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Abstract

Human umbilical cord-derived mesenchymal stem cells (UC-MSCs) have attracted great interest
in clinical application because of their regenerative potential and their lack of ethical issues. Our
previous studies showed that decellularized cell-deposited extracellular matrix (ECM) provided
an /n vivo-mimicking microenvironment for MSCs and facilitated /in vitro cell expansion. This
study was conducted to analyze the cellular response of UC-MSCs when culturing on the ECM,
including reactive oxygen species (ROS), intracellular antioxidative enzymes, and the resistance
to exogenous oxidative stress. After decellularization, the architecture of cell-deposited ECM was
characterized as nanofibrous, collagen fibrils and the matrix components were identified as type

I and 111 collagens, fibronectin, and laminin. Compared to tissue culture polystyrene (TCPS)
plates, culturing on ECM vyielded a 2-fold increase of UC-MSC proliferation and improved the
percentage of cells in the S phase by 2.4-fold. The levels of intracellular ROS and hydrogen
peroxide (H205) in ECM-cultured cells were reduced by 41.7% and 82.9%, respectively. More
importantly, ECM-cultured UC-MSCs showed enhanced expression and activity of intracellular
antioxidative enzymes such as superoxide dismutase and catalase, up-regulated expression of
silent information regulator type 1, and suppressed phosphorylation of p38 mitogen-activated
protein kinase. Furthermore, a continuous treatment with exogenous 100 pM H,0, dramatically
inhibited osteogenic differentiation of UC-MSCs cultured on TCPS, but culturing on ECM
retained the differentiation capacity for matrix mineralization and osteoblast-specific marker gene
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expression. Collectively, by providing sufficient cell amounts and enhancing antioxidant capacity,
decellularized ECM can be a promising cell culture platform for /in vitro expansion of UC-MSCs.
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osteogenesis

1. Introduction

Mesenchymal stem cells (MSCs), also referred to adult stem cells, represent a cell
population that is responsible for new tissue growth and tissue repair. MSCs have attracted
great interest because of their regenerative potential and immunomodulatory properties.
MSCs were identified first in bone marrow stroma [1] and can be isolated from various

adult organs or tissues, such as adipose tissue, synovial membrane, periosteum, and amniotic
fluid [2]. Currently, human umbilical cord-derived mesenchymal stem cells (UC-MSCs), in
particular from Wharton's jelly tissue, are considered a promising candidate for cell therapy
and regenerative medicine [3]. Since the human umbilical cord is an extraembryonic tissue,
UC-MSCs are supposed to feature characteristics of both embryonic and adult stem cells [4].
Also, umbilical cords, which are discarded as waste after delivery, can be obtained with a
harmless and safe procedure, so obtaining UC-MSCs has not raised any ethical problems.
Recent studies have proven that UC-MSCs share similar cell surface markers (such as CD29,
CD44, CD90, CD105, and vimentin) [5] with MSCs derived from other sources, maintain
multilineage differentiation potentials (such as the ability to differentiate into osteoblasts,
chondrocytes, adipocytes, neurons, and hepatocytes) [6], and more importantly, show a
faster capacity for self-renewal than MSCs derived from bone marrow [7].

Although MSCs have attracted much attention owing to their therapeutic uses for
regenerative medicine, /n vitro expansion and /n7 vivo transplantation of MSCs expose
them to considerable oxidative stress, resulting from excessive levels of reactive oxygen
species (ROS), such as hydrogen peroxide (H205), the hydroxyl radical, and superoxide
anion radicals. An increased level of intracellular H,O, was measured during long-term

in vitro culturing of MSCs and was considered to be responsible for the initiation of
cellular senescence and inhibition of proliferation [8]. Abnormal levels of ROS, generated
endogenously by local chondrocytes or exogenously by neutrophils and macrophages,
have been implicated in osteoarthritis [9] and rheumatoid arthritis [10], compromising the
regenerative potential of MSCs. Our previous studies demonstrated that over-accumulation
of ROS was caused by exposure to inflammatory cytokines, resulting in suppression of cell
proliferation and multi-lineage differentiation [11, 12].

The balance between generation and elimination of ROS is crucial for cell survival,
proliferation, and lineage-specific differentiation. Superoxide dismutase (SOD), including
the isoenzymes that contain copper, zinc (SOD1 and SOD2) and manganese (SOD2) [13],
protects MSCs from ROS by catalyzing the superoxide anion to hydrogen peroxide. Choi et
al. reported that an intracellular delivery system for SOD1 by a cell-penetrating peptide
restored cell proliferation and osteogenic differentiation in human dental pulp-derived
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MSCs, which were inhibited by oxidative stress [14]. On the other hand, inhibition of

SOD2 caused suppressed chondrogenic differentiation of human synovium-derived MSCs
and increased expression of matrix metalloproteinases [12]. Furthermore, H,O, produced by
SOD enzymes is neutralized by catalase and glutathione peroxidases (GPxs). A number of
previous studies demonstrated that enhancing catalase activity contributed to MSC resistance
to H,O5-induced apoptosis [15] and selenium supplementation reduced cell damage by
restoring GPx activity [16].

Our previous work suggested that, after decellularization, MSC-deposited extracellular
matrix (ECM) can be used as a novel /n vitro culture system to facilitate MSC expansion
[17] and to direct MSCs towards lineage-specific commitment [18]. This decellularized
ECM is not only considered to mimic /7 vivo extracellular microenvironment for stem
cells, but it also modulates the biological actions of growth factors [19] and hormones
[20]. This culturing method, using decellularized ECM, prevents replicative senescence
and enhances redifferentiation in terminally differentiated cells, such as chondrocytes

[21] and nucleus pulposus cells [22]. A recent finding indicated that decellularized ECM
improved the resistance of MSCs to H,O,-induced oxidative stress and cell cycle arrest
[23]. However, little is known about the intracellular antioxidative response of UC-MSCs
when culturing on the decellularized ECM. In this study, we hypothesized that UC-MSCs
cultured on decellularized ECM would acquire enhanced antioxidant properties and exhibit
an improved resistance to oxidative stress. To test this hypothesis, MSC-deposited ECM
was decellularized and characterized, and UC-MSCs were cultured on decellularized ECM
and ordinary tissue culture polystyrene (TCPS). Cell proliferation, intracellular levels of
ROS and H,0,, and expression and activity of antioxidative enzymes were analyzed. We
further examined the cellular response of UC-MSCs on ECM by exposure to exogenously
H,05-induced oxidative stress.

2. Materials and Methods

2.1 Cell culture of UC-MSCs

Human UC-MSCs were purchased from the American Type Culture Collection (ATCC;
Manassas, VA, USA) and cultured in growth medium [alpha minimum essential medium
(a.-MEM) supplemented with 10% fetal bovine serum (FBS; Thermo Fisher Scientific,
Waltham, MA, USA), 100 U/mL penicillin, and 100 pg/mL streptomycin (Invitrogen,
Carlsbad, CA, USA)] at 37°C with 5% CO, in 175 cm? cell culture flasks (Thermo Fisher).
The medium was changed every 3 days. Cells were dissociated by 0.25% trypsin-EDTA
(Invitrogen) and reseeded into multi-well plates for the next stage of the experiments.

2.2 Preparation of decellularized ECM deposited by UC-MSCs

TCPS plates were treated with 0.2% gelatin (Sigma-Aldrich, St. Louis, MO, USA) for 1

h at 37°C, followed by 1% glutaraldehyde (Sigma-Aldrich) and 1 M ethanolamine (Sigma-
Aldrich) for 30 min at room temperature. On pretreated plates, the UC-MSCs were cultured
in growth medium until reaching 90% confluence, and then 100 uM L-ascorbic acid was
added for an additional culture period of eight days. To obtain cell-free ECM, cultured
cells were incubated in extraction buffer [0.5% Triton X-100 and 20 mM NH4OH (Sigma-
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Aldrich) in phosphate buffered saline (PBS), pH = 7.4] for 5 min at 37°C, and subsequently
treated with 100 U/mL DNase | (Sigma-Aldrich) for 1 h at 37°C. Decellularized ECM was
washed with PBS three times to remove the residual DNase and then was stored under sterile
conditions at 4°C.

2.3 Scanning electron microscopy (SEM) analysis

2.4

Decellularized ECM was fixed in 2.5% glutaraldehyde and dehydrated in increasing
concentrations of ethanol (50%, 75%, 80%, 95%, and 100%). The morphology of
decellularized ECM was analyzed by a scanning electron microscope (S-520; Hitachi High-
Technologies, Tokyo, Japan).

Immunofluorescence staining

Decellularized ECM was fixed in 4% paraformaldehyde (Sigma-Aldrich), blocked in 1%
bovine serum albumin (BSA), and incubated in appropriately diluted primary antibodies
against type I collagen, type Il collagen, fibronectin, and laminin (Abcam, Cambridge, MA,
USA). After rinsing with PBS, ECM was incubated in diluted secondary antibodies (Alexa
Fluor® 488 donkey anti-mouse 1gG, Invitrogen). Fluorescence images were obtained with an
Olympus 1X51 microscope (Olympus Corporation, Tokyo, Japan).

2.5 Cell viability stain and cell proliferation assay

UC-MSCs were seeded on TCPS and ECM-treated plates separately at the indicated cell
density at 37°C in 5% CO,. Cell viability was assessed by fluorescein diacetate (FDA,
Sigma-Aldrich) staining. Cells were washed with PBS and incubated in 5 ug/mL FDA
solution at 37°C for 10 min. After washing with PBS, fluorescence images were captured
with an Olympus 1X51 microscope.

Cell proliferation was evaluated by a DNA assay, which represented a proxy for the number
of cells, using the Quant-iT™ PicoGreen® dsDNA Assay Kit (Invitrogen). Two hundred pL
of papain lysis buffer (125 pug/mL in PBS; Sigma-Aldrich) was added to each well, and the
cells were lysed at 60°C for 4 h. Equal quantities of lysates and reagents were added to

a 96-well plate and resulting samples were incubated in the dark for 5 min. Fluorescence

of the samples was measured on a SynergyMx multi-mode microplate reader (BioTek,
Winooski, VT, USA) at 485/520 nm (excitation/emission), alongside a standard curve.

2.6 Cell cycle analysis

Cell cycle distribution analysis was assessed by propidium iodide (PI) staining. Adherent
cells were dissociated by trypsinization and fixed in 70% ethanol at 4°C for 24 h. After
washing with PBS, samples were treated with 50 ug/mL Pl (Sigma-Aldrich) and 50 pg/mL
RNase A (Sigma-Aldrich) at 37°C for 30 min. Samples were analyzed using a Cytomics
FC500 Flow Cytometer (Beckman-Coulter, Brea, CA, USA) and at least 5,000 cells were
collected per sample. Data were analyzed using the MultiCycle AV DNA analysis software
(Phoenix Flow Systems, San Diego, CA, USA).
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Intracellular reactive oxygen species (ROS) accumulation

Intracellular levels of ROS were quantified by the DCF-DA fluorescence method. 2 x 105
cells were incubated in 10 uM 2,7’ -dichlorofluorescein diacetate (DCF-DA) at 37°C for 10
min. The fluorescence intensity was measured using a Cytomics FC500 Flow Cytometer and
10,000 events from each cell sample were analyzed using the WinMDI (Windows Multiple
Document Interface for Flow Cytometry) 2.9 software.

Intracellular hydrogen peroxide (H,O5,) accumulation

Intracellular levels of H,O, were detected with the Amplex® Red Hydrogen Peroxide Assay
Kit (Invitrogen) according to the manufacturer's instructions. Cells cultured on TCPS and

on ECM were suspended in cell lysis solution and cellular extracts were collected. Each
lysate was mixed with the reagent from the kit and incubated for 30 min. Fluorescence

was measured using a fluorescence microplate reader (BioTek) at 530/590 nm (excitation/
emission).

2.9 Superoxide dismutase activity assay

Total SOD activity was analyzed by the SOD assay kit (Beyotime Institute of Biotechnology,
Haimen, China) according to the manufacturer's instructions. Cells cultured on TCPS and

on ECM were suspended in cell lysis solution and protein amount was quantified with the
BCA protein assay kit (Beyotime). Each lysate was mixed with reagent from the kit and
incubated at 37°C for 20 min. Absorbance at 450 nm was measured using a microplate
reader (BioTek).

2.10 Catalase activity assay

Catalase activity was measured by a commercially available assay kit (Sigma-Aldrich)
according to the manufacturer’s instructions. Protein samples were prepared by lysis and
total lysate proteins were quantified with a BCA protein assay kit (Beyotime). Each lysate
was mixed with colorimetric assay substrate solution from the kit and incubated at room
temperature for 15 min. Absorbance at 520 nm was measured using a microplate reader
(BioTek), alongside a standard curve.

2.11 Osteogenic differentiation and Alizarin Red S staining

To induce UC-MSCs into osteogenic lineage commitment, cells were cultured in osteogenic
differentiation medium [Dulbecco’s modified Eagle medium (DMEM; Thermo Fisher) was
supplemented with 10% FBS, 100 U/mL penicillin, 100 pg/mL streptomycin, 50 pg/mL L-
ascorbic acid, 100 nM dexamethasone, and 10 mM B-glycerol phosphate (Sigma-Aldrich)]
for 21 days. To investigate the protective effects of culturing on ECM on MSC osteogenesis,
exogenous 100 uM H»0, was added to the osteogenic differentiation medium to create an
oxidative microenvironment. The differentiation medium was changed every 3 days.

Mineralization of the matrix was determined by Alizarin Red S staining. Cells were

fixed in 4% paraformaldehyde and incubated in 1% Alizarin Red S solution (pH = 4.3;
Sigma-Aldrich) for 15 min. Images of calcium deposition were captured using an Olympus
IX51 microscope. To quantify the calcified matrix, 200 pL/well of 1% hydrochloric acid
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(Sigma-Aldrich) was added and absorbance was measured at 420 nm using a microplate
spectrophotometer (BioTek).

2.12 Total RNA extraction and real-time reverse transcription-polymerase chain reaction
(real-time RT-PCR)

Total RNA was extracted using TRIzol® reagent (Sigma-Aldrich); 1 pg of total RNA

was reverse-transcribed using the RevertAid First Strand cDNA Synthesis Kit (Thermo
Fisher). To quantify mRNA expression, an amount of cDNA equivalent to 50 ng of total
RNA was amplified by real-time PCR using the iTap™ Universal SYBR® Green Supermix
kit (Bio-Rad, Hercules, CA, USA). Transcript levels of antioxidative enzymes, including
SOD1, SOD2, CAT (catalase), and GPX1, SIRT1, and osteogenic marker genes, including
COL1A1 (type | collagen al), SPP1 (secreted phosphoprotein 1 or osteopontin), ALP
(alkaline phosphatase), RUN.XZ (runt-related transcription factor 2), BGLAP (bone gamma
carboxyglutamate protein or osteocalcin), and SP7 (Sp7 transcription factor 7 or osterix)
were evaluated. GAPDH (glyceraldehyde-3-phosphate dehydrogenase) served as an internal
standard. The primer sequences were listed in Table 1. Real-time PCR was performed on a
CFX96™ Real-Time PCR System (Bio-Rad) following the manufacturer’s protocol. Relative
transcript levels were calculated as x = 2722Ct, in which AACt = AE - AC, AE = Cteyp -
Ctgapph, and AC = Ctyy - Ctgapph-

2.13 Western blot analysis

Cells were lysed in ice-cold cell lysis buffer (Beyotime) containing protease inhibitors
(Thermo Fisher) and the protein concentration in cell extracts was quantified using the
BCA protein assay kit (Beyotime). Equal amounts of protein from each extract were
denatured and separated in a 10% polyacrylamide gel (Beyotime), and then transferred

by electrophoresis onto a nitrocellulose membrane (Thermo Fisher). The membrane was
incubated in diluted primary antibodies against SIRT1, p38, phosphor p38 (T180 + Y182),
SOD1, SOD2, catalase, GPx1, and a-tubulin (Abcam) at 4°C overnight. Membranes were
then incubated in horseradish peroxidase-conjugated anti-mouse or anti-rabbit secondary
antibodies. The membranes were developed using SuperSignal West Pico Substrate and
CL-XPosure Film (Thermo Fisher). The intensity of bands was quantified using ImageJ
software (National Institutes of Health, Bethesda, MD, USA).

2.14 Statistical analysis

All data were expressed as the mean + standard error (S.E.). Statistical differences between
the two groups were determined by one-way analysis of variance (ANOVA) followed by
Student’s unpaired #test, using the SPSS 13.0 statistical software (SPSS Inc, Chicago, IL,
USA). Significance was indicated by a p-value of < 0.05 (*) or < 0.01 (**)

3. Results
3.1 Evaluation of native ECM deposited by UC-MSCs

In order to produce a native ECM, pretreatments with gelatin, glutaraldehyde, and
ethanolamine were adopted to enhance the adhesive force between ECM and the ordinary
culture surface. Subsequently, exogenous 100 uM L-ascorbic acid was supplemented to
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stimulate ECM production for an additional culture period of 8 days. Cell-deposited ECM
was decellularized by treatments with Triton X-100, NH,OH, and DNase | to remove the
originally ECM-producing cells and DNA remnants.

After decellularization, the native ECM appeared as a white membrane-like material with
a fibrous structure (Figure 1(A)). The SEM image taken at 40000x showed that the
architecture of the decellularized ECM was net-like; the lattices were composed of small
bundles of nanofibrous, collagen fibrils (Figure 1(B)). Four known matrix proteins (type |
collagen, type I11 collagen, fibronectin, and laminin) were identified within the structure of
decellularized ECM using immunofluorescence staining (Figure 1(C)).

3.2 MSC proliferation on decellularized ECM

3.3

To investigate how culturing on ECM affected the proliferative potential of UC-MSCs,
UC-MSCs were seeded at a series of initial cell densities, and DNA assays were conducted
at different time points. First, UC-MSCs were seeded on TCPS and ECM-coated surfaces at
the cell density of 1,000 cells/cm? and cultured for 7 days. On days 3, 5, and 7, UC-MSCs
on ECM yielded 50.0 + 4.5 ng, 187.4 = 7.4 ng, and 280.9 + 8.7 ng of DNA content per
well, respectively, compared to the DNA content of culturing UC-MSCs on TCPS at 33.5 +
8.8 ng, 77.2 £ 6.8 ng, and 161.5 + 6.9 ng per well (Figure 2(A)). Furthermore, UC-MSCs
were seeded on TCPS and ECM at the cell densities 100, 1,000, and 5,000 cells/cm? and
cultured for 5 days. DNA assay results revealed that culturing on ECM improved cell growth
by 78.1% at a density of 100 cells/cm?, 2.2-fold at a density of 1,000 cells/cm?, and 2.3-fold
at a density of 5,000 cells/cm?2, compared to culturing on TCPS (Figure 2(B)). Consistent
with Fig. 2A, FDA staining results confirmed that culturing on ECM increased cell number
and UC-MSCs on decellularized ECM exhibited a small, spindle-like cell shape (Figure
2(C)). We used flow cytometry to analyze the cell cycle distribution (Figure 2(D)). Cells
cultured on TCPS exhibited a significantly higher proportion in the GO/G1 phase (78.5 +
3.7% on TCPS vs. 65.2 + 2.1% on ECM). In contrast, culturing on ECM increased the entry
of proliferating cells into the S phase (10.4 £ 2.1% on TCPS vs. 25.1 + 1.5% on ECM).
UC-MSCs in the G2/M phase showed similar proportions in the TCPS- and ECM-cultured
groups.

Intracellular ROS and related proteins in ECM-cultured UC-MSCs

We next examined the effect of culturing UC-MSCs on ECM on intracellular ROS and
related protein expression. Flow cytometry analysis of DCF fluorescence intensity showed
that ROS accumulation in ECM-cultured UC-MSCs was 41.7 + 1.0% lower than that of the
TCPS-cultured cells (Figure 3(A)). Analysis of intracellular H,05, labeled by Amplex® Red
dye, revealed that culturing on ECM induced an 82.9 £ 2.6% reduction compared with cells
cultured on the TCPS surface (Figure 3(B)). Furthermore, we detected mMRNA and protein
levels of SIRT1, which is a nicotinamide adenine dinucleotide-dependent deacetylase with
anti-aging activities [24]. Culturing of UC-MSCs on ECM resulted in a 2-fold increase of
SIRT1 mRNA expression (Figure 3(C)) and a 41% increase of protein expression (Figure
3(D)) compared to the TCPS-cultured cells. In addition, we measured activation of p38
mitogen activated protein kinase (MAPK), which is involved in replicative senescence in
MSCs during /n vitro expansion [25]. Western blot analysis revealed that phosphorylation
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(p-) level of p38 in ECM-cultured cells was 56.3% lower than that of the TCPS-cultured
cells, but the difference of total p38 protein expression between the two groups was not
significant (Figure 3(E)).

of culturing UC-MSCs on ECM on the expression and activity of SOD

To illustrate the underlying mechanisms by which UC-MSCs cultured on decellularized
ECM exhibited a stronger antioxidation against superoxide radicals, we evaluated two
important antioxidative enzymes, SOD1 and SOD2, which catalyze superoxide radicals to
hydrogen peroxide. Culturing of UC-MSCs on ECM upregulated SODI mRNA expression
by 25.0 + 3.4% compared with the cells cultured on TCPS (Figure 4(A)); however, the
difference of SOD1 protein levels between the two groups was not significant (Figure 4(B)).
The SOD2mRNA level in ECM-cultured UC-MSCs was 2-fold higher (Figure 4(C)) and
the protein expression was 40.2% higher (Figure 4(D)) than the cells on TCPS. Furthermore,
SOD activity was increased by 70.0 £ 25.9% in UC-MSCs cultured on ECM compared with
the cells cultured on TCPS (Figure 4(E)).

of culturing UC-MSCs on ECM on H,O»-eliminating enzymes

Over-accumulation of H,O» can cause oxidative damage to DNA, proteins, and lipids,

and lead to cell death [26]. Therefore, we examined two important intracellular enzymes,
catalase and GPx1, both of which catalyze the decomposition of hydrogen peroxide to water
and oxygen. Culturing on ECM increased CAT mRNA expression in UC-MSCs by 17.6

+ 7.1% compared with the cells on TCPS (Figure 5(A)), but the protein levels were not
significantly different (Figure 5(B)). The catalase activity of ECM-cultured UC-MSCs was
47.5 + 9.8% higher than the TCPS-cultured cells (Figure 5(C)). With regard to GPx1, neither
the MRNA expressions nor protein levels of the two groups were significantly different
(Figure 5(D) and (E)).

of culturing on ECM on H,O,-suppressed osteogenesis of UC-MSCs

The multi-lineage differentiation potentials of MSCs are important for their clinical
applications; thus, UC-MSCs were cultured on TCPS and ECM separately, in osteogenic
induction medium, with or without exogenous 100 uM H,0O5 treatment, and the protective
effects of culturing on ECM on MSC osteogenesis was analyzed. Cells incubated in growth
medium served as a negative control. Alizarin Red S staining revealed mineralized matrix
deposition during osteogenic differentiation, and no positive results were detected in the
negative groups (Figure 6(A)). Quantitative analysis data showed that culturing on ECM
induced a 2.2-fold increase of calcified matrix deposition compared with TCPS-cultured
cells, and H,O, treatment significantly decreased matrix mineralization (74.2 £ 3.3%
reduction in the TCPS group and 15.2 + 4.0% reduction in the ECM group, Figure 6(B)).
We further evaluated transcript levels of osteoblast-specific genes using real-time RT-PCR.
Culturing on ECM increased transcription of COL1A1 by 2.4-fold and 6.6-fold compared
to cells cultured on TCPS, with or without H,O treatment, respectively (Figure 6(C)).
Expression of SPP1in ECM-cultured cells was 2.2-fold higher than TCPS-cultured cells
with H,0, treatment (Figure 6(D)). Similarly, the levels of ALP (Figure 6(E)), RUNXZ
(Figure 6(F)), BGLAP (Figure 6(G)), and SP7 (Figure 6(H)) transcription were significantly
elevated when cells were cultured on ECM with or without H,O, treatment.
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4. Discussion

MSCs have been widely used in research to develop cell-based therapeutic strategies for
transplantation and tissue engineering; however, excessive levels of ROS in pathological
conditions, probably caused by inflammatory cytokines, compromised the quality and
survival of MSCs. For example, increased production of ROS was observed in chronic
inflammation in osteoarthritis, leading to the impairment of the mitochondrial bioenergetic
function and matrix catabolic processes in chondrocytes [27]. Thus, it is important to prevent
oxidative stress-induced cell damage and improve cell survival in the process of in vivo
transplantation. Our previous studies demonstrated MSCs cultured on decellularized ECM
derived from synovium cells or bone marrow cells showed an attenuated level of ROS

[17, 20]. It would be interesting to elucidate the underlying molecular mechanisms by
which culturing on ECM modulated intracellular antioxidant defense in MSCs. The current
study suggested that expression and activity of SOD2 and catalase were enhanced in MSCs
cultured on ECM, resulting in the reduction of ROS and hydrogen peroxide.

There is accumulating evidence that ROS is indispensable for cell proliferation, lineage-
specific differentiation, cell death, matrix homeostasis, and redox signaling mechanisms,

but abnormal levels of ROS beyond cell tolerance resulted in irreversible damage to

DNA, proteins, and lipids, followed by cellular senescence and cell death [28]. Our study
found that culturing on ECM improved cell proliferation of UC-MSCs, accompanied by a
higher percentage of cells in the S phase, when compared with cells cultured on TCPS.

This finding may be because intracellular ROS in ECM-cultured MSCs decreased to a
low-moderate level that facilitated cell growth [29]. Moreover, hydrogen peroxide is one of
major components of ROS and plays a dual role in cell proliferation. It has been reported
that low levels of H,O, (< 10 uM) stimulated cell growth of fibroblasts, whereas cells
exposed to high concentration of HyO5 (> 400 uM) underwent rapid apoptosis [30]. Our data
showed that the level of intracellular H,O, in ECM-cultured cells declined as well so that
was possibly another important factor in supporting cell survival and fast expansion /in vitro.
In addition, the superoxide anion was proven to affect cell proliferation in a dose-dependent
manner; low levels of superoxide anion stimulated cell proliferation, whereas it inhibited cell
growth as the concentration increased [31]. Meanwhile, superoxide radicals other than H,O»
mediated the interleukin-1-induced signaling pathway that led to NF-xB activation in bovine
articular chondrocytes [32]. Therefore, the effects of culturing on ECM on the intracellular
superoxide anion in MSCs will be illustrated in future studies.

The most important findings in the present study are that expression and activity of
intracellular antioxidative enzymes, in particular SOD2 and catalase, were superior in
MSCs cultured on decellularized ECM than those cultured on TCPS. The enhancement
of antioxidant capacity may explain the attenuation of ROS in UC-MSCs and benefit
their therapeutic applications in pathological circumstances. An impaired activity of
SOD?2 in osteoarthritic chondrocytes was observed to not only cause oxidative damage
to chondrocytes but also to promote the pathogenesis of osteoarthritis [33]. Therefore,
treatments with exogenous antioxidants, such as melatonin, were applied to protect cells
from oxidative stress by upregulating antioxidative enzymes [34]. Moreover, GPx1 was
a critical enzyme that converts superoxide anion to H,O,. Although both the mRNA
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and protein levels in ECM-cultured MSCs were comparable to those of TCPS-cultured
cells, enhancement of GPx1 by selenium supplementation was demonstrated to reduce cell
damage and improve cell proliferation [16].

Optimal stem cell growth and stemness characteristics are critical for MSC therapeutic
potentiality; however, the microenvironment changes extensively from the /n vivoniche to
the /n vitro uncoated TCPS surface. MSCs gradually lose their proliferative abilities and
exhibit impaired multi-lineage differentiation potentials, which is attributed to a process of
replicative senescence [35]. Consistent with the previous studies [17, 36, 37], our results
demonstrated that culturing on ECM dramatically improved cell growth of MSCs, with
retention of differentiation potential. Li et al. demonstrated that /77 vitro expansion of MSCs
on ECM deposited by fetal cells was superior to ECM derived from adult cells [38]. More
importantly, because the umbilical cord is an extraembryonic tissue, we assumed that ECM
deposited by UC-MSCs would benefit /n vitro expansion and further direct MSCs into
lineage-specific commitment. UC-MSCs were isolated from the Wharton's jelly zone of

the umbilical cord that was rich in abundant ECM proteins, such as collagen (Types I, Il1,
IV, and VI), laminin, and heparan sulfate proteoglycans [39]. In agreement, our results
revealed that, after decellularization, cell-deposited ECM consisted of multiple matrix
proteins, and more importantly, retained the fibrous microstructure of nanoscale dimensions.
Li et al. identified the composition of the decellularized ECM by proteomics analyses

and showed that fibrillar collagens were the most abundant proteins including type | and

I11 collagen [38]. Proteoglycans in the ECM have been shown to regulate cell adhesion,
proliferation, and differentiation. Laminin, a proteoglycan with a large molecular weight,
was identified in this study that supported lineage-specific differentiation of MSCs [40].
Small leucine-rich proteoglycans such as decorin, which contribute to matrix mineralization
and collagen assembly during osteogenic differentiation [41], were confirmed by Lai et al.
in the decellularized ECM [37]. However, the key bioactive components that contributes to
cell proliferation are still unidentified. A recent study conducted by Lin et al. suggested that
non-collagenous proteins in cell-deposited ECM, which could be extracted by urea, were
the bioactive components supporting cell proliferation and migration [42]. In addition to
protein components, the mechanical properties of culturing substrates, such as stiffness, have
been reported to regulate lineage-specific differentiation of MSCs [43]. A downside to using
the decellularized ECM as a culture system for MSCs is due to economical inefficiency; it
costs more time and energy to generate the ECM and remove the precious cells. Therefore,
our future work will focus on identifying the key bioactive components in the ECM and
analyze the influence of matrix stiffness on MSC cell behavior. The bioactive components
that are extracted from the decellularized ECM will be used to make the current TCPS
culture system more efficient and economical.

The multi-lineage differentiation potentials of MSCs are important for their clinical
applications. Our data demonstrated that continuous exposure to exogenous H,0,
suppressed MSC osteogenic differentiation, but culturing on ECM retained their
differentiation capacity, as made evident by a higher level of matrix mineralization and
osteoblast-specific marker gene expression. High doses of exogenously added H,O- are
toxic and compromise cell viability; to avoid the impact of different cell density on
osteogenic differentiation, we chose a sublethal concentration of H,O, at 100 UM, in
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agreement with a previous report [44]. As shown in the images of Alizarin Red S staining,
the cell density of MSCs was similar with or without H,O, treatment, indicating that H,O,-
induced inhibition of osteogenic differentiation was attributed to decreased differentiation
capacity rather than compromised cell viability of UC-MSCs. Although the finding in this
study is different from a previous report, in which treatment with H,O, promoted osteogenic
differentiation and calcification of vascular smooth muscle cells [45], we speculate that

the controversial effects of HoO, on osteogenic differentiation is dependent on specific

cell types [46] and that MSCs derived from different sources exhibit different resistance to
H,0,-induced oxidative stress [47].

The molecular mechanism by which culturing MSCs on ECM attenuated intracellular

ROS accumulation and protected MSCs from H,0,-induced oxidative damage is not

yet fully understood. Previous studies have demonstrated that SIRT1 is requisite for

cell proliferation and defense against oxidative stress-induced senescence. Yuan et al.
demonstrated that selective knockdown of SIRT1 resulted in a decline of cell growth of
MSCs, but overexpression of SIRT1 restored the proliferation capacity [48]. Activation of
SIRT1 prevented oxidative stress-induced apoptosis by upregulating catalase via the FoxO3a
signaling pathway [49]. Our western blot analysis showed that protein levels of catalase
were elevated in UC-MSCs cultured on ECM, which was associated with the enhanced
antioxidant defense and attenuated intracellular levels of H,O». In agreement with our
findings, Li et al. observed that expression of SOD2 was increased by resveratrol (a SIRT1
agonist) treatment, but the promoting effects were reversed by SIRT1 inhibitor nicotinamide
[50]. In addition, the protein p38 is involved in cell growth arrest, as evidenced by a previous
study that demonstrated increased phosphorylation level of p38 contributed to H,O»-induced
premature senescence in MSCs [51]. In this study, we found that phosphorylation of p38
was downregulated in ECM-cultured MSCs, suggesting that culturing on ECM might have
anti-senescence effects to facilitate long-term /n vitro expansion of MSCs. Further work

is still necessary to elucidate the underlying mechanisms involving SIRT1 and p38 in
ECM-cultured MSCs.

5. Conclusions

We conclude that the cellular response of UC-MSCs cultured on decellularized cell-
deposited ECM showed attenuated intracellular ROS, enhanced antioxidative enzymes, and
improved resistance to exogenous oxidative stress. Decellularized ECM can be an effective
in vitro expansion system to produce sufficient amounts of MSCs and can potentially be an
antioxidative treatment to prevent oxidative damage in transplanted MSCs. Future work will
focus on identifying bioactive components, matrix mechanical properties of decellularized
ECM, and investigating the underlying mechanism of the role of SIRT1 in ECM-cultured
MSCs.
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Fig.1.

E\?aluation of decellularized extracellular matrix (ECM) deposited by UC-MSCs. (A)
Decellularized ECM showed a fibrous structure in a representative bright field image. Scale
bar = 100 um. (B) Scanning electron microscopy analysis revealed that decellularized ECM
was composed of net-like lattices with small bundles of collagen fibers. Scale bar = 3 um.
(C) Representative images of immunofluorescence staining identified four matrix proteins
(type 1 and 111 collagens, fibronectin, and laminin) in decellularized ECM. Scale bar = 100
pm.
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Fig.2.
Effects of culturing on ECM on cell proliferation and cell cycle phase distribution in

UC-MSCs. (A) UC-MSCs were seeded on TCPS and ECM-coated surfaces at the cell
density of 1,000 cells/cm?2. The DNA content, representing cell proliferation, was assessed
on days 3, 5, and 7. (B) UC-MSCs were seeded on TCPS and ECM at the cell density

of 100, 1,000, and 5,000 cells/cm2. The DNA content was assessed on day 5. (C) Cell
morphology and density were observed in representative fluorescence images labeled by
fluorescein diacetate (FDA) when UC-MSCs were initially cultured at the cell density of
1,000 cells/cm?. Scale bar = 100 um. (D) The cell cycle phase distribution of UC-MSCs
cultured on TCPS and ECM was measured by flow cytometry analysis. Values are the mean
+ S.E. of five independent experiments (n = 5) in the DNA content assay and of three
independent experiments (n = 3) in the cell cycle phase distribution analysis. Statistically
significant differences are indicated by ** (p< 0.01). TCPS: tissue culture polystyrene;
ECM: extracellular matrix.
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Fig.3.

Cglturing on ECM attenuated accumulation of intracellular reactive oxygen species (ROS).
(A) Intracellular ROS of UC-MSCs cultured on TCPS and ECM was labeled by DCF-DA
and fluorescence intensity was measured by flow cytometry. (B) Intracellular hydrogen
peroxide of UC-MSCs cultured on TCPS and ECM was labeled by Amplex® Red dye. (C)
The mRNA level of S/RT1was measured by real-time RT-PCR. (D) Culturing on ECM
upregulated the protein level of SIRT1, determined by western blot analysis. The a-tubulin
lane served as a loading control. (E) Culturing on ECM downregulated phosphorylation (p-)
of p38 MAPK. The level of p-p38 was normalized to total p38 protein. The level of p38
was normalized to the a-tubulin protein. Values are the mean + S.E. of four independent
experiments (n = 4) in ROS analysis, hydrogen peroxide analysis, real-time RT-PCR, and
western blot analysis. Statistically significant differences are indicated by * (o < 0.05) or **
(p<0.01). P: TCPS/ tissue culture polystyrene; E: ECM/extracellular matrix.
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Fig.4.
Effects of culturing on ECM on superoxide dismutase (SOD) in UC-MSCs. (A) Culturing on

ECM upregulated SODI mRNA expression in UC-MSCs, determined by real-time RT-PCR.
(B) The protein levels of SOD1, measured by western blot analysis, did not change in cells
cultured on TCPS and ECM. (C) Culturing on ECM increased SOD2 mRNA expression in
UC-MSCs. (D) The protein level of SOD2 was enhanced in ECM-cultured UC-MSCs. (E)
Culturing on ECM improved SOD activity in UC-MSCs. Values are the mean * S.E. of
four independent experiments (n = 4) in real-time RT-PCR, western blot analysis, and SOD
activity analysis. Statistically significant differences are indicated by * (p < 0.05) or ** (p<
0.01). P: TCPS/ tissue culture polystyrene; E: ECM/extracellular matrix.

Mater Sci Eng C Mater Biol Appl. Author manuscript; available in PMC 2022 December 31.



Page 19

(A)

Liuetal.

S
o
[«5) ~
) Fueh
ILRRIIRIIIIIIRIZIRRILRXRX AR ~— [ T E [ O.
I O = A ® o
* KKK w LU R > w w - v
* n
K sCEg-Hg Y
. L = v .
oL D\ = © = X
ckE c 8w ae 8* =
= X © o O £ 5 > =
1% 5 @ m AT o= =2 =
H S = s O )
O e L o]
= S =90 ® S*¥ 35 285
O R ¢ 22 o B S
w B —~ T 8 S 8§ E o S
s & g g8 8§ o ! psssssssssssis = < 3 =2 s 92 o S 5 =
@ Q 3 @ a - O ! = [}
= N s I - @ c
(Bwpun) AuAioe esejejed o . R RIS % |W,. o5 n_Vu = =] 4] 'S m
%) 35 00T =2 5
NP =g w > o © 3
w 0 SSESESSG8S
— 0 = = o
“ o O E © oo =3
= = e —— M D !
o o © - @
, ) c © o u (3] "
, T g = < 2 S =T c ¢ S £ 2 Euw
- = - -
! X 3 (SdOL "sA 8B6uey plo) X 9 © © B £ £ ..m <)
» —_ m.u S [9A87 UI9)0Id LXdD 2AneleY a O B o C w < < m
o - 5) v o < ? = & &
— o w -] = B s o =
_ " = s 23535390 ¢ 2
SO2EN0cE 2
v - © o 5 VA w = 5 =
o £ 2 2 © S o 2 - O —~ = Q
o = ° P —— 73] > QU =cF v o
m .w (SdDL 'shabuey) plo4) "wu“m.m.u.“.n.u.u.n.n.n.».u.u.vx.u.n.N.u.u.u.u.».n.u = © c o O/ Q) H I > o
[RRXS > — —_
5 = [oneT uejold LY SAReRy R 3 Scad«e S = 5
O © R RRIIIIRKKS w c Q2 © - 0 c=o 8 B
BRI ©Cp S =& , =5
17} O o =
§$°08°552 ¢
o o W = = L © >
» M X 9 © £ = 7
= i | o O v = ° L s =n &
* i P D ESZT T 6 =
- cZ280wET DR
S X w0 E9 320
& Ty 2 @ e = o~ g og oL ege e =
c %)
%) ~ VNYW £Xd9 J0 uoissaidx3 plod =k~ 2 O 2 o ™
[ o rUI A W m ~ Y |m > 0
2 =20 B 0o g T
Soccd-B3S8=Eo
T < . L O =
;rlv Q= 5 v > T QO O
+ 8 9o ® @ % N 9 o B I =20 2 c =)
P = —- O S ! = o
VNYW £ 70 Jo uojssaidx3 plod ] 35 0SS £ 53V
WS T oo locsdS
2t 5 < O o© — | X
[} 154
LW Sk © 2D a o o

Author Manuscript Author Manuscript Author Manuscript Author Manuscript

Mater Sci Eng C Mater Biol Appl. Author manuscript; available in PMC 2022 December 31.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Liuetal.

Page 20

0S + H,0,

—— TCPS
22279 ECM

1B

NEG

1 Fold Expression of COLTAT mRNA

Fold Expression of ALP mRNA
5

°
3

H202

G}
z

1 TCPS
€20 ECM

S

B

Fold Expression of BGLAP mRNA

o
58
Eo
58

100 M

Fig.6.

CSIturing on ECM improved resistance of UC-MSCs to exogenous H»O» and restored

the osteogenic differentiation capacity. UC-MSCs were cultured on TCPS and ECM,

and continuously treated with 100 uM H»O, during osteogenic differentiation. (A)
Representative images of Alizarin Red S staining, indicating mineralization of the matrix,
showed that treatment with H,O, suppressed matrix calcification in TCPS-cultured cells,
but culturing on ECM retained the capacity of UC-MSCs for calcified matrix deposition.
(B) The stained mineral layers were dissolved in 1% hydrochloric acid and were quantified
via a spectrophotometer. (C)-(H) The mRNA levels of osteoblast-specific marker genes,
including COL1A1(C), SPP1 (D), ALP(E), RUNXZ2 (F), BGLAP(G), and SP7 (H) were
measured by real-time RT-PCR. Values are the mean + S.E. of four independent experiments
(n=4) in Alizarin Red S staining and real-time RT-PCR. Statistically significant differences
are indicated by * (p < 0.05) or ** (p< 0.01). TCPS: tissue culture polystyrene; ECM:
extracellular matrix; NEG: negative control; OS: osteogenic induction; H,O5: hydrogen
peroxide.
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Primers used for Real-time RT-PCR

Table 1.

Gene Forward Primer sequence(5°-3’) Reverse Primer sequence(5°-3’)
GAPDH  AGAAAAACCTGCCAAATATGATGAC TGGGTGTCGCTGTTGAAGTC
SIRT1 GCGGGAATCCAAAGGATAAT CTGTTGCAAAGGAACCATGA
SOD1 GGTGGGCCAAAGGATGAAGAG CCACAAGCCAAACGACTTCC
S0D2 GGGGATTGATGTGTGGGAGCACG AGACAGGACGTTATCTTGCTGGGA
CAT TGGGATCTCGTTGGAAATAACAC TCAGGACGTAGGCTCCAGAAG
GPX1 TATCGAGAATGTGGCGTCCC TCTTGGCGTTCTCCTGATGC
COL1IA1 CAGCCGCTTCACCTACAGC TTTTGTATTCAATCACTGTCTTGCC
SPP1 GCGAGGAGTTGAATGGTG CTTGTGGCTGTGGGTTTC

ALP AGCACTCCCACTTCATCTGGAA GAGACCCAATAGGTAGTCCACATTG
RUNX2  AGAAGGCACAGACAGAAGCTTGA AGGAATGCGCCCTAAATCACT
BGLAP  GAGCCCCAGTCCCCTACC GACACCCTAGACCGGGCCGT

SP7 CACTCACACCCGGGAGAAGA GGTGGTCGCTTCGGGTAAA
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