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Figure 4. In vivo differentiation (teratoma formation) of human iPSCs, and histological and immunochemistry analysis of teratomas. The arrow
indicates (a) hepatocytes (endoderm), (b) cartilage (mesoderm), and (c) retinal pigment epithelium (ectoderm). Differentiation markers representing
the three germ layers, (d) AFP (endoderm), (e) smooth muscle actin (mesoderm), and (f) TuJ1 (ectoderm) were also observed.

the interaction between cells and their environment is also
important and can influence the pluripotency of hESCs and human
iPSCs. Figure 5 summarizes literature reports of different culture
materials (substrates) in the feeder layer-free culture of hESCs.

3.1. hESC Culture on Matrigel

Matrigel is typically used as a substrate in feeder layer-free
culture of many hESC lines. Matrigel is composed of isolated
components from the sarcomas of Engelbreth—Holm—Swarm
mice,”*”” including laminin, collagen IV, heparan sulfate pro-
teoglycans, enactin, and growth factors (e.g, TGF-f3, EGF, and
EGF),"**® which have been reported to support the pluripotency
of many hESC lines.”®

The effect of Matrigel and its individual components, such as
collagen IV, laminin, and fibronectin, on the self-renewing capacity
of hESCs has been investigated.* Collagen IV, one of the compo-
nents of Matrigel, could not maintain the pluripotency and self-
renewing capability of hESCs, while laminin, which is also a
component of Matrigel, successfully maintained and supported
long-term hESC culture in undifferentiated states using MEF-
conditioned medium (MEF-CM).** MEF-CM is a culture medium
that has been used to culture MEFs and contains several growth
factors, extracellular matrix (ECM) and cell binding molecules,
which are secreted by MEFs. It has been reported that the successful
maintenance of hESCs without MEE-CM requires a culture medium
supplemented with high concentrations of FGF-2, TGF-f1, and LIF
and the use of fibronectin-coated dishes. In this culture system, FGF-
2 maintains hESC culture,*" TGE-B1 supports hESC proliferation,**
fibronectin promotes cell adhesion,* and LIF activates the JAK/
STAT3 pathway and supports the self-renewal of hESCs.>*** How-
ever, there are several reports that neither LIF nor activation of the
STAT3 pathway contributes to the self-renewal of hESCs.>**

The first feeder cell-free culture was reported by Xu et al.** They
reported that hESCs cultured on Matrigel attached and formed small
colonies that were less compact than hESC colonies on MEF feeder
layers.*® Differentiated hESCs appeared between colonies after a few
days. hESCs on Matrigels were, therefore, reported to be dense,
undifferentiated colonies surrounded by differentiated cells. This
group was able to culture hESCs on Matrigel in MEF-CM and

maintained the undifferentiated hESCs for over 130 population
doublings (>180 days) * In contrast, hESCs seeded onto gelatin in
MEF-CM had alow survival rate, and the cells tended to differentiate
within the first passage.45 Furthermore, it was observed that only a
few appropriate hESC colonies existed in cultures on Matrigels with
conditioned media from STO (an immortal mouse embryonic
fibroblast cell line) or BJSta (a human foreskin fibroblast cell line
immortalized with telomerase) cells after passage 39. Only condi-
tioned medium from specific cells seems to support hESC growth.
hESCs on Matrigels in MEF-CM maintained a normal karyotype
and a stable proliferation rate (a doubling time of 31—33 h, similar to
that for hESCs grown on a MEF feeder layer) and displayed high
telomerase activity.*’

The hESCs on Matrigels showed successful expression of
pluripotency genes, including Oct-4 and hTERT, alkaline phospha-
tase activity (AP), and the surface markers of pluripotency proteins,
including SSEA-4, Tra-1-60, and Tra-1-81, after 53 passages.45
hESCs generated embryonic bodies (EB) with heterogeneous
morphologies, including beating cells in vitro and teratomas in
SCID/beige mice, which differentiated into cells from all three
germ layers.* It should be noted that hESCs can be maintained on
Matrigel in MEF-CM, but hESCs on Matrigel in nonconditioned
hESC medium completely differentiated after two passages. Thus,
culture on Matrigels is not sufficient to maintain the pluripotency of
hESCs. Several soluble factors, such as growth factors and ECM
components secreted by MEFs, are also required.

Ullmann et al. reported the successful culture of hESCs on
Matrigel-coated plates using MEF-CM and conditioned medium
from human fetal skin fibroblasts.** They were unable to main-
tain the pluripotency of feeder-free hESCs on Matrigel for more
than 37 passages, whereas the maintenance of hESCs on MEFs
maintained pluripotency for more than 100 passages.***® Im-
munochemistry analysis showed that cells at the periphery of the
hESC colonies in the feeder-free culture on Matrigel were
negative for E-cadherin expression and positive for vimentin
expression, which is indicative of the epithelial —mesenchymal
transition (EMT). It was suggested that the feeder-free culture
conditions using Matrigels forced the hESC colonies to undergo
early differentiation into an EMT process.>**°
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Table 3. Feeder Layer-free Culture of hESCs and Human iPSCs Keeping Their Pluripotency on Biomaterials®

hESCs (cell lines) cell culture substrates culture medium - longest time in culture pluripotency evaluation ref (year)
H1, H7, H9, H14 matrigel MEE-CM 6 months proteins, genes, EB, teratoma 45 (2001)
H1, H7, HY, H14 matrigel MEF-CM 88 passages proteins, genes 37 (2003)
BGO3 matrigel MEF-CM 24 passages proteins, genes, EB 46 (2004)
H1,H7, H9 matrigel MEE-CM 70 passages proteins, genes, teratoma 72 (2004)
H1 matrigel HEF1-CM 12 passages proteins, genes, EB 86 (2004)
H7, H9 matrigel SFM 1S passages proteins, EB, teratoma 44 (2005)
H1, H9 matrigel SFM 10 passages genes, EB, teratoma 76 (2005)
H1 matrigel MEF-CM or SFM § passages proteins, genes, Diff 88 (2005)
HI, BGN1, BGN2 matrigel MEF-CM or SEM S passages proteins, genes, EB 87 (2005)
SA002, AS038, SA121 matrigel SFM 35 passages proteins, teratoma 68 (2005)
H14 matrigel SEM 35 passages morphology 60 (2006)
VUBO1, VUB03_DMI, VUB04_CF  matrigel MEF-CM 37 passages protein 34 (2007)
VUBO1, VUB03_DM1, VUB04 CF  matrigel hEF-CM 37 passages proteins 34 (2007)
HUES7, NOTT-1, HESC-NL-1 matrigel MEF-CM 20 passages proteins, genes 89 (2008)
HS401 matrigel SFM 30 passages proteins, genes, EB 29 (2009)
H1, H7, H9, H14 laminin MEF-CM 6 passages morphology, genes 45 (2001)
H1 human laminin SFM 11 passages proteins, genes, EB, teratomas 75 (2005)
HSF6 laminin SFM 20 passages proteins, genes, teratomas 96 (2005)
HY9, H13 laminin SFM 15 passages protein, EB 95 (2006)
KhES-1, KhES-2, KhEs-3 laminin MEF-CM 10 passages protein, EB 50 (2008)
BGO3 fibronectin MEF-CM 24 passages proteins, genes, EB 46 (2004)
1-3,1-6, H9 fibronectin SFM 30 passages proteins, EB, teratoma 35 (2004)
HS360 fibronectin SFM 2 passages proteins, genes, EB 29 (2009)
MAN1, HUES7, HUES1 fibronectin SFM 10 passages proteins, genes, EB 38 (2009)
HUES]1, HES2, HESC-NL3 vitronectin SFM 8 passages proteins 71 (2008)
HUES-1, Shefl collagen (type 1) SFM 24 passages proteins, genes, EB 32 (2008)
H1, H7, H9, H14 gelatin MEF-CM few passages morphology 45 (2001)
H9, ACT-14 MEF-ECM SEM 30 passages proteins, EB, teratoma 127 (2005)
hES2, hES3, hES7 hMSC-derived matrix hMSC-CM 30 passages proteins 49 (2008)
HS360, HS401 hECM mixture SEM 6—7 passages proteins, genes, EB 29 (2009)
H9 recombinant E-cadherin SFM 3S passages proteins, genes, teratoma 103 (2010)
HS360 FBS SEM 10 passages proteins, genes, EB 29 (2009)
HS360 human serum SFM 2 passages proteins, genes, EB 29 (2009)
H1, hES-NCL1 human serum hES-dF-CM 27 passages proteins, genes, EB, teratoma 39 (2005)
hESCs hyaluronic acid hydrogels ~MEF-CM 20 days proteins, EB 113 (2007)

“ MEF-CM, mouse embryonic fibroblast-conditioned medium; SFM, serum free medium; hMSC-CM, human mesenchymal stem cell-conditioned
medium; hMSC-derived matrix, extracellular matrix derived from human mesenchymal stem cell; hLECM mixture, mixture of human extracellular matrix,
proteins, surface marker analysis, and immunohistochemical analysis of pluripotency of hESCs; genes, gene expression analysis of pluripotency of
hESCs; EB, embryonic body analysis; teratoma, teratoma analysis; Diff, differentiation analysis.

3.2, hESC Culture on Serum-Coated Dishes
Matrigel”**8~% has been frequently used for the feeder-free
growth of hESCs in undifferentiated states because it supports
the attachment and growth of undifferentiated hESCs in MEF-
CM. The use of Matrigel is, however, not ideal for potential
medical applications of hESCs due to the risk of xenogenic
pathogens. Stojkovic et al. reported the maintenance of undiffer-
entiated hESC cultures on human serum-coated dishes for
several passages using conditioned medium from fibroblasts
derived from differentiated hESCs (hES-dE-CM).*®* hESCs
grown on human serum-coated dishes under these conditions
maintained undifferentiated characteristics after prolonged culture
(>27 passages), while hESC cultured on uncoated dishes formed
embryoid bodies or attached to the plates, leading to sponta-
neous differentiation. hESCs cultured on human serum-coated

dishes expressed cell surface and intracellular hESC markers
typical of undifferentiated cells: SSEA-4, Oct-4, TRA-1-60, TRA-
1-81, and alkaline phosphatase.39 ‘When hESCs were cultured on
human serum-coated dishes in the absence of hES-dF-CM,
hESCs tended to differentiate spontaneously within 48 h,
indicating that hES-dF-CM is a key factor for the maintenance
of undifferentiated hESCs in this system. Furthermore, hESCs
cultured on human serum-coated dishes had the potential to
differentiate into tissues from all three embryonic germ layers
in vivo and in vitro (e.g, cartilage, muscle, primitive neuroecto-
derm, neural ganglia, kidney, secretory epithelia, connective
tissues, etc.) and maintained a normal karyotype.*” It has been
reported that hESCs can maintain pluripotency when cultured
on dishes coated with different types of human serum from
different batches or prepared from patients with type I diabetes.>
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Table 4. Feeder Layer-free Culture of hESCs and Human iPSCs Keeping Their Pluripotency on Synthetic Polymers®

hESCs (cell lines) cell culture substrates culture medium longest time in culture  pluripotency evaluation ref (year)
CHA-hES3, H9 porous PET membranes SEM +STO feeder cells 25 passages protein, teratoma 114(2007)
HUES7, NOTT1  oxygen plasma etched TCPS MEF-CM 14 passages proteins, genes, Diff. 8(2009)
hESCs TMA-PSt microcarriers SEM 6 passages proteins, EB °(2008)
HS237 PDTEC hES-CM 1 passages proteins, genes, EB 22(2009)
HS237 PLDLA hES-CM 1 passages proteins, genes, EB 2(2009)
H1 calcium alginate hydrogels SFM 260 days proteins, genes *(2008)
BGO1V chitosan and alginate 3D scaffolds SEM 21 days proteins, genes, teratoma  >°(2010)
SA167, AS034.1 TCPS hF-CM 43 passages proteins, teratoma 3 (2008)
BGO1, WIBR3 FBS-coated acrylate copolymer MEF-CM 10 passages proteins, genes, teratoma ' '7(2010)
BGO1, WIBR3 human serum-coated acrylate copolymer SEM S passages proteins, genes, teratoma “7(2010)

“ MEF-CM; mouse embryonic fibroblast-conditioned medium, SFM; serum free medium; proteins; hES-CM; human foreskin fibroblast-conditioned
medium, hF-CM; human fiblobrasts-conditioned medium, FBS; fetal bovine serum, proteins; surface marker analysis and immunohistochemical analysis
of pluripotency of hESCs, genes; gene expression analysis of pluripotency of hESCs, EB; embryonic body analysis, teratoma; teratoma analysis, Diff;
differentiation analysis, PET, polyethylene terephthalate; TMA-PSt, trimethylammonium-coated polystyrene microcarriers; PDTEC; poly-
(desaminotyrosyl-tyrosine-ethyl ester carbonate), and PLDLA; poly-L.D-lactide.

Hakala etal. (2009)
Mahistedtetal. (2009)
Nagaoka etal.(2010)
Furue etal. {2008)
Beattie et al. {2005)
Hakala etal. (2009)
Hakala etal. (2009}
Ludwig etal. (20086)
Xuetal. {2001)
Richards etal. (2002)
Thomsonetal. (1998)
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Figure S. Use of different culture materials for the feeder layer-free culture of hESCs reported in the literature.

This indicates that different soluble growth factors, adhesion
molecules, and ECM components that support the maintenance
of undifferentiated hESCs are common and consistently present
in different batches of human serum prepared from both normal
donors and patients with type I diabetes. However, Hakala et al.
reported that hESCs cultured on human serum-coated dishes
could not maintain pluripotency in a chemically defined medium
or conditioned medium prepared from human foreskin
fibroblasts.>® This indicates that the soluble factors in the culture
medium of hESCs can also determine the fate of undifferentiated
hESCs cultured on human serum-coated dishes.

3.3. hESC Culture on ECM-Coated Dishes

Recombinant or natural collagen IV, laminin, fibronectin, and
vitronectin, which are components of the ECM, have been used
instead of Matrigel or serum as coating materials for the feeder-
free growth of undifferentiated hESCs and human iPSCs. Feeder
cell-free and serum-free hESC culture on human fibronectin-
coated dishes was investigated in a culture medium containing
KnockOut Serum Replacement (Ko-SR) together with TGF-f1
and FGF-2 (Table 3).2*%

The feeder layer-free and serum-free culture of hESCs (I-3, I-6,
and H-9) on fibronectin-coated dishes showed low differentiation
percentages in medium containing Ko-SR, TGF-f1, and FGE-2,
while hESCs cultured on gelatin showed complete differentiation on
day 83° With regard to the growth rates of hESCs, the colony
forming efficiency on human fibronectin was lower but similar to
that on MEFs, while the colony forming efficiency of hESCs
cultured on bovine fibronectin was dramatically lower than that
on MEFs and on human fibronectin.>* Amit et al. reported that
more than 50 passages were possible for hESC culture on fibro-
nectin without differentiation of the cells.>® However, it should be
noted that another study” reported that hESCs cultured on
fibronectin-coated dishes did not maintain pluripotency under the
same conditions described by Amit et al>® The hESCs quickly
differentiated and attached poorly beyond the second passage.
Furthermore, Xu et al. found that hESCs cultured on collagen IV
and fibronectin in MEF-CM did not contain as many undifferen-
tiated colonies as those cultured on Matrigels or laminin.*

Gelatin is thermally denatured collagen derived from animal
skin and bones. Mouse ESCs can be maintained on gelatin-coated
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dishes in a culture medium supplemented with LIF for extended
periods of time.”' ~** The binding of the LIF receptor 3/gp130
heterodimer and activation of the JAK/STAT3 signaling pathway
have been implicated in the self-renewal of mouse ESCs.** However,
gelatin was not able to support undifferentiated hESCs. hESCs
seeded onto gelatin in MEF-CM had low survival rates, and the cells
tended to differentiate within the first passage.*

Laminin is the first extracellular matrix protein expressed in two-
to four-cell stage mouse embryos and is a major component of the
extracellular matrix of basal laminae in all vertebrates.***>%¢

hESC:s cultured on laminin could be maintained in an undiffer-
entiated state for more than 42 days.*> The hESCs cultured on
laminin successfully expressed pluripotency genes (Oct-4 and
hTERT) and had high telomerase activity. hESC culture on
recombinant human laminin (rh laminin) in MEF-CM has also
been reported.*® Recombinant human ECM is abundantly available
and a well-characterized source of human-derived proteins pro-
duced in an in vitro system. Laminin, which is a major component of
Matrigel, plays an important role in celhular adhesion and consists of
three distinct subunits: @; to 0s, B; to B3, and ¥; to 3% More
than 15 laminin isoforms have been identified, and the expression of
these isoforms is specifically regulated by different types of cell
surface receptors during embryonic development.”® Four laminin-
binding types (0383, Qef1, 0B4 and ;) among 24 unique
integrin isoforms have been identified.”® Consistent with Xu et al,,*
Miyazki et al. found that hESCs primarily expressed integrin 0431,
which binds predominantly to laminin-111, —332, and —511/
—521.%° When hESCs were cultured on rh laminin in MEF-CM, the
cells adhered well to th Jaminin-332-coated plates but did not adhere
to rh laminin-S11- and rh laminin-111-coated plates.*® The hESCs
proliferated on these three rth laminin-coated plates in MEF-CM for
several passages while maintaining pluripotency.®® These results
show that rh laminin-111, -332, and -511 are able to expand
undifferentiated hESCs due to their high affinity for integrin
043, which is expressed on hESCs; however, it is unknown whether
hESC pluripotency can be maintained for extended passages.” In
addition, because the hESCs were cultured in MEE-CM, the hESC
culture on rh laminin is feeder-free but not xeno-free.™°

hESC culture on laminin-coated dishes using serum-free
medium that contains human-derived and recombinant proteins
supplemented with recombinant growth factors has also been
reported.75 The hESCs maintained an undifferentiated morphol-
ogy and expressed pluripotency genes (SSEA-4, Tra-1-60, and
Cripto) similarly to cells cultured in MEF-CM. These hESCs
were also able to generate teratomas in SCID/beige mice,
indicating that the cells from all three germ layers differentiated
when the hESCs were cultured for less than 14 passages.75 hESCs
cultured in xeno-free conditions must be evaluated for longer
periods (>20—30 passages) for bioengineering applications.

Several reports have suggested that dishes coated with indivi-
dual proteins from the ECM are inadequate for culturing and
maintaining undifferentiated hESCs.2%% Therefore, Ludwig et al.
used a combination of four human ECM proteins (collagen IV,
vitronectin, fibronectin, and laminin) and a defined, xenogenic
component-free culture medium to investigate xeno-free hESC
culture.’® The derived hESC lines, however, were karyotypically
abnormal®® Therefore, a modified, more reasonable xenogenic
protein-containing medium (mTeSR1) combined with Matrigel
was used for hESC culture and has been offered commercially by
their gmup.é0 Hakala et al. also tried hESC (HS237, HS360, and
HS401) culture on a mixture of human ECM components.”® They
were able to culture hESCs for a maximum of seven passages in

conditioned medium or xeno-free culture medium (TeSR1), after
which all cells showed differentiated morphologies and lost the
expression of Oct3/4, a marker of undifferentiated hESCs? The
human ECM mixture and xeno-free culture medium did not support
maintenance of undifferentiated hESCs beyond the early passages
and led to cell detachment and the loss of pluripotency markers.

These results suggest that it is difficult to culture several cell
lines of hESCs in feeder layer-free conditions on ECM-coated
dishes for multiple passages without using Matrigel containing
undefined and animal-derived components.

3.4. hESC Culture on a Recombinant E-cadherin Substratum

E-cadherin is a Ca®>"-dependent cell—cell adhesion mole-
cule’®%" and is essential for intercellular adhesion and colony
formation of ESCs.>*'% Undifferentiated ESCs are expressing a
high amount of E-cadherin. Nagaoka et al. prepared a fusion
protein consisting of an E-cadherin extracellular domain and the
IgG Fc domain (E-cad-Fc), and they investigated the hESC
culture on the recombinant E-cadherin substratum in MEF-CM
and in serum free medium (mTeSR1).'® The hESCs thus cultured
could maintain pluripotency for >35 passages and could generate
embryonic body in vitro and teratoma in vivo where histological
analysis revealed the presence of cells from all three germ layers.

Integrin-mediated celllECM interactions have been considered
essential for maintenance of stem cell pluripotency and via-
bility.'**'% Eventually, as found in previous sections, significant
efforts have been devoted to finding a suitable ECM component that
can maintain pluripotency of hESCs with interaction between hESCs
and integrin receptors on ECMs. Integrin-ECM interactions activate
signaling pathways of integrin-linked kinase (ILK) or focal adhesion
kinase (FAK) as well as PI3K/Akt and MAPK pathways,'*® while
E-cadherin-mediated adhesion of hESCs is typically associated with
B-catenin signaling and also stimulates PI3K/Akt signaling,'>'%7%
Especially Akt signaling pathways are considered to be important for
maintenance of pluripotency of hESCs.'*"'® It was suggested that
trans-homodimerization between E-cadherin on hESCs and the
E-cadherin domain presented on the recombinant E-cadherin sub-
stratum could promote and maintain the pluri})otency of hESCs by
activation of the PI3K/AKkt signaling pathway.'®

Mouse ESCs on the recombinant E-cadherin substratum did
not form aggregated colonies and were scattered with a spindle-
like morphology.''! In contrast, hESCs retained their ability to
form the colonies, as is typically observed on MEF or
Matrigels.'® The pluripotency of mouse ESCs should be main-
tained by LIF signaling pathways under no aggregated colony
formation, where the aggregated colony formation is important
to maintain the pluripotency of human ESCs.

3.5, hESC Culture on Glycosaminoglycan

Hyaluronic acid (HA) is a linear polysaccharide of S(1—4)-p-
glucuronic acid and (1—3)-N-acetyl-D-glucosamine found in the
ECM of undifferentiated cells during early embryogenesis. Differ-
entiated cells have reduced expression of HA™'* A synthetic
hydrogel matrix of HA has been used for the long-term culture of
hESCs with self-renewing capabilities.'*> To prepare hESCs encap-
sulated in HA gel, hESCs were added to a 2% methacrylated HA and
2-methyl-1-[4-(hydroxyethoxy)phenyl]-2-methyl-1-propanone so-
lution. The solution was poured into a mold to generate discs that
were 3 mm in diameter and 2 mm thick These discs were
photopolymerized with 10 mW/cm® of ultraviolet light for
10 min.""® hESCs encapsulated in dextran gels were also prepared
using a similar method. hESCs encapsulated within HA hydrogels
and grown in MEF-CM remained undifferentiated for 20 days, while

3029 dx.doi.org/10.1021/cr1003612 [Chem. Rev. 2011, 111, 3021-3035



Chemical Reviews

hESCs cultured on a monolayer of HA or encapsulated in dextran
hydrogels did not maintain pluripotency. Differentiation could be
induced within HA hydrogels by addition of different soluble factors
to the culture media. hESCs were released from the HA hydroge] by
treatment with hyaluronidase to digest the HA hydrogels."*""> The
HA hydrogels provide a unique microenvironment for the self-
renewal and differentiation of hESCs. However, it is difficult to keep
the hESCs cultured on HA hydrogels undifferentiated for more than
10 passages.

3.6. hESC Culture on Synthetic Polymers

Biomacromolecules, such as Matrigel and several kinds of
ECM, are costly and have limited shelf lives. The development of
completely synthetic substrates is desirable for the culture of hESCs
and human iPSCs.*® The use of synthetic polymers that maintain
pluripotency and the self-renewing capabilities of the cells has
been reported (Table 4) 287314045114

3.6.1. hESC Culture on 2D Synthetic Polymers. hESCs
have been cultured on oxygen plasma etched tissue culture poly-
styrene (PE-TCPS) using MEF-CM. This synthetic culture surface
was stable at room temperature for at least a year. hESCs (HUES7
and NOTT1) cultured on PE-TCPS expressed stem cell marker
proteins (Oct-4, TRA1-60, and SSEA-4) and showed a stable
karyotype after 10—14 passages.”® The differentiation of HUES7
and NOTT1 cells cultured on PE-TCPS was evaluated by inducing
the aggregation of defined numbers of hESCs into EB. gRT-PCR
showed that markers of early germ layer formation, Brachyury T
(mesoderm), SOX17 (endoderm), and SOX1 (ectoderm), were
similarly expressed in hESCs cultured on PE-TCPS and Matrigels.”®
0-Actin (mesoderm), alkaline phosphatase (AFP, endoderm), and
B-III tubulin (ectoderm), which are present during the late stage
differentiation, were also detected by immunostaining analysis.
NOTT1 cells were also induced to differentiate into cardiomyocytes.
Beating outgrowths were mechanically isolated from the main body
of EBs and seeded onto Matrigel-coated microelectrode arrays
(MEAs). The extracellular field potentials of the cell clusters were
analyzed with microelectrode arrays.”® The cell clusters showed a
beating rate of 100 per min at rest, while the beating rate increased
significantly to 151 per min when the cell clusters were treated with 1
UM isoprenaline, a -adrenoceptor agonist that is known to have a
positive chronotropic effect on the human heart. The pharmacolo-
gical response observed suggested that the clusters of beating cells
contained cardiomyocytes that differentiated from the hESCs be-
cause contraction of skeletal or smooth muscle cells would be
inhibited or unaffected by isoprenaline.”®

Harding et al. investigated the use MEF-CM for the culture of
hESC on PE-TCPS.”® hESCs cultured solely on synthetic polymers
without the use of xeno-derived biomacromolecules were attempted
by Hakala et al” In their study, poly(desaminotyrosyl-tyrosine-
ethyl ester carbonate) (PDTEC) and poly-L,p-lactide (PLDLA)
were used for hESC culture.”® PLDLA is commonly used for hRESC
differentiation,"** while PDTEC is used for guided bone regenera-
tion in animal models."*® However, the hESCs did not attach to the
synthetic polymers in a xeno-free and chemically defined medium.
Furthermore, the hESCs did not attach to PLDLA in human
foreskin fibroblast-conditioned medium, while some of the hESCs
attached to PDTEC, as well as Ti, TiO,, and ZrO, surfaces, in
human foreskin fibroblast-conditioned medium.** The hESC colo-
nies were very fragile on the synthetic polymers and the Tj, TiO,,
and ZrO, surfaces. PLDLA and PDTEC without ECM failed to
support hESC culture and did not maintain undifferentiated hESCs,
even in human foreskin fibroblast-conditioned medium. These

results demonstrate the difficulty of culturing hESCs solely on
synthetic polymers in xeno-free cultures.

It is inefficient to evaluate synthetic polymers for the culture of
hESCs without the concept of design of the biomaterials. There-
fore, Mei et al. developed a combinatorial technique to evaluate the
biomaterials using microarrays for the culture of hESC and iPSC
maintaining their pluripotency.'’” The microarrays were prepared
from 22 acrylate monomers with diversified hydrophobicity—
hydrophilicity (water contact angle) and cross-linking densities.
The microarrays were prepared by copolymerization between each
of 16 “major” monomers and each of six “minor” monomers at six
different ratios [100:0, 90:10, 85:15, 80:20, 75:25, 70:30 (v/v)].
Therefore, microarrays with 496 [16 + (16 x S x 6)] different
combinations of copolymers were evaluated, consisting of the major
monomer (70—100%) and minor monomer (0—30%). Water
contact angle, surface topography, surface chemistry [analysis of
functional group by time-of-flight secondary-ion mass spectroscopy
(ToF-SIMS) analysis], and indentation elastic modulus of poly-
meric substrates were quantified using high-throughput methods to
develop structure—function relationships between material proper-
ties and pluripotency of hESCs cultured on the polymeric substrates
coated with fetal bovine serum (FBS) in the microarray."!”

Proteins such as ECM and growth factors, and glycosamino-
glycans from FBS can adsorb onto the material surface used for
cell culture.''® The surface properties of cell-culture substrates
are regulated by both the amount and the conformation of
adsorbed proteins and glycosaminoglycans, which interact with
cell surface receptors to initiate signal transduction and alter cell
behavior. Therefore, the synthetic polymeric materials having no
specific binding sites for hESCs can be converted into the
materials having specific binding sites after the materials were
adsorbed with FBS and culture medium, because components
and amount of proteins and glycosaminoglycans on the materials
depend on the surface chemistry and physics of the materials.""”

The colony-formation frequency was defined and investigated
as the number of polymer spots on which hESC colonies
(expressing Oct-4 and SSEA-4) formed divided by the total
number of replicate spots of the same kind of polymer on each
array. The surface roughness of the substrate in air, in PBS, and in
culture medium after FBS adsorption did not correlate strongly
with colony-formation frequency, although it was reported to
affect the cell growth and attachment of adult somatic and stem
cells*%'® A positive correlation was observed between the
indentation elastic modulus of hydrated polymeric substrate
and colony-formation frequency. However, it was found that
the polymeric substrate exhibiting a low indentation elastic
modulus also exhibited alow water contact angle in their polymer
substrates. The optimum wettability (65° < water contact angle
< 80°) of copolymer showed high colony-formation frequency
over a broad range of polymer stiffness. Especially, polymers with
amoderate water contact angle generated from multiple-acrylate-
group-containing monomers performed the best colony-forma-
tion frequency in their experiments.''”

The hit arrays were further evaluated for their capacity to
maintain the pluripotency of hESCs after more than 2 months of
culture (>10 passages). HSCs were found to maintain an
undifferentiated state with evidence from expression of pluripo-
tent markers, Oct-4, Nanog, Tra-1-60, and SSEA-4 after prolonged
culture. The differentiation of these hESCs into all three germ
layer lineages was also confirmed."”

3.6.2. hESC Culture on Porous Polymeric Membranes.
hESCs cultured on a conventional MEF-feeder layer must be
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treated with enzymes, such as collagenase or Dispase, when the
hESCs are transferred to new culture dishes for isolation or
expansion. Continuous exposure to enzymes can cause cytoge-
netic aberrations in the hESCs, although enzyme treatment is
advantageous for the Jarge-scale bulk expansion of hESCs over a
short time period with laborious and time-consuming steps. An
interesting hESC culture method was reported by Kim et al,; in
this study, porous polymeric membranes (1, 3, and 8 pm pore
sizes) were used to separate hESCs and feeder cells.™* The
feeder cells were seeded and attached to the bottom of the porous
membranes of trans-well inserts. hESCs were then cultured on
top of the membranes (Figure 2). This method allowed the
hESCs to be successfully cultured and effectively separated from
the feeder cell layer without enzyme treatment. hESCs were
placed onto the feeder cells through the porous membrane
barrier without displacing the feeder cells, while the hESCs
seeded on the feeder cells began to push the feeder cells away
and then attach and grow on the culture dish. 114

hESCs on the membranes interacted with the feeder cells
through the pores of the membranes. The interaction was
dependent on the pore size of the porous membranes used.
The number of attached hESC colonies was dependent on the
cell density of the feeder cells on the bottom of the membranes.
On the other hand, hESC colonies did not attach to the porous
membranes when the feeder cells were located on the bottom of
the culture dish instead of on the porous membrane.''*

" hESC attachment on 3-4m and 8-4m porous membranes was
higher compared to that on the 1-4m porous membranes. However,
porous membranes with greater than 3-4m pore sizes allowed feeder
cells on the bottom of the porous membranes to migrate upward,
which generated contamination of the hESC colonies. The 1-um
pore membranes rarely permitted migration of the feeder cells. s
hESCs cultured on the 1-4m pore size membrane failed to maintain
the hESCs for more than 15 passages, while hESCs on the 3-m pore
size membranes sustained the culture for more than 25 passages."'*

The hESCs cultured on the porous membranes not only
exhibited the expression of several undifferentiated markers and a
normal karyotype but also formed teratomas that consisted of all
three germ layers in vivo. This indicates that cell—cell contacts
through the membrane pore and/or a dlose distance between the
hESCs and feeder cells are important for maintaining the undiffer-
entiated states of hESCs. Although the hESCs were cultured under
xeno-containing conditions, culturing hESCs on porous membranes
would be a useful method to exclude enzyme treatment and prevent
contamination from feeder cells.

3.7. hESC Culture on 3D Biomaterials

The culture of hESCs on a 3D porous polymeric scaffold
composed of chitosan and alginate and without the support of feeder
cells or conditioned medium has been reported.*® The pluripotency
of the hESCs was maintained in the serum-free medium for 21 days.
The hESCs expressed the expected gene profile for undifferentiated
hESCs, including Oct-4, Nanog, SSEA-4, TERT, and AFP. The
hESCs also formed teratomas in SCID mice that included derivatives
of all three germ layers. However, this study® did not determine
whether the pluripotency of hESCs could be maintained for >30 days.

hESC culture and expansion on microcarriers has also been
reported. Phillips et al. reported the successful feeder-free 3D
suspension culture of hESCs (ESI-017) on trimethyl ammomum
coated polystyrene microcarriers in serum-free medium.*® The
hESCs were maintained through six passages with a 14-fold increase
in cell number. The cells expressed several undifferentiated markers,

including Oct-4 and Tra-1-81,% showing that the suspension-based
expansion of hESCs on microcarriers was possible under feeder layer-
free conditions. Using directed differentiation protocols, it was
possible to induce the hESCs cultured on the microcarriers after six
passages to express the pancreatic marker, pdx-1, and neuronal
marker, Tujl (B-Il-tubulin). The hESCs expressed cardlomyocyte
markers, such as Ot-actin, Nkx2.5, Mlc2a, and tropomyosin. *0 Thus,
the hESCs retained their capacity to differentiate into the pancreatic
(endoderm), neuronal (ectoderm), and cardiomyocyte (mesoderm)
lineages. However, the pluripotency for the hESCs was not deter-
mined for passages >10.

One of the difficulties of 3D culture using microcarriers or
porous materlals is the detachment of hESCs during the passage
of the cells.'*° In general, hRESCs were tightly adhered in tortuous
environment, and it was difficult to recover the hESCs efficiently,
even with an enzymatic treatment.

In another report, hESCs were maintained in a feeder layer free
and xeno-free environment by encapsulation in hydrogels.*® hESCs
were encapsulated in calcdum alginate hydrogels and grown in a
serum-free medium for up to 260 days. The encapsulated hESCs
formed aggregates that increased in number and size without loss of
the cells from the hydrogel. The aggregates were tightly and
homogeneously packed with defined spherical borders. The hESCs
retained their pluripotency and differentiated into cells of all three
germ layers when they were subsequently cultured in differentiation
medium.®  Immunohistochemistry and RT-PCR  experiments
showed that the hESC aggregates expressed pluripotent proteins
and genes, including Oct-4, Nanog, SSEA-4, TRA-1-60, and TRA-1-
81. The hESCs were arranged in closely packed clusters and showed
no cytoplasrmc organelles, suggesting that they were in an undiffer-
entiated state.*® This study showed that encapsulation in the appro-
priate hydrogels allows the hESCs to maintain an undifferentiated
state without passaging, EB formation, or xenogenic contamination.
Furthermore, hESCs encapsulated in alginate hydrogels were easily
recovered from the hydrogels using a dissolution buffer.

Although hESCs encapsulated in HA maintained a undiffer-
entiated state only for 10 passages,'"> encapsulation (3D culture)
of hESCs in the appropriate materials seems to support long-
term maintenance in the undifferentiated state without the need
for feeders or passaging.

The 3D microenvironments that hESCs encounter in vivo have a
combination of biological, chemical, physical, and mechanical cues,
which can be mimicked by hydrogels, while traditional 2D culture is
conducted on flat and rigid substrates of tissue culture polystyrene
dishes (TCPS)."*"*! During embryogenesis, cells in the inner cell
mass are embedded in a 3D matrix, which regulates both their self-
renewal and differentiation.'**

Itis important to establish a 3D culture system using hydrogels
in which hESCs can be maintained as undifferentiated cells and
then induced to differentiate by external signals, such as soluble
growth factors or chemicals in the culture medium.

4. CONCLUSIONS

Human feeder cells, including human fetal fibroblasts and
human bone marrow cells, have been developed for culturing
hESCs.>"'*'*371%5 However, it is difficult to achieve high
passage numbers and to produce sufficient hESCs for clinical
therapy with human feeder cells because human feeder cells are
unable to maintain continuous, undifferentiated hESCs as well as
animal feeder cells, such as STO and MEF.'*123

The development of feeder cell-free hESC culture would substan-
tially reduce the labor and cost of hESC culture, and would increase
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the production of hESCs for potential clinical applications.”” Cur-
rently, no synthetic polymers, with or without ECM and growth
factors, have been able to maintain the pluripotency and undiffer-
entiated state of hESCs in a xeno-free culture medium for an extended
period of time. Matrigel-coated plates combined with a chemically
defined culture medium containing xenogenic proteins support long-
term undifferentiated hESC culture, and this would be the most
adequate conditions for feeder layer-free culture. Mouse ESC culture
is simpler because the culture medium containing LIF and/or a LIF-
immobilized surface sufficiently supports mouse ESCs in a feeder
layer-free culture.*® The replacement of Matrigel with LIF and/or
mixed mouse or human ECMs'>’ is insufficient to maintain the
pluripotency of hESCs. Matrigel is known to contain several soluble
factors, including ECM and growth factors. Some currently unknown
key growth factors or soluble factors might be required for the
maintenance of undifferentiated hESCs, and identification of these
factors would contribute to the development of feeder layer-free
hESC culture in xeno-free and chemically defined culture medium.

The relationship between the surface chemistry of culture materi-
als and the maintenance of the pluripotency of hESCs and iPSCs is
not still clear tentatively, although the surface roughness affects the
cell growth and attachment of MSCs and also the elasticity of culture
materials can direct MSCs into specific cell lineages (e.g, soft culture
materials that mimic brain are neurogenic, stiffer culture materials that
mimic muscle are myogenic, and rigid culture materials that mimic
collagenous bone prove osteogenic).26 1t is only reported that the
optimal wettability of the culture materials where FBS coated is
maintaining the pluripotency of hRESCs and iPSCs."” If we design the
culture dishes prepared with different synthetic polymers (having
different roughness, elasticity, and wettability) and immobilized with
ECMs, the culture dishes having different surface chemistry can be
prepared where the same ECMs are immobilized. The combination
of surface chemistry of the culture materials and specific interaction
between human ECM proteins and hESCs or iPSCs would improve
the maintenance of undifferentiated hESCs and iPSCs in a xeno-free
culture for a longer time.
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Background: In recent years, it has been reported that stem cells exist in the mesenchymal tissues of the
bone marrow and adipose. These stem cells are thought to express specific cell surface markers such as
CD44, CD54, CD105, CD90, and CD271 and have been confirmed to be pluripotent. Furthermore,
although it has been reported that stem cells are also present in the dermis, their cell surface markers and
characteristics are not fully understood.

Keywords: Objective: To confirm the presence of stem cells in the dermis and their ability, employing the
SD:rrnn icse” mesenchymal stem cell markers which have previously been reported as an indication.

Differentiation Methods: We analyzed the percentages of CD44 (+), CD54 (+), CD90 (+), CD105 (+), and CD271 (+) cells in
CD54 the dermis of neonatal mice (HR-1 mouse) by performing immunostaining and FACS. Secondly, we
CcD271 isolated each type of marker-positive and -negative cells from dermal tissues and evaluated their

proliferation potential and their ability to differentiate into adipocytes, osteoblasts, and chondrocytes.
Results: According to the immunostaining and FACS results, we confirmed that stem cells that express
CD44, CD54, CD90, CD105, and CD271 are present in the dermal tissues of neonatal mice. In addition,
when we measured the proliferation and differentiation potentials of each type of marker-positive cells,
it was revealed that cells expressing CD54 or CD271 have a high proliferation potential and are able to
differentiate into adipocytes, osteoblasts, and chondrocytes.
Conclusions: These results indicated that dermal tissues contain stem cells that express CD44, CD54,
CD90, CD105, and CD271 which are stem cell markers. More precisely, it was suggested that both CD54
(+) and CD271 (+) stem cells have high proliferation and differentiation potentials.
© 2011 Japanese Society for Investigative Dermatology. Published by Elsevier Ireland Ltd. All rights
reserved.

vulnerable to external stimuli such as UV irradiation and
wounding, and it has long been believed that stem cells exist in

1. Introduction

Somatic stem cells, which have high proliferation and
differentiation potentials, are thought to play an important role
in maintaining the homeostasis of organisms [1]. Previous studies
have revealed that somatic stem cells can be found in various
tissues, such as the bone marrow [2-4], skin epidermis [5,6],
skeletal muscle [7,8], adipose [9], umbilical cord [10,11] and
placenta [12].

The skin is the largest tissue in our body and is constantly
exposed to the external environment. Thus, the skin has a higher
regeneration capacity than other body tissues because it is

* Corresponding author. Tel.: +81 52 531 6269; fax: +81 52 531 6277.
E-mail address: hasebe.yuichi@menard.co.jp (Y. Hasebe).

the skin [13]. The skin is formed of the epidermis, dermis, and
subcutaneous adipose tissues, each of which functions indepen-
dently. Previous reports have demonstrated that stem cells are
present in the skin and that these skin stem cells express specific
surface marker proteins. For example, keratin19, integrin-alpha 6,
and p63 were reported as cell surface markers of skin stem cells
and are considered to be involved in maintaining the homeostasis
of epidermal tissues [14]. The CD13 (+), 44 (+), 90 (+), 105 (+), and
271 (+) cells were reported as stem cells existing in subcutaneous
adipose tissues [9,15], and other studies reported stem cells exist
in hair follicles, in which CD34, keratin15, keratin19, CD200, Fzd,
and integrin-beta 1 were identified as cell surface markers of hair
follicle stem cells [16-18]. These stem cells are reported to be
pluripotent and are able to differentiate into cells of other tissues

0923-1811/$36.00 © 2011 Japanese Society for Investigative Dermatology. Published by Elsevier Ireland Ltd. All rights reserved.
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Table 1
Previously reported cell surface markers and the tissues in which these markers are
expressed.

Cell surface marker  Tissue Reference Year Reference no.
CD44 (+) Adipose Zuk 2002 [9]
Bone marrow  Colter 2001 [4]
Dermis Chunmeng 2004  [34]
Dermis Lorenz 2008  [33]
CD54 (+) Adipose Zuk 2002 [9]
Adipose Strem 2005  [40]
Dermis Shi 2003  [41]
Dermis Chunmeng 2004  [34]
CD90 (+) Adipose Zuk 2002 [9]
Bone marrow  Pittenger 1999  [3]
Dermis Chunmeng 2004  [34]
Dermis Lorenz 2008  [33]
CD105 (+) Adipose Zuk 2002  [9]
Bone marrow  Dominici 2006  [35]
Dermis Chen 2007  [23]
Dermis Lorenz 2008  [33]
CD271 (+) Adipose Yamamoto 2007  [15]
Bone marrow  Buhring 2007  [42]
Bone marrow  Buttula 2009  [43]
Dermis Toma 2005  [21]

such as nerves, smooth muscles, and sebaceous gland cells as well
as skin tissue cells [19].

There have only been a few studies on dermal stem cells, some
of which are outlined below. Recently, Miller et al. found a type of
dermal stem cell called SKP cells (skin-derived precursor cell) that
showed pluripotency {20-22], and Chen et al. demonstrated the
existence of multipotent stem cells in human dermal tissues,
which were able to differentiate into adipocytes, osteoblasts,
chondrocytes, and smooth muscle cells [23]. Furthermore, it was
reported that some dermal stem cells were able to differentiate
into nerves [22], liver cells [24], and pancreatic cells [25], without
forming germ layers.

In recent studies, it has been reported that dermal stem cells
express several cell surface markers (Table 1). However, the
abilities of stem cells isolated by each cell surface marker are yet
to be elucidated. Abilities of each stem cell may be clarified by
isolating cells using cell surface markers. And the relationship
between cell surface markers and properties of cells has not
been clarified. In order to use dermal stem cells in regenerative
medicine, it will be important for us to fully understand abilities
and characteristics of dermal tissues. In this study, we sorted
cells in dermal tissues according to cell surface markers and
compared their proliferation and differentiation potentials.

2. Materials and methods
2.1. Animals

In our study, we used the skin of HR-1 mice which is used in
various studies such as a study on effects of UV exposure on the
skin [26], a skin stimulation study [27], and percutaneous
absorption studies [28,29] since it is similar to human skin and
their physiological function and pathological analysis have been
well-conducted. The details are as follows. Male HR-1 hairless mice
were purchased from Japan SLC (Shizuoka, Japan). Each experi-
ment was performed with neonatal mice. The animals were cared
for according to the International Guiding Principles for Biomedical
Research Involving Animals published by the Council for the
International Organization of Medical Science. The present
experimental protocol was planned according to these guidelines
and approved by the Nippon Menard Research Laboratories
Subcommittee on Research Animal Care.

2.2. Isolation and culture of stem cells

Dermal stem cells were isolated according to the method
used in the study by Toma et al. [20], in which they used
neonatal mice. More specifically, skin tissues were collected
from the backs of neonatal HR-1 mice and were reacted
overnight in 200 U/mL of Dispase II (Godo Shusei, Tokyo, Japan)
at 4 °C. On the following day, epithelial and adipose tissues were
peeled off from the skin tissues and shredded. The shredded
dermal tissues were reacted in 0.2% collagenase (Sigma, MO,
USA) at 37 °C for 1h, before being filtered through a 100 pm
mesh. Then, the collagenase was removed by diluting the
mixture with PBS (-) and centrifuging it twice for 5 min at
1500 rpm. The resultant pellet was suspended in high yield lyse
(Invitrogen, NY, USA) and incubated to remove any contaminat-
ing red blood cells. The cells were then washed and centrifuged
twice with PBS (-), before being dissolved in phenol red-free
DMEM/F-12 (Invitrogen) containing the following primary
antibodies: CD44 (Santa Cruz Biotechnology, CA, USA), CD54
(eBioscience, CA, USA), CD90 (Biolegend), CD105 (Beckman
Coulter, CA, USA), and CD271 (Millipore, MA, USA) and then
reacted on ice for 30 min. Then, the cells were dissolved in an
Alexa Fluor 488-labeled secondary antibody (Invitrogen) and
reacted on ice for 30 min. After being washed with PBS (-), the
measurement of cell surface markers and the isolation of the
cells were performed using FACS (FACS Aria, BD Biosciences, CA,
USA). The marker-positive cells and marker-negative cells
isolated by FACS were suspended in cell growth medium and
cultured at a concentration of 2.0 x 10%cells/cm?, before being
seeded on a 24-well plate. The growth medium used contained
DMEM (Invitrogen):aMEM (Invitrogen) in a 1:1 ratio supple-
mented with 2% FBS (Sigma), 15 mM HEPES (Sigma), 10 ng/mL
basic FGF (PeproTech, NJ, USA), 100x Insulin-Transferrin-
Selenium-A Supplement (Invitrogen), and 1000x ESGRO (Milli-
pore). After 24 h of culture, the nonadhesive cells were removed,
and the adherent cells were cultured in culture medium, which
was replaced every four days. In the proliferation analysis and
differentiation induction analysis, we compared the capabilities
of the cells isolated by FACS and non-isolated cells.

2.3. Cell proliferation analysis

Cells attached to plastic dishes were harvested and seeded into
96-well plates at a cell density of 2 x 10°cells/well. Cell
proliferation rates were measured using the modified MTT assay
and Cell Counting Kit-8 (Dojindo, Kumamoto, Japan).

2.4. Immunohistochemistry

Skin tissues were excised from the backs of neonatal mice. The
obtained tissues were fixed with 4% paraformaldehyde according
to the usual method. These sections were then processed for H.E.
staining and immunostaining using the following antibodies: anti-
CD44 (Santa Cruz Biotechnology), anti-CD54 (eBioscience), anti-
CD90 (Biolegend, CA, USA), anti-CD105 (Beckman Coulter), and
anti-CD271 (Millipore). For the secondary antibodies, anti-rat IgG
antibody labeled with Alexa Fluor 488 (Invitrogen) and anti-rabbit
IgG antibody labeled with Alexa Fluor 594 (Invitrogen) were used.
DAPI (Vectashield, CA, USA) was used for nuclear staining. A
fluorescence microscope (Power BX-51, Olympus, Tokyo, Japan)
was used for observation.

2.5. Cell differentiation

For the differentiation analysis, the cells were first grown to
100% confluence and then cultured in the following differentia-
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tion media: DMEM supplemented with 10% FBS, 1 uM dexa-
methasone, 500 wM 3-isobutyl-1-methylxanthine, 200 uM in-
domethacin, 10 pg/mL insulin, and 33 wM biotin (Sigma) for
adipogenesis [30]; DMEM supplemented with 10% FBS, 10 mM
p-glycerophosphate, 50 wM ascorbic acid 2-phosphate (Sigma)
for osteogenesis [30]; and DMEM supplemented with 3% FBS,
0.5x ITS, 0.1 uM dexamethasone, 50 WM ascorbic acid 2-
phosphate (Sigma), 5ng/mL TGF-B3, and 5ng/mL BMP-2
(Peprotec) for chondrogenesis [30]. For chondrogenic differenti-
ation, a cell pellet consisting of 2.5 x 10° cells was incubated at
the bottom of a 15mlL conical tube containing 0.5 mL of
chondrogenic medium. During the differentiation period, the
medium was replaced every 2-3 days.

Adipogenesis was assayed by measuring the amount of lipid
accumulation in the differentiated cells with Oil Red O staining.
After staining, the Oil Red O was extracted with 100% isopropanol,
and the optical density (OD) of the solution was measured at
520 nm.

Osteogenesis was assayed by matrix mineralization with
Alizarin Red S staining, and the total calcium content was
determined by a colorimetric assay using the Calcium E-Test
(Wako, Osaka, Japan).

Chondrogenesis was assayed by measuring the sulfated
glycosaminoglycan (GAG) content [31], which was normalized
to the DNA content [32].

CD90+

3. Results

Mesenchymal stem cells are isolated from bone marrow,
adipose tissue, hair follicles, and the dermis and are known to
express specific markers. Typical markers for the skin and
mesenchymal stem cells are listed in Table 1. In this study, we
used CD44, CD54, CD90, CD105, and CD271, which are considered
to be typical of dermal stem cells, as markers for analysis. We
isolated stem cells from dermal tissues of neonatal mice according
to the study by Toma et al. [20].

3.1. Expression of stem cell surface markers in the dermis

Skin tissues were excised from the backs of neonatal mice.
These sections were then processed for immunostaining. The cell
nuclei were stained with DAPI, and the resultant tissue fluorescent
images were analyzed (Fig. 1). As a result, all of the cell surface
markers were found to be expressed in the dermis, and the
expression of CD54 and CD271 was especially intensive. Secondly,
we performed FACS to measure the percentage of cells that showed
positivity for each surface cell marker. The results were as follows:
CD44 (+): 2.5%, CD54 (+): 39.2%, CD90 (+): 2.7%, CD105 (+): 28.2%,
and CD271 (+): 39.4%. Accordingly, it was revealed that high
percentages of CD54 (+), CD105 (+), and CD271 (+) cells were
present in dermal tissues.
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Fig. 1. (A) Neonatal HR-1 mouse dermal tissues were sectioned and immunostained with several antibodies (CD44, CD54, CD90, CD105, and CD271). Under panels are high
magnification image. Dotted lines indicate the basement membrane. epi: epidermal layer, der: dermal layer. Arrows indicate the cells expressing cell surface markers in
dermal tissues. (B) Analysis of cell surface marker expression by flow cytometry. Dermal cell suspensions were stained with anti mouse monoclonal several CD antibodies
(solid line) as indicated in the histograms. The gray line represents the respective IgG isotype control.
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3.2. Isolation of cells and a comparison of their proliferation potentials

Each type of marker-positive and -negative cells was isolated
from the dermis of neonatal HR-1 mice for analysis by FACS. These
cells showed a fibroblast-like morphology after 24 h of culture
(Fig. 2A). The proliferation potentials of the sorted cells by each cell
surface marker were compared to that of non-sorted cells used as
control. The results revealed that the proliferation potential of
CD54 (+) and CD271 (+) cells was significantly higher than non-
sorted cells while those of CD44 (+), CD54 (—), CD90 (+) and CD105
(—) cells were significantly lower than control (Fig. 2B). As a result,
it was suggested that CD54 (+) and CD271 (+) cells have a high
proliferation potential in dermal tissues.

3.3. Differentiation into adipocytes

It was confirmed that neonatal dermal cells are able to
differentiate into adipocytes, osteoblasts, and chondrocytes.

A Control
(Non-sorting)

CD54+

sy

CD44+

Ch44-

Therefore, we examined the potential of sorted cells to
differentiate into these three cell types. First, we investigated
which cells have the potential to differentiate into adipocytes.
After two weeks of inducing adipocyte differentiation, fat
droplets were detected in the cytoplasm of all of cells, indicating
that adipocyte differentiation had been achieved (Fig. 3A).
When the potentials of each cell type and the control to
differentiate into adipocytes were compared, it was found that
CD44 (+), CD54 (+), and CD271 (+) cells all have a higher
differentiation potential into adipocytes compared to other
maker-positive and -negative cells (Fig. 3B).

3.4. Differentiation into osteoblasts

We then investigated which cells have a differentiation
potential into osteoblasts. After three weeks of inducing their
differentiation into osteoblasts, calcium depositions were
observed in all cells (Fig. 4A). When the differentiation
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Fig. 2. The isolated cells attached to plastic dishes were harvested and seeded into 96-well plates. (A) Pictures showing the morphology of cells sorted according to their cell
surface marker expression. The isolated cells were seeded into 96-well plates at a cell density of 2 x 103 cells/well and cultured for 3 days. (B) The proliferation potential of
marker-positive and -negative cells type was compared to that of the non-sorted cells used as the control (dotted line). Data are presented as the mean + SD (n =4, *P < 0.05,

**P < 0.01 compared to the control).
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potentials into osteoblasts were compared, the calcium con- 3.5. Differentiation into chondrocytes

centrations of the CD54 (+) and CD271 (+) cells were found to be

higher than those of non-sorted cells, CD54 (—) and CD27 (-) We then investigated which cells have the potential to

cells, indicating that they have a high potential to differentiate differentiate into chondrocytes. After two weeks of inducing the

into osteoblasts (Fig. 4B). cells to differentiate into chondrocytes, the formation of chondro-
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Fig. 3. Adipogenesis was assayed by measuring the amount of lipid accumulation in the differentiated cells with Oil Red O staining. (A) Oil Red O staining of the cells following
the induction of adipogenic differentiation. (B) Oil Red O was extracted using 100% 2-propanol, and the optical density (OD) of the solution was measured at 520 nm. Gray bars
indicate control, black bars indicate CD (+) cells, and outlined bars indicate CD (—) cells. Data are presented as the mean + SD (n =4, **P < 0.01 compared to the control,
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cyte-like cell masses was observed in all cell types (Fig. 5A).
Examination of the glycosaminoglycan concentration of the cells
indicated that CD54 (+) and CD271 (+) cells have a significantly
higher differentiation potential into chondrocytes compared to
non-sorted cells, CD54 (), CD271 (-) and other cells (Fig. 5B). The
percentage expression of each cell surface marker in dermal tissues
and the proliferation and differentiation potentials of the cells
expressing them are summarized (Table 2). For evaluation of
proliferation potential, cell populations with a significantly higher

proliferation potential than the non-sorted cells, a significantly
lower proliferation potential than the non-sorted cells, and the
remaining cells were classified as High, Low, and Middle,
respectively. Differentiation potentials were indicated as values
relative to that of the non-sorted cells and maker-negative cells.
This table shows that CD54 (+) and CD271 (+) cells have a high
proliferation potential and pluripotency. Furthermore, we have
confirmed the presence of stem cells with various properties in
dermal tissues.
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Fig. 5. Chondrogenesis was assayed by measuring the sulfated glycosaminoglycan (GAG) content. (A) Low-magnification image of an aggregate formed by several cells after
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control, #*#P < 0.01 compared to the cell surface marker-negative cells).

4. Discussion

It has long been believed that stem cells are present in the skin
since the skin has a higher potential for regeneration than other
body tissues [13]. Furthermore, mesenchymal stem cells are
known to exist in all body tissues, and recent studies have
reported that stem cells are also present in the dermis. However,
stem cells can be characterized into various types of cells such
those that differentiate into adipocytes, osteoblasts, and chon-

drocytes [24,33,34] and those that differentiate into nerve and
smooth muscle cells [21-23]. Stem cells have been found to
express various types of cell surface markers including CD105,
STRO-1 and vimentin [24]; CD71, CD90, CD73 and CD105 [33];
CD90, CD44, CD54, and CD116 [34]; and nestin, fibronectin, and
vimentin [21-23]. As shown above, several studies have reported
the presence of various types of stem cells in the dermis.

On the other hand, bone marrow-derived mesenchymal stem
cells express CD13, CD29, CD44, CD54, CD73, CDS0, and CD105 as
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Table 2
Comparative characteristics of cells expressing each type of cell surface marker.

Cell surface marker Presence in dermis (%)

Proliferation potential®

Relative differentiation potential®

Adipocyte Osteocyte Chondrocyte
Control (non-sorting) - - 1.04+0.04 1.0+0.11 1.0+£0.03
CD44 (+) 25 Low 1.59 +0.05*## 0.92+0.10 0.95+0.08
CD44 (-) 97.5 Low 1.07 £0.08 1.17+0.24 0.87+0.08
CD54 (+) 39.2 High 1.50 £ 0.09*## 1.90+0.16"*%# 1.91 £ 0.14*+##
CD54 (-) 60.8 Low 1.08 +0.04 0.91+0.13 0.99+0.09
CD90 (+) 2.7 Low 0.89+0.04 1.08+0.15 0.82+0.02
CD90 (—) 97.3 Low 0.78 £0.04 0.87+0.07 1.24+0.20
CD105 (+) 28.2 Middle 0.89+0.04 0.86+0.16 0.81+0.06
CD105 (-) 71.8 Low 0.80+0.03 0.66+0.15 0.824+0.14
CD271 (+) 394 High 1.48 +0.067## 1.93 £0.17*## 1.92 £ 0.20%+##
CD271 (-) 60.6 Low 0.85+0.05 1.12+0.05 0.90+0.11

2 The proliferation potentials of isolated cells were analyzed. High: significantly higher proliferation potential than the non-sorted control cells. Low: significantly lower
proliferation potential than the non-sorted cells. Middle: same as the non-sorted control cells proliferation potential.

b The proliferation and differentiation potentials of the isolated cells were analyzed. Changes in differentiation potential are shown relative to that of the control and cell
surface marker-negative cells. Data are presented as the mean+SD (n=4, **P < 0.01 compared to the control, **P < 0.01 compared to the cell surface marker-negative cells).

cell surface markers, indicating that they can be isolated using
these markers [2-4]. Dominichi et al. have established criteria for
the clinical identification of bone marrow-derived mesenchymal
stem cells, in which it is outlined that stem cells must (1) be
adherent, (2) express CD44 and CD105, and (3) be able to
differentiate into adipocytes, osteoblasts, and chondrocytes [35].

In contrast to bone marrow-derived stem cells, no such criteria
have been established for the clinical identification of dermis-
derived stem cells. In addition, no studies have attempted to
identify and characterize the stem cells in the dermis by isolating
cells from skin tissues according to their cell surface marker
expression. In this study, we evaluated the proliferation and
differentiation potentials of various types of cells by comparatively
analyzing cells isolated from the dermis of neonatal mice according
to their stem cell marker expression. CD44, CD54, CD90, CD105,
and CD271 were selected as cell surface markers, as they are
known to be markers of mesenchymal stem cells. In addition, our
previous study reported CD271 to be an adipocyte-derived stem
cell marker [15,30]. Typical cell surface markers for dermal stem
cells are listed in Table 1. In this study, we used CD44, CD54, CD90,
CD105, and CD271, which are considered to be typical of dermal
stem cells, as markers for analysis.

In this study, we found that various types of cells exist in the
dermis. The percentage of cells expressing each marker varied
(CD44 (+): 2.5%, CD54 (+): 39.2%, CD9O (+): 2.7%, CD105 (+): 28.2%
and CD271 (+): 39.4%), and each cell type showed different
characteristics. More precisely, the CD54 (+) and CD271 (+) cells
both demonstrated high proliferation potentials and higher
potential to differentiate into adipocytes, osteoblasts, and chon-
drocytes than the cells that were positive and negative for other
surface markers, which indicated that they have the characteristic
properties of stem cells. Previous study reports on CD54 and CD271
include a result suggesting that CD54 is related to cell cycle,
proliferation and differentiation [36]. Itis also reported that CD271
is related to cell proliferation, differentiation and apoptosis [37].
These findings suggest that CD54 and CD271 may be significantly
related to the maintenance of homeostasis of dermis and the
regeneration of skin tissues. However, further analysis is needed to
clarify the roles of cells in dermal tissues and the relationship
between the cells.

Interestingly, some cells demonstrated limited differentia-
tion potential. Although the CD44 (+) cells demonstrated a high
potential to differentiate into adipocytes, their osteoblast and
chondrocyte differentiation potentials were equal to that of the
non-sorted cells. This led us to consider that CD44 (+) cells are
only able to differentiate into adipocytes. Since CD44 is reported

to be used as a marker for adipose precursor cells {9], CD44 (+)
cells may be predetermined to differentiate into adipocytes. In
this study, we analyzed the abilities and conditions of each cell
by isolating cells using cell surface markers previously reported
as stem cell markers. The results showed that each cell had
significantly different properties according to the expressions of
cell surface markers. These markers, which have been known to
indicate stem cells, may also be indicators of the abilities and
conditions of stem cells. Therefore, it will be important for us to
understand the abilities and conditions of each cell based on cell
surface markers for future development of regenerative medi-
cine.

Since we conducted our study using mice, it will be necessary to
consider possible differences of cell surface markers due to
different species types in case of application to human. According
to the study by Toma et al,, there is no difference in cell surface
markers between mice and humans [21]. Therefore, we believe
that we have some fundamental knowledge of stem cells from the
results of our study using mice. However, species- and age-related
differences are yet to be clearly identified. We need to similarly
conduct an analysis using human skin as well.

Although other previous studies have shown that stem cells of
dermal tissues are derived from bone marrow [38] and perivas-
cular tissues [39], there are no specific findings. We need to
conduct further investigation to find the resources of stem cells.

This is the first study to elucidate the characteristics of cells by
sorting dermal cells isolated from the dermis according to their cell
surface marker expression. The results revealed the presence of
several types of cells with various properties in the dermis. The
dermis plays a wide range of roles in the skin. In this study, we
were able to identify the roles of these cells by categorizing them
according to their cell surface marker expression and investigating
their characteristics.

Based on above results, we believe that it will be important to
clarify the properties of these stem cells to understand more
deeply about dermal tissues for further development of regenera-
tive medicine.
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Abstract

Epigenetic reprogramming is a critical event ‘in the generation of induced pluripotent stem cells (iPSCs). Here, we
determined the DNA methylation profiles of 22 human iPSC lines derived from five different cell types (human
endometrium, placental artery endothelium, amnion, fetal lung fibroblast, and menstrual blood cell) and five human
embryonic stem cell (ESC) lines, and we followed the aberrant methylation sites in iPSCs for up to 42 weeks. The iPSCs
exhibited distinct epigenetic differences from ESCs, which were caused by aberrant methylation at early passages. Multiple
appearances and then disappearances of random aberrant methylation were detected throughout iPSC reprogramming.
Continuous passaging of the iPSCs diminished the differences between iPSCs and ESCs, implying that iPSCs lose the
characteristics inherited from the parent cells and adapt to very closely resemble ESCs over time. Human iPSCs were
gradually reprogrammed through the “convergence” of aberrant hyper-methylation events that continuously appeared in a
de novo manner. This iPS reprogramming consisted of stochastic de novo methylation and selection/fixation of methylation
in an environment suitable for ESCs. Taken together, random methylation and convergence are driving forces for long-term
reprogramming of iPSCs to ESCs.
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Introduction

DNA mcthylation is an important epigenctic modification and is a
key component in normal differentiation, development and disease
[1-3]. Expression of tissue-specific genes, such as Oct-4 [4], Nanog [5],
Sry (sex determining region on Y chromosome) [6] and MyoD [7], arc
induced by spatio-temporal demethylation during development.
DNA methylation therefore specifically varies depending on tissue
types and cell linage [2], indicating that information regarding cell
type-specific DNA methylation profiles can enable the identification
and validation of cell types. Transformation of iPSCs from somatic
cells requires a process of epigenetic reprogramming promoted by
transient ectopic expression of defined transcription factors expressed
in ESGCs [8-11]. Human iPSCs arc considered to be powerful
resources in regenerative medicine because of their potential of
pluripotency and avoidance of rejection of their derivatives by the
immune system, and for ethical issues as well [12]. Although iPSCs
show pluripotency, they have different propensities for differentiation
in mouse models [13]. Human iPSCs also exhibit donor cell-specific
gene expression [14,15]. Moreover, iPSCs possess inherited DNA
methylation states as epigenetic memories from parent cells [15-17],
suggesting that these memories influence different propensities of the
iPSCs. On the other hand, continuous passaging of mouse iPSCs
reduces differences from each other in gene expression profiles [15].

@ PLoS Genetics | www.plosgenetics.org

Epigenome-wide analysis started to be used in this field {18,19}], and
differentially methylated regions have been identified among human
iPSCs, their parent cells and ESCs [17,20]. Aberrant epigenetic
reprogramming has recently been reported in human iPSCs [21,22].
However, these analyses were limited to the use of a small number of
cells as a source for generation of iPS cells. Moreover, human iPSCs
have only been analyzed at a single point of passage. Therefore, it has
not been clarified whether human iPSCs generated from various
types of cells are dissimilar from cach other at different points during
passage; how continuous passaging of human iPSCs influences the
differences between iPSCs and ESCs; and how aberrant methylation
in human iPSCs during passaging. To address these issues, we
compared the epigenetic and transcriptional states of human iPSCs
derived from five cell types of different origins during passage, and
found random aberrant hyper-methylation at different points of
adaptation into ESGs.

Results

Establishment of human iPSCs

Human iPSCs derived from fetal lung fibroblasts (MRC5),
amnion (AM), endometrium (UtE), placental artery endothelium
(PAE) and menstrual blood cells (Edom) were independently
established in our laboratory by retroviral infection of 4 genes
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