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Decellularized Extracellular Matrix for Stem
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Abstract

Many decellularized extracellular matrices have been developed and applied to
various bioindustrial applications. Similar to these applications, decellularized
extracellular matrices have started to be used for stem cell engineering. There are
numerous efforts to unveil the effects of decellularized extracellular matrices on
stem cell functions, and it has been demonstrated that decellularized extracellular
matrices impact various stem cell functions, particularly differentiation, stem cell
maintenance, and recovery of lost stemness (rejuvenation). In this chapter, stem
cell functions on the decellularized extracellular matrices are summarized follow-
ing a brief comparison of sources and a description of decellularized extracellular
matrices preparation and characterization. Additionally, the present problems of
decellularized extracellular matrices in stem cell applications are outlined in this
chapter.
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17.1 Introduction

Stem cells are a promising cell source for various bioindustrial applications (e.g.,
tissue engineering, regenerative medicine, and pharmacological studies) (Liu et al.
2020; Mohammadian 2018). The technology of regulating stem cell functions,
including differentiation and stemness maintenance, is the key to their achievements.
There are many efforts to regulate stem cell functions. One of the approaches is
improving the culture conditions (Liu et al. 2020; Chen et al. 2011; Ng et al. 2008).
Among the culture conditions, cell culture substrate is an important factor as well as
a culture medium. Many substrates for stem cell culture have been developed with
synthetic polymeric materials (Olivares-Navarrete et al. 2017; Duffy et al. 2014) and
isolated proteins (Chen et al. 2011; Nakagawa et al. 2014), and stem cell functions
are regulated to some degree.

In our body, stem cells are surrounded by a specific microenvironment, the
so-called “stem cell niche.” The stem cell niche is composed of cells and extracellu-
lar matrix (ECM) (Mercier et al. 2002; Meran et al. 2017). In particular, the ECM
plays pivotal roles in regulating many cell functions, such as cell adhesion, growth,
migration, differentiation, and responses to soluble factors, through the activation of
various intracellular signaling pathways (Harburger and Calderwood 2009; Geiger
and Yamada 2011). It has been tried to reconstitute native ECM as culture substrates
for regulating stem cell functions. ECM is constituted with many proteins
and carbohydrates. However, there are over 300 types of ECM proteins (Hynes
and Naba 2012), and their combinations vary according to cell/tissue/organ types
and developmental and pathological stages (Naba et al. 2012; Lu et al. 2011; Manabe
et al. 2008). Moreover, not all ECM molecules have been identified, and the
complete compositions of the ECM have not yet been identified. Therefore, it is
very difficult to reconstitute native ECM by combining identified ECM proteins and
other conventional chemical methods. For this reason, the decellularization tech-
nique has been used to reconstitute native ECM as culture substrates in vitro.
Currently, ECM reconstituted by the decellularization technique (decellularized
ECM: dECM) are commercially available for clinical applications (Nakamura
et al. 2017; Crapo et al. 2011), and dECM have started to be used as in vitro ECM
models for cancer research (Hoshiba and Tanaka 2016; Hoshiba 2018, 2019; Castell-
0-Cros et al. 2009). dECM are now used as culture substrates for stem cell culture to
induce specific stem cell functions. In this chapter, I summarize the methods for
dECM preparations after comparing dECM sources. Additionally, stem cell
functions exhibited on dECM are reviewed. Finally, the potential applications of
dECM as culture substrates are discussed.
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17.2 Preparation of dECM for Stem Cell Culture
17.2.1 Sources

dECM are generally prepared from two sources: ECM in tissues/organs and ECM
produced by cultured cells. Both of them have advantages and disadvantages for the
preparation, characteristics, and feasibility of stem cell culture (Table 17.1). There-
fore, the sources of dECM should be carefully selected according to their purposes.
Generally, dECM derived from tissues and organs can possess compositional,
macro- and microstructural, and mechanical similarities with native ECM if
decellularization is properly performed. Additionally, tissue-/organ-derived dECM
can be obtained at larger scales than cultured cell-derived dECM. These are the most
significant advantages of tissue-/organ-derived dECM to cultured cell-derived
dECM. However, tissue-/organ-derived dECM tends to show significant batch-to-
batch differences due to the individual differences in sources compared with cultured
cell-derived dECM. More importantly, for stem cell culture, it is difficult to isolate
ECM in limited regions (e.g., stem cell niche) as tissue-/organ-derived dECM due to
the difficulties of their identification and isolation.

In contrast to tissue-/organ-derived dECM, cultured cell-derived dECM can be
prepared with smaller batch-to-batch differences than tissue-/organ-derived dECM if
the culture conditions (e.g., the compositions of a culture medium, initial culture
substrates, and cell passages) are properly controlled. Additionally, cultured cell-
derived dECM can mimic ECM in limited regions, such as the stem cell niche, which
is the most significant advantage of cultured cell-derived dECM to tissue-/organ-
derived dECM. However, compositional, macro- and microstructural, and mechani-
cal similarities of cultured cell-derived dECM tend to be lower than those of tissue-/
organ-derived dECM. Therefore, these similarities should be checked more carefully
when cultured cell-derived dECM are used as ECM models. Additionally, cultured
cell-derived dECM are challenging to prepare at large scales even though the batch-
to-batch differences can be controlled at a small level. Tissue-/organ-derived dECM

Table 17.1 Comparison of dECM sources

dECM
source type | Advantages Disadvantages
Tissue-/ — Similar to native ECM — Limitation of ECM source supply
organ- compositions, macro-/ — Difficult to use for large-scale in vitro
derived microstructures, and mechanical analyses due to large batch-to-batch
dECM properties differences
— Difficult to isolate limited regions from
tissues and organs
Cultured — Usable for large-scale in vitro — Difficult to obtain dECM similar to the
cell- analyses due to small batch-to-batch native ECM compositions, macro-/
derived difference microstructures, and mechanical
dECM — Easy to obtain dECM derived from | properties

limited regions (e.g., stem cell niche)
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tend to be used for stem cell differentiation and for the reconstitution of engineered
tissues and organs with stem cells. On the other hand, cultured cell-derived dECM
tend to be used to maintain and differentiate stem cells and are mainly applied for
in vitro applications. The above functions and applications of dECM are further
reviewed in the following sections.

17.2.2 Preparation

17.2.2.1 Decellularization

The decellularization process is critical for many properties and functions of the
dECM. Decellularization is performed by various methods: treatment with
detergents (e.g., sodium dodecyl sulfate, sodium deoxycholate, Triton X-100),
chemical methods (e.g., alkaline or acid treatments and chelating), physical
treatments (e.g., hypotonic and hypertonic pressures, ultrahydrostatic pressure, and
freeze-thawing), enzymatic treatments (e.g., DNase, RNase, and proteinases), and
their combinations (Gilbert et al. 2006; Keane et al. 2015; Nakamura et al. 2017,
Crapo et al. 2011). For the decellularization of tissues and organs, the solution for
decellularization can be perfused through their blood vessels, enabling
decellularization while keeping macro- and microstructures of original tissues and
organs (Ott et al. 2008; Uygun et al. 2010). For this structural advantage, whole
tissue-/organ-derived dECM have been developed as scaffolds for the in vitro
reconstruction of new tissues and organs. In addition to whole tissue/organ
decellularization, tissues and organs can be decellularized after physical treatments,
such as cutting and milling, for fabrication.

17.2.2.2 ECM Formation by Cultured Cells

For the preparation of cultured cell-derived dECM, ECM should be formed by the
cells prior to decellularization. ECM formation is influenced by various factors:
culture medium compositions (influencing ECM compositions and formation rates)
(Satyam et al. 2014; Furuyama and Mochitate 2000; Furuyama et al. 1999), initial
culture substrates (influencing ECM compositions, formation rates, and
macrostructures) (Mochitate et al. 2020; Hoshiba and Tanaka 2015; Prewitz et al.
2013), and cell types (influencing ECM compositions) (Hoshiba and Tanaka 2015;
Hoshiba et al. 2011a, 2012a) (Fig. 17.1). ECM formation conditions should be
carefully optimized for cultured cell-derived dECM because the formed ECM
strongly influences cell functions. Additionally, decellularization (described
above) and post-decellularization (described below) processes impact the functions
of cultured cell-derived dECM. Detailed effects of ECM formation conditions are
discussed in a previous review (Hoshiba 2017).

17.2.2.3 Modification

Prepared dECM are often modified with several methods. ECM components and
ECM fragments (e.g., ECM-derived peptides) can be easily modified by immersion
in these molecule-containing solutions (Mahara et al. 2019). Additionally,
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Fig. 17.1 Schematic illustration of the simple decellularization process. (Reproduced from
Hoshiba (2017) by permission from RSC publishing)

treatments with enzymes, such as proteinases and enzymes degrading carbohydrates,
can remove specific ECM components (Hoshiba 2018; Hoshiba et al. 2011b). Cross-
linking of the dECM can change the mechanical properties to modulate mechanical
signal transduction (Kim et al. 2018b). These modifications can improve dECM
functions and can add new functions to the original dECM. Additionally, dECM is
sometimes treated with pepsin for solubilization. Solubilized dECM can be used as a
supplement to the culture medium (Crapo et al. 2012) and coating materials to the
substrate surface (Aguado et al. 2016). More importantly, the solubilized dECM
form gels after neutralization, making it possible to use solubilized dECM as
injectable gels (Singelyn et al. 2012; Freytes et al. 2008).

17.2.2.4 Fabrication

Tissue-/organ-derived dECM can maintain the macro- and microstructures of origi-
nal tissues and organs, which is an advantage for tissue and organ reconstruction. On
the other hand, it is usually required for the fabrication of dECM into desirable
shapes, including patch and tube shapes. dECM are sometimes solubilized and
incorporated in other polymeric materials. Then, hybrid materials are fabricated
into several shapes (Gao et al. 2017; Baiguera et al. 2014). According to the recent
progress of three-dimensional (3D) printing technology, the combination of dECM
and 3D printing technology has been applied to fabricate dECM into desirable
shapes (Dzobo et al. 2019; Kim et al. 2018a). For this purpose, solubilized dJECM
are used as bioinks. For cultured cell-derived dECM, initial culture substrates act as
templates and then determine dECM shapes. Therefore, initial culture substrates are
prepared by 3D printing technology to form desirable shapes of cultured cell-derived
dECM and initial culture substrate complexes (Hoshiba and Gong 2018). Moreover,
initial culture substrates as templates can be removed if they are prepared with
degradable materials, such as poly(lactic-co-glycolic acid) (PLGA) (Lu et al.
2011a, 2011b).
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17.2.3 Characterization

Cell removal confirmation should be the first step for dECM characterization.
Additionally, it is necessary to examine how ECM components and structures are
retained in the prepared dECM. A summary of methods for these characterizations is
shown in Table 17.2. Additionally, a general characterization of the materials is
required.

17.2.3.1 Confirmation of Cell Removal

Detection of cellular components is always performed to confirm cell removal. In
particular, cell nuclei and/or nuclear DNA are generally detected for the confirma-
tion of cell removal. For tissue-/organ-derived dECM, three criteria are proposed for
the confirmation of cell removal: (1) no visible nuclei are detected in tissue sections
stained with DAPT or hematoxylin, (2) <50 ng dsDNA per mg ECM dry weight, and
(3) <200 bp DNA fragment length (Crapo et al. 2011). However, these criteria have
not been fully discussed, and a consensus should be built in the field. On the other
hand, there are currently no criteria to confirm cell removal for cultured cell-derived
dECM. For the cultured cell-derived dECM prepared in 2D culture, cell removal is
easily confirmed by microscopic observation. For the dECM prepared in 3D culture,
it seems proper to follow the criteria for tissue-/organ-derived dECM. In addition to

Table 17.2 Frequently used characterization methods of dECM

Purposes Principle Methods
Confirmation of cell DNA/cell nuclei detection — Staining with hematoxylin and
removal Hoechst 33258
— DNA content measurement
Intracellular protein detection | — Actin staining with fluorescent-
labeled phalloidin
— Immunocytochemistry of cytosolic
proteins
Compositional Detection of non-nucleic — Eosin staining
analysis components
GAGs detection — Alcian blue and toluidine blue
stainings
Collagens detection — Sirius red and azan stainings
Specific proteins/ — Immunohistochemical analysis with
carbohydrates detection antibodies
— Staining with lectins
Proteomics (exhaustive — Mass spectrometry
research)
Structural analysis Structure observation - SEM
Basement membrane - TEM
detection
Fibril alignment — Fast Fourier transform analysis

Reproduced from a previous review (Hoshiba 2019) with permission from the Multidisciplinary
Digital Publishing Institute (MDPI) under Creative Commons 4.0
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nuclear detection, the detection of cytosolic proteins, such as cytoskeletal fibrillar
actin, is often used. The detection of these components was performed by immuno-
histochemical analyses.

17.2.3.2 Confirmation of ECM Component Retention

The confirmation of ECM components is usually performed by immunohistochemi-
cal analyses with antibodies against specific ECM proteins and carbohydrates and
with lectins against specific glycosaminoglycans. In addition to the detection of
specific ECM components, denatured collagen can be detected with some collagen
hybridizing peptides that might be used for the quality control of dECM (Li et al.
2012; Hwang et al. 2017). Additionally, several histochemical analyses, such as
Sirius red staining and alcian blue staining, were performed. Recently, mass spec-
trometry has been used for exhaustive testing of ECM components (Piccoli et al.
2018).

17.2.3.3 Other Characterization

To examine the ECM microstructure, observations are usually performed with
scanning electron microscopy (SEM) and transmission electron microscopy
(TEM). In particular, the basement membrane, a special architecture of the ECM,
can be identified as an electron-dense region by TEM. TEM should be used to check
the integrity of the basement membrane after decellularization (Furuyama and
Mochitate 2000). Additionally, fast Fourier transform analysis has been used to
study fibril alignment (Harris et al. 2018).

17.3 Stem Cell Functions on dECM

Many studies have developed dECM for the culture of various stem cells. These
studies reported that the dECM influenced many stem cell functions (Fig. 17.2). In
particular, stem cell differentiation, stemness maintenance, and recovery from loss of
stemness (rejuvenation) are important for bioindustrial applications with stem cells.
In this section, the behaviors of stem cells on the dECM are summarized from the
viewpoints of these functions.

17.3.1 Stem Cell Differentiation

The regulation of stem cell differentiation is the key for stem cell-based bioindustrial
applications, including regenerative medicine and tissue engineering. Therefore,
dECM have been applied for the regulation of stem cell differentiation. Many
dECM derived from both tissues/organs and cultured cells have been developed.
The partial lists of these dECM are shown in Tables 17.3 and 17.4. Proper ECM
composition is required to fully exert cell functions (Hynes and Naba 2012). Indeed,
it has been reported that the functions of somatic cells are strongly induced on the
dECM originating from the same sources (Hoshiba et al. 201 1a; Sellaro et al. 2007).
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Fig. 17.2 Representation of the impact of dECM influencing many stem cell functions

Therefore, tissues/organs/cultured cells that are the same as the targets of differenti-
ation are frequently used as sources for dECM preparation.

17.3.1.1 Differentiation on Tissue-/Organ-Derived dECM
Tissue-/organ-derived dECM have been applied for the differentiation culture of
both multipotent somatic stem cells and pluripotent stem cells (i.e., embryonic stem
(ES) cells and induced pluripotent stem (iPS) cells) (Table 17.3). Myoblasts were
cultured on skeletal muscle-derived dECM (Chaturvedi et al. 2015; Stern et al.
2009). The dECM supported the growth of a murine myoblast cell line, C2C12,
even in a serum-free medium (Chaturvedi et al. 2015). Moreover, myotube forma-
tion was promoted on these dECM.

Human liver stem-like cells (HLSCs), which can differentiate into hepatocytes,
were also cultured in whole liver-derived 3D dECM (Navarro-Tableros et al. 2015).
The dECM can support liver stem cell viability with EGF and FGF and can induce
differentiation into hepatocytes. Additionally, some HLSCs differentiated into epi-
thelial cells and tubular structure-formed endothelial cells. The reconstructed tissues
with HLSCs and dECM showed urea production activity. Therefore, it is expected
that this reconstructed tissue can be used as a liver-like tissue. When neural stem
cells (NSCs) were cultured on brain-derived dECM, contradictory results were
reported (Waele et al. 2015; Crapo et al. 2012). Waele et al. reported that an NSC
line that was originally established on brain-derived dECM suppressed the differen-
tiation of neural cells (Waele et al. 2015). On the other hand, Crapo et al. reported
that PC12 cells (an NSC model cell line) on brain-derived dECM promoted differ-
entiation into neural cells (Crapo et al. 2012). It is not clear why these opposite
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Table 17.3 Partial list of tissue-/organ-derived dECM and their effects on stem cell differentiation

Tissue/organ
sources for
Stem cell dECM
for culture | preparation Effects References
ES cells Lung with Site-specific differentiation into lung | Cortiella et al.
trachea cell lineages (2010)
Mammary tissue — Functional mammary gland Bruno et al. (2017)
formation
— Teratoma formation suppression
Muscle Cardiac differentiation with the Hong et al. (2018)
abilities of electrical stimulated
response and normal adrenergic
response
Kidney Renal differentiation Batchelder et al.
(2015)
Heart Cardiac differentiation Higuchi et al.
(2013)
iPS cells Liver Hepatic differentiation Hirata and
Yamaoka (2017),
Jaramillo et al.
(2018)
Amnion Male germ cell differentiation Ganjibakhsh et al.
membrane (2019)
MSCs Bone Promotion of osteogenic Lee et al. (2016)
differentiation in both in vitro and
in vivo conditions
Tendon — Tenogenic differentiation Yang et al. (2013)
— Suppression of osteogenesis
Brain Neural differentiation Baiguera et al.
(2014)
Cartilage Chondrogenic differentiation Yin et al. (2016)
Spleen — Hepatic differentiation Xiang et al. (2016)
HLSC Liver — Hepatic differentiation Navarro-Tableros
— Endothelial and epithelial cell et al. (2015)
differentiation
NSCs Brain Suppression of neural differentiation | Waele et al. (2015)
Brain, optic Neural differentiation Crapo et al. (2012)
nerve, spinal
cord, urinary
bladder
Myoblasts | Skeletal muscle Proliferation and myogenic Stern et al. (2009),
differentiation Chaturvedi et al.
(2015)
Hair Dermis tissue Hair bud-like structure formation Leirds et al. (2014)
follicle under the co-culture condition with
stem cells dermal papilla cells

(continued)
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Table 17.3 (continued)

Tissue/organ
sources for
Stem cell dECM

for culture | preparation Effects References
Testicular Mammary tissue Functional mammary gland Bruno et al. (2017)
cells formation

Retinal Retina Maturation of retinal progenitor cells | Kundu et al. (2016)
progenitor

cells

results were obtained after using similar brain-derived dECM. It is possible that the
differences in cell types used in the studies, decellularization methods, region of the
brain for decellularization, the provided form of dECM to the cells, and other culture
conditions led to these conflicting results.

Tissue-/organ-derived dECM have also been applied for the differentiation cul-
ture of pluripotent stem cells, such as ES and iPS cells. Higuchi et al. prepared heart
and liver-derived dECM, and these dECM were applied for the cardiac differentia-
tion culture of ES cells (Higuchi et al. 2013). Cardiac differentiation marker expres-
sion was higher on heart-derived dECM than liver-derived dECM. This report
suggested that dECM from different sources have different effects on stem cell
differentiation. Additionally, tissue-/organ-derived dECM have been used for
ES/iPS cell differentiation to reconstruct new tissues and organs with minor cell
populations in vitro because these pluripotent stem cells can differentiate into almost
any cell type. This is one of the biggest challenges in tissue engineering and
regenerative medicine with stem cells. Bruno et al. prepared dECM from mammary
tissues and solubilized the dECM (Bruno et al. 2017). Then, ES cells were
transplanted in cleared mammary fat pads with solubilized dECM. The solubilized
dECM inhibited teratoma formation in all transplanted cases but directed differenti-
ation into mammary epithelial cells with gland-like structures.

Cortiella et al. tried to culture ES cells in dECM derived from the whole lung with
the trachea (Cortiella et al. 2010). The dECM supported cell viability and growth
and, surprisingly, the dECM directed site-specific differentiation into lung and
tracheal cells. In the upper tracheal region, there were no occlusions, and the cells
expressing cytokeratin were lined along the tracheal wall to form a sheet structure.
Additionally, cytokeratin-18-expressing cells (i.e., ciliated epithelial cells) were
found in the upper tracheal region. Clara cell protein 10-expressing cells (i.e.,
Clara cells) were found in the lower tracheal region. In the distal lung regions,
pro-surfactant protein C-expressing cells (i.e., type II pneumocytes) formed hollow
epithelial cyst-like structures. Moreover, CD31-expressing cells (i.e., endothelial
cells) were found in lung and tracheal regions, suggesting that the reconstructed
tissues were vascularized. This report suggests that tissue-/organ-derived dECM
provide powerful platforms for the reconstruction of large tissues and organs with
ES/PS cells. However, further studies are required for cell seeding methods, tera-
toma formation suppression, and site-specific differentiation in other tissue-/organ-
derived dECM. For the reconstruction of new tissues and organs with ES/iPS cells,
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Table 17.4 Partial list of cultured cell-derived dECM and their effects on stem cell differentiation

Stem cell
for culture

ES cells

iPS cells

MSCs

NSCs

Cell sources for dECM
preparation

Pancreatic f RINSF
cells

804G bladder
carcinoma cells

Embryonic kidney
HEK?293 cells
expressing laminin-511
Spontaneously
differentiated embryoid
bodies

SV40- and hTERT-
immortalized
periodontal ligament
cells

NSC-derived from ES
cells

Retinal pigment
epithelial cell line
(ARPE19)
MSC-derived
osteoblasts

Chondrocytes

MSC:s differentiating at
early osteogenic stage

MSCs differentiating at
early adipogenic stage

MSC:s differentiating at
early chondrogenic
stage

MSC

Embryonic fibroblasts

Effects

— Differentiation into insulin-
secreting P cells with RINSF cell’s
conditioned medium (Also
mentioned the differentiation into
kidney tubule cells and
cardiomyocytes on similar dECM)

— Pancreatic lineage commitment

— Differentiation into insulin-
secreting f cells

— Pancreatic lineage commitment

— Differentiation into insulin-
secreting  cells

Early differentiation into mesoderm

Differentiation into periodontal
ligament stem cell-like cells

Neural differentiation

Retinal pigment epithelial
differentiation

Osteogenic differentiation

— Chondrogenic differentiation
— Hypertrophy suppression

— Osteogenic differentiation

— Adipogenic differentiation
suppression

— Adipogenic differentiation

— Osteogenic differentiation
suppression

Chondrogenic differentiation (Also
shown the suppression of
chondrogenesis in dECM derived
from MSCs differentiating at the late
chondrogenic stage)

— Differentiation into hepatocyte-like
cells

— Decreasing intracellular ROS level
Differentiation into basal forebrain
cholinergic neurons

References

Narayanan
et al. (2014)

Kaitsuka et al.
(2014)

Higuchi et al.
(2010)

Goh et al.
(2013)

Hamano et al.
(2018)

Yan et al.
(2015)

McLenachan
et al. (2017)

Datta et al.
(2005, 2006)
Cheng et al.
(2009), Choi
et al. (2010)
Hoshiba et al.
(2009, 2012b)

Hoshiba et al.
(2010, 2012b)

Cai et al.
(2015)

He et al.
(2013)

Yang et al.
(2017)

(continued)
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Table 17.4 (continued)
Stem cell Cell sources for dECM

for culture | preparation Effects References
Glioma C6 cells Differentiation into neural cells Jian et al.
(2015)
Myoblasts | Myoblasts Myotube formation Hoshiba and
differentiating at the Yokoyama
early myogenic stage (2020)
Tracheal SV40-immortalized Differentiation into ciliated cells, Hosokawa
basal cells | type II alveolar Clara cells, and mucous cells et al. (2007)

epithelial cells

trials to seed cells differentiated in vitro into specific cells into tissue-/organ-derived
dECM have also been performed (Takeishi et al. 2020; Ghaedi et al. 2013).

17.3.1.2 Differentiation on Cultured Cell-Derived dECM
Cultured cell-derived dECM have also been applied for the differentiation culture of
somatic stem cells and ES/iPS cells (Table 17.4). Cultured cell-derived dECM are
mainly used for research purposes and in vitro applications, such as pharmacological
studies. In contrast to tissue-/organ-derived dECM, many stem cells have been
cultured on the dECM derived from cells that are different from differentiation
target cells. These trials will help to find alternative tissue/organ dECM sources
for stem cell differentiation. When NSCs were cultured on glioma C6 cell-derived
dECM with an inhibitor of GSK-3f, SB216763, NSCs were promoted to differenti-
ate into neural cells (neurons, astrocytes, and oligodendrocytes) (Jian et al. 2015).
MSCs were cultured on chondrocyte-derived dECM to promote chondrogenesis
without hypertrophy (Choi et al. 2010). In addition to somatic stem cells, ES and
iPS cells were grown on cultured cell-derived dECM. When ES cells were cultured
on pancreatic RINSF cell-derived dECM, ES cells differentiated into insulin-
secreting P cells (Narayanan et al. 2014).

dECM derived from cells that are different from differentiation target cells have
been used for stem cell differentiation. NSCs were cultured on embryonic fibroblast-
derived dECM, and the cells differentiated into basal forebrain cholinergic neurons
(Bai et al. 2018). SV40-immortalized type II alveolar epithelial cell-derived dECM
have been used for tracheal basal cell culture, and tracheal basal cells are
differentiated into ciliated cells (Hosokawa et al. 2007). Pancreatic lineage commit-
ment was promoted by dECM derived from both HEK293 cells expressing laminin-
511 and 804G bladder carcinoma cells (Kaitsuka et al. 2014; Higuchi et al. 2010).

17.3.1.3 dECM Mimicking Native ECM at Stepwise Developmental
Stages

Stem cell differentiation proceeds step-by-step in vivo, and the compositions of the

ECM surrounding differentiating cells are changed according to their differentiation

stages (Hoshiba et al. 2009, 2010, 2011b, 2012b; Cai et al. 2015). It is difficult for

tissue-/organ-derived dECM to be prepared as dECM surrounding differentiating
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Fig. 17.3 Osteogenesis and adipogenesis of MSCs on stepwise osteogenesis-/adipogenesis-mim-
icking matrices. (a) Alkaline phosphatase staining of MSCs under osteogenic conditions on
stepwise osteogenesis-/adipogenesis-mimicking matrices. (b) Glycerol-3-phosphate dehydrogenase
(GPDH) activity in MSCs under adipogenic conditions on stepwise osteogenesis-/adipogenesis-
mimicking matrices. Schematic models of the role of ECM in osteogenesis (c¢) and adipogenesis (d)
of MSCs. (Reproduced with slight modification from the reference Hoshiba et al. 2012b by
permission from Elsevier)

stem cells because such ECM is difficult to identify and isolate. In contrast to tissue-/
organ-derived dECM, it is possible for cultured cell-derived dECM to be prepared as
dECM mimicking native ECM surrounding differentiating stem cells. Hoshiba et al.
prepared dECM derived from MSCs differentiating into osteoblasts and adipocytes
at each differentiative stage, and these types of dECM are termed stepwise tissue
development-mimicking matrices (stepwise osteogenesis-/adipogenesis-mimicking
matrices) (Hoshiba et al. 2009, 2010). The osteogenesis of MSCs was promoted on
dECM mimicking ECM at an early osteogenic stage (osteogenic early-stage matri-
ces) but not on other dECM mimicking ECM at a late osteogenic stage (osteogenic
late-stage matrices), adipogenic early- and late-stage matrices (adipogenic early/late-
stage matrices), and undifferentiation state (stem cell matrices) (Fig. 17.3a) (Hoshiba
et al. 2012b). On the other hand, adipogenesis of MSCs was promoted on adipogenic
early-stage matrices but not stem cell matrices, osteogenic early/late-stage matrices,
and adipogenic late-stage matrices (Fig. 17.3b) (Hoshiba et al. 2012b).

The mechanisms of MSC differentiation were examined from the viewpoint of
transcription factor expression (Hoshiba et al. 2012b). The gene expression of an
osteogenesis-promotive transcription factor, runt-related transcription factor
2 (RUNX2), was increased on dECM except for stem cell matrices to promote
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osteogenesis. Gene expression of an osteogenic-inhibitory/adipogenesis-promotive
transcription factor, peroxisome proliferator-activated receptor y (PPARG), was
inhibited on stem cell matrices and osteogenic early-stage matrices (Hoshiba et al.
2012b) by the suppression of canonical Wnt signaling via the binding between
chondroitin sulfate and Wnt ligands (Hoshiba et al. 2009, 2011b, 2012b). These
results suggest that osteogenic early-stage matrices promote osteogenesis by increas-
ing osteogenic transcription factor expression and suppressing unexpected apoptosis
(Fig. 17.3c) (Hoshiba et al. 2009, 2012b). Similar results were obtained in the case of
adipogenesis. PPARG expression levels were similar on the dECM. However,
RUNX?2 (suppressing adipogenesis) expression was suppressed on stem cell matrices
and adipogenic early/late-stage matrices. Moreover, the expression of TAZ, an
osteogenesis promotive and adipogenesis inhibitory factor, was suppressed on
only adipogenic early-stage matrices. These results suggest that adipogenic early-
stage matrices promoted adipogenesis by inhibiting osteogenesis (Fig. 17.3d)
(Hoshiba et al. 2010, 2012b). Similar to the stepwise osteogenesis-/adipogenesis-
mimicking matrices, stepwise myogenesis-mimicking matrices were prepared by
differentiating myoblasts into myotubes (Hoshiba and Yokoyama 2020). Myotube
formation was promoted on myogenic early-stage matrices by the suppression of
inhibitor of DNA binding (ID) gene expression via the inhibition of bone morpho-
genetic protein (BMP) signaling activation. As demonstrated in these studies,
cultured cell-derived dECM can be used as a suitable tool to examine the compre-
hensive roles of ECM in stem cell differentiation.

17.3.1.4 Future Problems in Stem Cell Differentiation Culture
with dECM

As described above (Sect. 17.3.1.1), the cells exhibited opposite effects on stem cell
differentiation on the dECM even though the dECM originated from the same source
(Waele et al. 2015; Crapo et al. 2012). It is necessary to understand why the opposite
effects were obtained; otherwise, unexpected side effects might occur for
bioindustrial applications. However, the feasibility of dECM might be expanded to
regulate stem cell differentiation if the effects of dECM can be changed by the
preparation methods, cell types, and the provided form of dECM to the cells,
differentiation culture conditions, etc.

There are many reports of decellularization methods, and their effects on the
compositions and structures of dECM have been examined (Gilbert et al. 2006;
Keane et al. 2015). The composition and structure impact stem cell differentiation.
Therefore, the optimization and standardization of dECM preparation methods are
required. In addition to the dECM preparation methods, the optimal methods for the
preservation and sterilization of dECM should also be investigated. However, a
limited number of studies have been performed on preservation (Fidalgo et al. 2018;
Tsuchiya et al. 2014). Mechanistic analyses will be helpful for maximizing the
effects of dECM. There are numerous reports of the mechanisms of stem cell
differentiation by molecular biological methods. dECM can be modified to improve
the functionalities of dECM by comparisons with these reports. In addition to
molecular biological analyses, mass spectrometric analyses will improve the dECM.
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17.3.2 Stemness Maintenance

Stemness is maintained in the stem cell niche in vivo (Mercier et al. 2002; Meran
et al. 2017). Therefore, reconstruction of the ECM in the stem cell niche has been
attempted by decellularization techniques. For this purpose, cultured cell-derived
dECM has been mainly prepared to mimic native ECM in the stem cell niche.

17.3.2.1 Somatic Stem Cells

In this field, the maintenance of MSC stemness has been well investigated. Gener-
ally, MSCs spontaneously differentiate and lose their stemness during in vitro
expansion culture. Spontaneous differentiation of MSCs is suppressed on undiffer-
entiated MSC-derived dECM (Chen et al. 2007). Additionally, MSC differentiation
is partially suppressed even under osteogenic and adipogenic differentiation
conditions (Hoshiba et al. 2009, 2010). This suppression mechanism of MSC
differentiation on the dECM is partially unveiled. BMP signaling is one of the
triggers for MSC differentiation. However, activation of BMP signaling is inhibited
by undifferentiated MSC-derived dECM (Chen et al. 2007; Hoshiba et al. 2009). It is
speculated that BMP or BMP signaling inhibitory molecules (e.g., Chordin) are
captured by ECM components, such as chondroitin sulfate, to regulate their accessi-
bility to cells. In other words, BMP cannot activate intracellular signaling effectively
when BMP is captured by the ECM and its accessibility to cells is suppressed.
Alternatively, BMP signaling inhibitory molecules accumulate in the ECM via
capture, leading to the effective suppression of BMP signaling.

Because the dECM can inhibit MSC differentiation, the dECM have been applied
for in vitro MSC expansion culture. Chen and colleagues reported that undifferenti-
ated MSC-derived dECM could suppress spontaneous differentiation and maintain
the differentiation ability into osteoblasts and adipocytes after in vitro expansion
culture (Chen et al. 2007). In particular, the differentiation ability of MSCs is
maintained on undifferentiated MSC-derived dECM for a more extended period
(i.e., higher passage number) than tissue culture polystyrene (TCPS). Similar to
MSCs, other somatic stem cells, such as hematopoietic stem/progenitor cells
(HSPCs) and wumbilical cord blood-derived nonhematopoietic stem cells
(UCB-NHSCs), have been cultured on the dECM. HSPCs were cultured on the
bone marrow stromal cell line (MS-5)-derived dECM, and HSPCs showed effective
expansion on the dECM with HSPC-specific surface markers (Tiwari et al. 2013).
UCB-NHSCs were cultured on dECM derived from bone marrow stromal cells
(containing MSCs) (Wu et al. 2016). UCB-NHSCs could be expanded on the
dECM and exhibited differentiation ability into three germ layers, indicating the
maintenance of pluripotency.

17.3.2.2 Pluripotent Stem Cells

Pluripotent stem cells, such as ES and iPS cells, have also been cultured on the
dECM. Usually, these pluripotent stem cells are cultured on feeder cells (e.g.,
embryonic fibroblasts). Therefore, dECM have been prepared by the culture of
these feeder cells. ES cells can be successfully grown on embryonic fibroblast-
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derived dECM without feeder cells (Klimanskaya et al. 2005). Moreover, the ES
cells possessed the ability to differentiate into three germ layers after passage culture
for more than 6 months. Additionally, ES cells can be newly established on the
dECM without feeder cells.

Recently, it has been reported that laminin-511/521 is important for the mainte-
nance of pluripotent stem cells (Nakagawa et al. 2014). Therefore, cells producing
abundant laminins can be used for the preparation of dECM for pluripotent stem
cells. Vuoristo et al. prepared dECM with a human choriocarcinoma cell line, JAR,
which produces abundant laminins and applied this JAR cell-derived dECM for iPS
cell culture (Vuoristo et al. 2013). Additionally, they reported that iPS cells can be
grown on JAR cell-derived dECM with the expression of undifferentiation markers
and that the cells possess pluripotency. Moreover, they successfully prepared new
iPS cells from fibroblasts on the JAR cell-derived dECM. Fibroblasts transfected
with retroviruses containing OCT4, KLF4, SOX2, and c-myc were seeded on both
JAR cell-derived dECM and Matrigel. The induction efficacy of iPS cells was
similar between JAR cell-derived dECM and Matrigel. Prepared iPS cells could
also be subcultured on JAR cell-derived dECM.

17.3.2.3 Future Problems in Stem Cell Maintenance Culture with dECM

Feasibility to Other Stem Cells

dECM have been mainly used for in vitro expansion and culture of MSCs. Currently,
undifferentiated MSC-derived dECM is commercially available from StemBioSys,
Inc. Although it is evident that dECM is helpful for in vitro expansion culture of
MSCs with the maintenance of their stemness, the feasibility of dECM is not
confirmed for other stem cell cultures. In particular, the passage numbers at which
somatic stem cells can be subcultured are limited, and their stemness is lost during
their in vitro expansion. Therefore, it is important for bioindustrial applications with
stem cells to investigate whether the cells can be subcultured for a long period and
whether their stemness is maintained.

Cell Sources for dECM Preparation

Tissue-/organ-derived dECM may not be suitable for stem cell maintenance culture
because the concept of dECM for this purpose is to reconstitute the stem cell niche.
Therefore, almost all dECM for this purpose are derived from cultured cells. These
cell sources are often the same as the cells that are cultured on the dECM. This is a
major problem to resolve because the availability of stem cells (particularly somatic
stem cells) is limited. To solve this problem, the establishment of new cell lines is
one approach (Kusuma et al. 2017). The other approach is to generate cells produc-
ing extrinsic ECM molecules. The development of alternative cell sources is a major
challenge for dECM research.

Mechanisms
For bioindustrial applications alone, it is not necessary to unveil the mechanisms to
maintain stemness on the dJECM. However, the mechanisms will help to improve the
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effectiveness of dECM. There are two approaches for the study of mechanisms:
intracellular signaling analyses and ECM compositional analyses. Both are impor-
tant. Intracellular signaling analyses, particularly upstream signaling that is linked
with the ECM, will promote the understanding of how cells interact with the ECM.
ECM compositional analyses will unveil important ECM components for stemness
maintenance. If the ECM components are clarified, the development of alternative
cell sources for dECM preparation will be accelerated.

17.3.3 Rejuvenation of Somatic Stem Cells

Recently, increasing evidences have demonstrated the rejuvenation of somatic stem
cells by dECM (Fig. 17.4).

17.3.3.1 Rejuvenation of Passaged Stem Cells

Many somatic stem cells lose their differentiation ability after in vitro expansion.
There are several trials to recover their differentiation ability using dECM derived
from cells with lower passage numbers (Pei et al. 2011; Lai et al. 2010). Pei et al.
cultured passage 5 MSCs on the dECM derived from undifferentiated MSCs (<
passage 5), and their MSC functions on the dECM were compared with those on
TCPS (Pei et al. 2011). MSCs recovered their growth ability and the expression of
stage-specific embryonic antigen-4 (SSEA-4) on the dECM (Lai et al. 2010).
Moreover, the intracellular reactive oxygen species (ROS) level was lower on the
dECM than on the TCPS. Differentiation ability was also checked. Chondrogenic
and osteogenic capabilities of MSCs expanded on the dECM were at higher levels
than those on TCPS. On the other hand, the adipogenic ability of MSCs expanded on
the dECM was lower than that on TCPS. These results suggest the possibility of
dECM rejuvenating or recovering stem cells whose abilities were lost.

Stemness maintenance during in vitro subculture
Recovery of stemness of passaged or aged stem cells
(Rejuvenation)

[Stem cells for culture] A

-Passaged somatic
stem cells
-Somatic stem cells
isolated from aged
donors

atl ||II
[y ||

[Effects of dECM on the cells]
-Decreasing intracellular ROS activity
-Increasing telomerase activity [—Younger donors
-Increasing ATP level -Lower passage
-Suppressing cell senescence

i """””““I[‘HH]HIHH“”““

|I||nn..... i Cultured cell-
derived dECM

[Cell source condition]

Fig. 17.4 The stemness maintenance during the in vitro subculture
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17.3.3.2 Rejuvenation of Stem Cells Isolated from Aged Donors

The differentiation ability of somatic cells is also lost by individual aging; that is, the
differentiation ability of stem cells isolated from aged donors is lower than that of
stem cells isolated from younger donors. Stem cells isolated from aged donors have
been cultured on dECM derived from more immature cells (Ng et al. 2014; Sun et al.
2011). Ng et al. cultured MSCs isolated from adult donors on the dECM derived
from undifferentiated fetal and adult MSCs and fibroblasts (Ng et al. 2014). Adult
MSC growth was promoted on the dECM derived from fetal MSCs (passages 3 and
4) compared with dECM derived from adult MSCs (passage 3) and fibroblasts and
TCPS. Additionally, the cell size (increasing cell size is a cell senescence phenome-
non) was smaller on the dECM derived from fetal MSCs (passage 3) than on the
dECM derived from adult MSCs (passage 3) and fibroblasts and TCPS. Moreover,
the differentiation ability of adult MSCs tended to be higher on dECM derived from
fetal MSCs (passage 3) than on dECM derived from adult MSCs (passage 3) and
fibroblasts and TCPS.

Sun et al. also prepared dECM derived from younger and aged donors (younger
and aged dECM) and cultured MSCs isolated from younger and aged donors
(younger and aged MSCs) on these dECM (Sun et al. 2011). Aged MSCs possessed
osteogenic differentiation ability on younger and aged dECM even after in vivo
expansion culture, although the aged MSCs lost osteogenic differentiation ability on
TCPS. Comparing younger and aged dECM, both younger and aged MSCs on
younger dECM exhibited higher osteogenic differentiation ability than on aged
dECM. Additionally, they examined intracellular ROS levels. Intracellular ROS
levels were lower on younger dECM compared with aged dECM and TCPS.
Moreover, a younger dECM increased telomerase activity and ATP levels in both
younger and aged MSCs. Finally, they checked the osteogenesis in vivo. The
osteogenesis levels of aged MSCs were similar to those of younger MSCs when
the cells were expanded on younger dECM. In contrast, aged MSCs exhibited lower
osteogenic levels than younger MSCs when the cells were expanded on TCPS.
These reports demonstrate that dECM derived from MSCs isolated from younger
donors can rejuvenate the stemness of MSCs isolated from aged donors.

Similar to MSCs, some somatic stem cells have tried to rejuvenate with dECM.
Aged tendon stem cells were cultured on the dECM derived from younger tendon
stem cells (Jiang et al. 2018). Senescence-associated (SA) p-galactosidase activity
was decreased in aged tendon stem cells on the dECM derived from younger stem
cells to a level similar to that of younger tendon stem cells. Additionally, the gene
expression levels of octamer-binding transcription factor 4 (Oct-4), stage-specific
embryonic antigen-1 (SSEA-1), tenomodulin, and scleraxis recovered to levels
similar to those of younger tendon stem cells on the dECM derived from younger
tendon stem cells. Similar results were obtained for synovium-derived and urine
stem cells (Li et al. 2014; Pei et al. 2014).

17.3.3.3 Future Problems for Stem Cell Rejuvenation with dECM
Studies of somatic stem cell rejuvenation by dECM have just begun. Therefore, there
are many unclarified points. For example, there are few somatic stem cells which
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were proved for rejuvenation with dECM, although various types of somatic stem
cells exist in the body. It is unclear whether dECM can lead to the rejuvenation of
other somatic stem cells. The feasibility of rejuvenation by dECM should be
examined for other stem cells. Additionally, it is not clear which types of dECM
can rejuvenate stem cells. There are various points to prepare cultured cell-derived
dECM: donor age (including fetal donors), passage number, and cell types (e.g.,
stem cells or non-stem cells). At this point, it seems that younger stem cells with
lower passage numbers are suitable to prepare dECM for rejuvenation. Additionally,
it appears that aged or multiple-passaged stem and non-stem cells are not ideal for
this purpose (Ng et al. 2014). Mechanism analyses have almost never been
performed. Several studies have focused on intracellular ROS levels, ATP levels,
and telomerase activity (Sun et al. 2011; Pei et al. 2011). However, it is unclear how
these parameters are modulated by the dECM.

17.4 Future Perspectives of dECM for Stem Cell-Based
Bioindustrial Applications

It has become clear that the dECM can regulate more functions of stem cells than
previously thought. Therefore, there seem to be many possible applications
of dECM.

17.4.1 Research Use

The dECM can be used as in vitro ECM models for comprehensive studies of ECM
roles in the regulation of stem cell functions (Hoshiba et al. 2016). Single isolated
ECM molecules are examined to clarify the roles of the ECM in the regulation of
stem cell functions, although the ECM is composed of many molecules, and these
molecules are orchestrated to activate intracellular signaling pathways to regulate
stem cell functions. However, it is difficult to understand how each effect given by
each ECM molecule is orchestrated and how the total effects influence stem cell
functions by studies with only single ECM molecules. dECM can be helpful as an
experimental control to understand how the ECM influences stem cell functions.

17.4.2 In Vitro Applications

As described above, stem cells show unique functions in the dECM. Therefore, the
dECM are useful substrates for stem cell culture. Indeed, undifferentiated
MSC-derived dECM is now commercially available from StemBioSys as
CELLvo™. Additionally, tissue-/organ-derived dECM is commercially available
from several companies (such as Xylyx Bio). They claimed that these dECM could
be used for the 3D culture of stem cells. However, reports of subsequent dECM
applications are very limited because in vitro applications of dECM in bioindustries
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have just started. Further trials and application reports are required for their broader
applications.

17.4.3 In Vivo Clinical Applications

Today, dECM have been used in the clinic, and many dECM products for clinical
use are commercially available (Nakamura et al. 2017; Crapo et al. 2011). However,
clinical applications of dECM with stem cells seem to remain under research. This
seems to be due to the lack of dECM sources, particularly tissues and organs, and the
difficulty of preparation without a large batch-to-batch difference. The solutions for
these problems are required. Moreover, a few studies have been performed from the
viewpoints of clinical applications. As described above, dECM showed unique
possibilities, for example, site-specific differentiation and the suppression of unex-
pected differentiation (including hypertrophy during chondrogenesis). Additionally,
clinical applications with stem cells are still developing. Therefore, it is expected that
clinical applications with stem cells and dECM will be expanded in the future.

17.5 Conclusions

Almost all dECM for stem cell culture are now at the research level. In the past
decade, researches on dECM for stem cell culture focused on the effects of dECM on
stem cell functions as described above. These studies have unveiled the unique
effects of dECM on stem cell functions, particularly differentiation, stemness main-
tenance, and rejuvenation. On the other hand, a few applications of these dECM are
commercially available, although stem cells exhibit unique functions on the dECM.
This is due to the difficulty of preparation and small dECM source supplementation.
These problems should be solved to expand the feasibility of dECM for stem cell-
based bioindustrial applications. Moreover, more application studies of dECM are
required as well as basic researches in the next decade. Then, methods will open for
stem cell-based bioindustrial applications in the future.
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