig. 7e), indicating the self-renewal property of Muse
cells. Muse cells can differentiate into mesodermal-, endodermal- and ectodermal-lineage cells under the directed method.
For example, Muse cells give rise to osteocalcin-positive osteocytes (Fig. 8) and adipocytes (mesodermal lineage) that
are detected as cells containing lipid droplets inside the cytoplasm (Fig. 8b), and which are positive for oil red staining
(Fig. 8c). These cells are representative of the mesodermal lineage. Hepatocytes (endodermal lineage) that express
o-fetoprotein and human albumin are able to be produced from Muse cells after culturing with 10% (vol/vol) serum-
containing medium supplemented with several hormones and trophic factors, including dexamethasone, HGF and FGF-4
(Fig. 8d,1). In the suspension culture system containing bFGF and EGF in a serum-free medium, Muse cells can also give
rise to neural progenitor cells, which are positive for nestin (Fig. 8e), musashi-1 (Fig. 8f) and NeuroD (Fig. 8g)
(ectodermal lineage). These neural progenitor cells differentiate into MAP-2+ neurons upon treatment with bFGF and
BDNF in adherent culture (Fig. 8h). These procedures confirm Muse cells” capacity for differentiation and self-renewal.

Figure 8 | Induced differentiation of Muse cells into mesodermal-,
endodermal- and ectodermal-lineage cells. (a-h) Immunocytochemical
analysis of differentiated cells. (a) After osteocyte induction, the cells
positive for osteocalcin are detected. Adipocyte induction generates

cells with lipid droplets (b) that are positive for oil red staining (c).

(d) Hepatocyte induction generates cells positive for o-fetoprotein (o.-FP).
(e-g) After neural induction, the cells form spheres resembling neurospheres
positive for the neural progenitor markers (green) Nestin (e), Musashi-1 (f)
and NeuroD (g). (h) This neurosphere-like sphere gives rise to MAP-2+
neurons after treatment with trophic factors. (i) mRNA expression

in differentiated hepatocytes. M-cluster-derived cells (induced) can
differentiate into cells expressing o.-FP and human albumin mRNA, whereas
naive adult human fibroblasts (h-fibro) do not express both mRNAs.

Aburnin: ] Human fetal liver (liver) was used as a positive control. Scale bars, 50 pm
B-Actin |— (a,d-h), 20 um (b,c).
Note: Supplementary information is available in the online version of the paper. experiments and all the authors prepared the figures. M.K. and M.D. contributed

to the description of the protocols.
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