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Abstract

Regulation of human mesenchymal stem cell differentiation

by controlling collagen hydrogel contraction

Seulha Kim
School of Chemical and Biological Engineering
The Graduate School

Seoul National University

Collagen is the most abundant protein in the extracellular matrix of mammals and has a great
effect on various cell behaviors including adhesion, differentiation, and migration. However, it is
difficult to utilize collagen gel as a physical scaffold in vitro because of its severe contraction. A
decrease in the overall hydrogel volume induces changes in cell distribution and mass transfer
within the gel. Uncontrolled mechanical and physiological factors in the fibrous matrix result in
uncontrolled cell behaviors in the surrounding cells. From this point of view, the effects of
regulating collagen contraction on stem cell differentiation was investigated.

First, a method preventing the contraction of collagen hydrogel was developed. Two strategies
were used to minimize the contraction of collagen gel. A disk-shaped frame made of

polydopamine-coated polydimethylsiloxane (PDMS) prevented horizontal contraction at the edge



of the hydrogel. The sequentially cross-linked collagen gel with alginate outer shell structure
inhibited vertical gel contraction. The physical properties of the hydrogel fabricated in this study
were similar to those of pure collagen hydrogel. The combined method synergistically prevented
the hydrogel from shrinkage in long-term 3D cell culture.

In freely contracting collagen hydrogel, stem cell lineage could not be regulated as intended
even if the appropriate chemical inducers were used. Only adipogenic induction was preferred in
cells. It was investigated how cells perceived the external environment in collagen hydrogels
through analysis of Yes-associated protein (YAP) nuclear localization from a mechanotransduction
perspective. Using a polydopamine-coated frame and alginate outer shell, I figured out whether
the prevention of collagen contraction and the consequent high cell contractile force within the gel
matrix contribute to the differentiation fate of ADSCs, thereby leading to osteogenesis.

With a focus on the adipogenic tendency in ADSCs cultured in contracting collagen hydrogel,
the effect of contraction rate on adipogenesis was analyzed. When the contraction was delayed
using the polydopamine-coated frame, a higher proportion of cells formed lipid droplets in the
cytosol than in the freely contracting collagen hydrogel. These mature adipocytes actively
responded to the fatty acid stimulus. In conclusion, it was able to induce rapid and uniform
adipogenesis of human mesenchymal stem cells by temporal regulation of contraction.

Furthermore, an in vitro model that reproduced the inflammatory response in morbidly obese
adipose tissue was developed. Obesity-induced chronic inflammation is the major cause of insulin
resistance underlying metabolic syndrome. However, inflammation-induced phenomena in in vivo
adipose tissue are not sufficiently reproduced in two-dimensional studies using adipocyte cell lines,
in vitro. It was hypothesized that this gap between in vitro and in vivo was due to the exclusion of

cell-ECM interaction. When the pro-inflammatory factors and excess fatty acid were treated to



ADSCs induced adipogenesis in collagen hydrogel, fat concentrated in the cells was distributed to
the surrounding cells as cell division was promoted. The phenomenon that adipose tissue
expansion is caused by inflammation in in vivo adipose tissue was reproduced in this model.

In summary, I developed a method to control collagen contraction and investigated its effect
on ADSCs. In addition, it was shown that only regulation of the collagen contraction was enough
to control the stem cell lineage of mesenchymal stem cells and enabled recapitulation of cell
behaviors in vivo. The development of this contraction inhibition platform made it possible to
investigate the influence of regulation of cellular microenvironments. The platform can be used to
broaden our understanding of the fundamental mechanism underlying cell-matrix interactions and

reproduce extracellular matrix in vivo.

Keywords: mesenchymal stem cells (MSC), collagen hydrogel, mechanotransduction,

adipogenesis, inflammation, pro-inflammatory cytokine
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Chapter 1. Research background and objectives

Extracellular matrix (ECM) constituting the cell microenvironment not only provides
structural support, but also determines the cell fate including migration, differentiation,
proliferation and survival [1]. In mammals, collagen is the most abundant ECM protein of
the connective tissue. Collagen constitutes almost 25% of the total body protein in humans:
75% of the dry weight of skin, 80% of the organic component in bone, and over 90% of
tendon and cornea. Especially, collagen type I is well known as a major structural protein
accounting for more than 90% of all collagen types [2]. Collagen is used in the form of
coating, hydrogel, or scaffold to recapitulate the in vivo microenvironment. Therefore, it is
essential to understand the dynamics of collagen-cell interaction.

Despite its importance, it is difficult to manipulate collagen in vitro due to its flexible
fibril networks formed by self-assembly [3]. Unlike the in vivo environment in which
connective tissues hold each other in all directions, the cell-collagen matrix interaction
induces collagen gel contraction in vitro. The structure collapses easily into a small mass
within a few days [4, 5]. Gel shrinking induces changes in mass transfer efficiency, cell
distribution, and adhesive ligand density of surrounding matrix. Therefore, the mechanical
and morphological factors should be controlled to provide a wuniform cellular
microenvironment during the culture period and to design reproducible experiments [6].

Therefore, this research focused on controlling the three-dimensional microenvironment
in vitro by regulating the spontaneous contraction of collagen. Through the method of

controlling the contraction of collagen hydrogel, dynamic stimuli can be applied to the cells



that cultured in three-dimensional (3D) environment and improve our understanding of

complex physiological events in the body.
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Chapter 2. Literature review

2.1 Human mesenchymal stem cells

Stem cells are undifferentiated cells that are capable of self-renewal and having
differentiation potential. Mesenchymal stem cells (MSCs) are classified as adult stem cells,
because they can be extracted from adults while maintaining the characteristics of stem cells
[7]. Although the differentiation potential of MSCs is lower than that of embryonic stem cells,
it has the advantage of being able to be used for tissue engineering without ethical problems
and immune rejection (when extracted from the patient). MSCs can be extracted from various
sources such as bone marrow, fat, umbilical cord, and molars, and can differentiate into

various cells including bone, adipose, muscle, and cartilage.

Two widely studied MSCs are bone-marrow derived mesenchymal stem cells (BMSCs)
and adipose tissue-derived mesenchymal stem cells (ADSCs) [8, 9]. Both cells can be
induced to differentiate into mesenchymal lineage: osteoblast, adipocyte, and chondrocyte.
Compared to BMSCs, ADSCs have the disadvantage of being relatively difficult to induce
osteogenesis and chondrogenesis [7]. However, ADSCs are attracting attention as a cell
source for tissue engineering because ADSCs have the advantage of being easily harvested

by a non-invasive method [10].

2.2 Extracellular matrix



Extracellular matrix (ECM) is assembly of secreted molecules that constitute the cell
microenvironment [1]. It is composed of collagens, glycosaminoglycans, proteoglycans, and
growth factors etc [11]. Role of ECM is much more than just structural support. ECM
composition and mechanical properties differ according to location and health state in vivo
[12]. Cells respond to the physical factors of ECM by interaction between integrin binding
and cytoskeleton. Integrins are heterodimer receptors having 18 o subunits and 8  subunits
that assembled into 24 combinations. Different combinations of integrin dimer are used to
bind different ECM molecules and enable transmission of different signaling in cell [13]. By
active interaction between cell and ECM alter the cell behaviors like migration,
differentiation, proliferation etc. Therefore, in order to understand the microenvironment of

cells, it is essential to focus on ECM.

2.3 Collagen

“Collagen” is a generic term for extracellular proteins that 3 strands of a-chain are
assembled to form triple-helix structure [ 14]. Twenty-eight types of collagen have been found,
and they usaully have a repeating structure of Gly-X-Y (X and Y represent any amino acids,
but usually proline and hydroxyproline) [15]. Among them, collagen type I is the main
component of the connective tissue of organs such as skin, bones, tendon, ligaments, and
eyes. The biggest difference between collagen type I and other components of the ECM is
that collagen type I has a long fiber structure. Multiple strands of fiber can be bundled to
produce a strong force like a ligament or tendon, and multiple cells can attach to same strand

and transmit the pulling force to each other. Because of this, vertebrates can construct tissues



with higher stiffness in their body than invertebrates [2].

2.4 Alginate

Alginate is carbohydrate chain derived from seaweed that is one of the most widely used
biomaterials because of its simple gelation method, hydrophilicity, and bioinert properties.
Alginate is block copolymer containing blocks of (1,4)-linked B-D-mannuronate (M) and a-
L-guluronate (G) residues. Hydrogel can be easily fabricated with addition of divalent cations

to form intramolecular cross-linking between G-blocks [16, 17].

Exposure to CaClz aqueous solution is a simple method, but it is mainly used for cell
encapsulation to form beads because gelation occurs too quickly and forms a heterogeneous
gradient shell [18]. CaSO4 and CaCOs can be used as Ca®" sources to slow the gelation rate
with their low solubilities. Although these methods have the advantage of making a
homogeneous gel, they can decrease cell viability because the cell culture medium cannot be
added for a long reaction time [19-21]. In this study, CaCl, solution was used to form the

alginate shell structure only on the outside.

2.5 Polydopamine

Polydopamine (PDA) coating is inspired by a mussel adhesive protein that promotes
attachment to virtually any type of organic or inorganic material [22]. Repeating structure of
dopamine and lysine residues in the Mytilus edulis foot protein-5 enables strong adhesion

even in underwater environments. Dopamine polymerizes at an alkaline condition and form



a thin PDA layer. Amine and thiol groups can form covalent bond to the PDA. This reaction
allows the biological material to be immobilized on the PDA-coated surface with a high
degree of freedom. Therefore, it has been utilized in surface coating of microfluidics or

biomaterials [23-25]

2.6 Mechanotransduction

Cells constantly interact with chemical and physical stimuli from surrounding
microenvironment. Mechanotransduction is the process that cells respond to physical stimuli
of microenvironment by changing their behaviors [26]. In particular, many studies have been
conducted on whether specific physical stimuli can determine stem cell lineage in MSCs. In
general, physical properties similar to the physical conditions of actual bone and adipose

tissue induce the differentiation of cells into individual lineages.

Several key factors, cell spreading, stiffness, viscoelasticity, cell volume, cell-ECM
interaction, etc. are proved to contribute to promoting osteogenesis above adipogenesis. In

the opposite case, adipogenesis is promoted [27-29].

The main way for cells to sense these stimuli is the change in cell tension. When the cells
firmly bind the adhesive ligand of the surrounding ECM, the force is transmitted to the
nucleus through the cytoskeleton, leading to nuclear distortion. Through the expanded
nuclear pore, the mechanosensitive Yes-associated protein (YAP) translocate from the
cytoplasm into the nucleus [27, 30]. With observing YAP localization, it can be indirectly

estimated how MSCs perceive their surrounding physical environment.
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Figure 2.1 Physical factors discovered to induce mechanotransduction of mesenchymal stem

cell
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Chapter 3. Experimental procedures

3.1 Fabrication of window frame

Polydimethylsiloxane (PDMS; Dow Corning, Sylgard184) sheet measuring 1 mm in
thickness was polymerized at 70 °C overnight. Holes measuring 3 mm in diameter were
punched on the sheet (Figure 3.1A). Frame was coated with 2 mg/mL dopamine
hydrochloride (Sigma, H8502) in pH 8.6 Tris (Sigma, T5941) solution overnight (Figure
3.1B). The manufactured frames were sterilized by UV and stored at room temperature until

use.

3.2 Fabrication of hydrogel

Polyacrylamide (PA; Biosesang, AC4004-050-00) sheet measuring 1 mm in thickness
was polymerized with ammonium persulfate (Sigma, 09913) and N,N,N’,N’-
tetramethylethylenediamine (Sigma, T9281). PA sheet was incubated with cell culture
medium and placed under the window frame. A mixture of 2 mg/mL collagen type I (Corning,
Collagen I high concentration rat tail, 354249), 5 mg/mL sodium alginate (Sigma, A2033)
and 500 cells/pL was neutralized with NaOH and 10x Hank’s balanced salt solution (HBSS;
Welgene, LB 203-03) at 4 °C (Figure 3.1C). Collagen-alginate mixture was poured in the
frame 10 pL/hole and incubated at 37 °C for 30 min (Figure 3.1D). Hydrogels were incubated
in amounts exceeding 10 mM CaCl, solution for 5 min and transferred to a cell culture

medium (Figure 3.1E).

11



The polydopamine coating support hydrogel structure at the surface and PA sheet protect
hydrogel from drying during 37 °C incubation. The PA sheet prevents PDMS frame from
sticking to the cell cultureware (Figure 3.1F). In the absence of the PA sheet, hydrogel torsion
occurs when lifting the frame with a tweezer and CaCl; solution is applied to only one side
of the hydrogel (Figure 3.1G).

The preparation of collagen only hydrogel (C) was identical to CA-shell fabrication
except for the addition of alginate and CaCl> solution. To prepare the CA-interpenetrating
network (IPN) group, 1 M CaClz was added to the gel solution by 1% (v/v) and mixed rapidly.

The mixture was cross-linked simultaneously at 37°C for 30 min.

12
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Figure 3.1 Schematic illustration describing the fabrication step of window frame and CA-shell

hydrogel
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3.3 Analysis of mechanical properties and morphology of hydrogel

3.3.1 Scanning electron microscopy and energy dispersive X-ray

spectroscopy (SEM-EDS) analysis

Four groups of hydrogels were prepared without cells: C, CA-IPN, CA-shell-outside,
and CA-shell-inside. Only one side of CA-shell hydrogel was exposed to CaCl solution in
the alginate cross-linking step, and the exposed side was defined as outside and the
unexposed side was defined as inside. Hydrogels were fixed in cold 2.5% (v/v)
glutaraldehyde in Dulbecco's phosphate-buffered saline (DPBS) for 24 h and washed for 30
min three times. Gels were serially dehydrated in diluted ethanol solution (30, 50, 70, 90,
and 100% ethanol in DPBS for 30 min each, and then left in 100% ethanol overnight at
4°C. Hydrogels were completely dried in a vacuum chamber overnight. After drying, gels
were coated with platinum and analyzed with a field emission scanning electron
microscope (SEM; Jeol, JISM-7800F Prime). The Ca, C, and O content levels were

analyzed via EDS analysis.

3.3.2 Young’s modulus measurement

Young’s modulus was measured in wet conditions using hydrogel disks measuring 10
mm in diameter and 2 mm in height. Hydrogel disks were incubated in DPBS overnight
and placed on a spatula. The excess water was eliminated by absorbing the water with lens

paper before measurement. The compressive force according to the change in height of the

14



hydrogel was measured with a tensile tester (Shimadzu, EZ-SX). Young's modulus was

calculated from the slope at the initial linear region of the graph.

3.3.3 Rheological characterization

Viscoelastic properties of hydrogels were measured with a stress-controlled rheometer
(TA Instrument, AR-G2) using a 10 mm steel plate. The rheometer gap was 850-1000 pum.
A cylindrical hydrogel measuring 10 mm in diameter and 5 mm in height was fabricated
using a PDMS mold (without coating, reagent volume 200 pl) and held at 37°C in 1x HBSS
for 3 days before measurement. The hydrogel was loaded onto the plate with a stainless steel
spatula and excess buffer was eliminated by a paper towel. Strain sweep was performed to
confirm the linear elastic regime. Storage modulus (G’) and loss modulus (G”) of hydrogels
were measured by oscillatory frequency sweep. An oscillatory frequency sweep was

conducted at 0.5% strain in the frequency range from 0.62 to 10 Hz.

3.3.4 Diffusivity test

Hydrogels were incubated in transwell (Corning, 3413) for diffusivity test. During the
fabrication step, 12 pg of fluorescein-conjugated bovine serum albumin (FITC-BSA) was
added to the 200 pl hydrogel. In the CA-shell group, CaCl, solution was added only to the
transwell bottom in contact with the surface of DPBS solution. The DPBS solution
containing the released FITC-BSA from the hydrogel was collected for measurement and

exchanged with new DPBS every hour. The quantification of FITC-BSA was performed at

15



495 nm excitation-525 nm emission wavelength using a TECAN plate reader (TECAN,

SPARKTM 10M).

16
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3.4 Cell culture

3.4.1 Maintain of ADSCs

ADSCs were purchased from Lonza (PT 5006) and used in the experiment from passages
4 to 6. Cells were cultured in Alpha Minimum Essential Medium (eMEM; Gibco, 32571036)
supplemented with 10% fetal bovine serum (FBS; Biowest, S1520), 50 units/mL penicillin,
50 pg/mL streptomycin (PS; Gibco, 15140-122), 50 pg/mL primocin (Invivogen, ant-pm-1)
and 5 ng/mL recombinant human basic fibroblast growth factor (bFGF; Peprotech, 100-18C).
Cells were transferred to a new flask using 0.25% trypsin-EDTA (TE; Gibco, 25200-056)
when cells reached 90% confluence. All cells were cultured in a humidified incubator at 37°C

with 5% CO..

3.4.2 Induction of adipogenesis

Formulation of adipogenic medium (AM) used in chapter 4 and 5 was composed of
oMEM supplemented with 10% FBS, 1% PS, 50 ug/mL primocin, 100 nM dexamethasone
(Sigma, D4902) 200 uM 3-isobutyl-1-methylxanthine (IBMX; Sigma, 17018), 100 uM
indomethacin (Sigma, 17378), and 1 pg/mL recombinant human insulin (Peprotech, 10-365).
AM used in chapter 6 and 7 was slightly modified: aMEM supplemented with 10% FBS, 1%
PS, 50 pg/mL primocin, rosiglitazone (TCI, R0106) 2 uM, 250 nM dexamethasone, 200 pM
IBMX, 100 pM indomethacin, and 1 pg/mL recombinant human insulin. AM was replaced
by adipogenic maintenance medium (AMM) after treatment of AM for 3 days. AMM was

composed of tMEM supplemented with 10% FBS, 1% PS, 50 ng/mL primocin, and 1 pg/mL

17



recombinant human insulin. Cell culture in AM refers to induction of adipogenesis with AM

for 3 days and change in culture medium to AMM.

3.4.3 Induction of osteogenesis

Osteogenic medium (OM) was prepared as oMEM supplemented with 10% FBS, 50
units/mL penicillin, 1% PS, 50 pg/mL primocin, 100 nM dexamethasone, 50 pg/mL ascorbic
acid-2-phosphate, and 10 mM [-glycerophosphate (Sigma, G9422). The medium was

refreshed every three days.

3.4.4 Fatty acid stimulus

Oleic acids (OA; Sigma, O1008) were conjugated with fatty acid free bovine serum
albumin (FF-BSA; Biovision, 7921) before treated to cells. OA medium was prepared as
500 uM OA was conjugated with 1% (v/v) FBS and 2% (w/v) FF-BSA in Dulbesco’s
minimum essential medium (DMEM) for 10 min at 55°C. Cells were cultured in the OA
medium for 7 days. To induce lipolysis, isoproterenol (TCI, 10260) is used to stimulate the
cells with B-adrenergic agonist. 10 uM isoproterenol hydrochloride was treated to the cell

for 24 h after OA treatment.

3.4.5 Pro-inflammatory cytokine treatment

Tumor necrosis factor o (TNFa; Peprotech, 300-01A) and interleukin-1B (IL-1p;

Peprotech, 200-01B) were treated to mimic chronic inflammation observed in obese adipose

18



tissue. AMM or OA medium supplemented with 10 ng/ml TNFa and10 ng/ml IL-1p were

indicated as inflammatory (INF) condition.

19



3.5 Characterization of cell behavior and differentiation

3.5.1 Quantitative reverse transcription-polymerase chain reaction (qRT-

PCR)

Ten hydrogels were collected and pooled to extract RNA in 1 sample. Alginate was
removed from the hydrogels including alginate by incubation at 37°C for 20 min in 0.02 M
sodium citrate and 0.02 M EDTA solution. RNA was extracted using TRIzol (Invitrogen,
15596026). The cDNA was synthesized using a SuperiorScript III cDNA synthesis kit
(Enzynomics, EZ405). qRT-PCR was performed using a SensiFAST SYBR (Bioline, BIO-
92020) and StepOnePlus real-time PCR system (Applied Biosystems, 4376600). Primer
sequences used in this study are listed in Table 3.1. The relative fold induction was
calculated by aaCT method. Human glyceraldehyde 3-phosphate dehydrogenase (GAPDH)
gene was selected as housekeeping gene. Primers used in experiments were described in the

table (Table 3.1).

20



Product

H 3 (o}
Gene Sequence (5’ —3’) T, (°C) size (bp)
Housekeeping GAPDH F TTCACCACCATGGAGAAGGC 59.96 256
Gene R TCTTCTGGGTGGCAGTGATG 59.67
RUNX2 F GCGCATTCCTCATCCCAGTA 59.89 176
R GGCTCAGGTAGGAGGGGTAA 60.03
Osteogenic SPpP1 F GCCGAGGTGATAGTGTGGTT 59.75 o
marker gene R ATCTGGACTGCTTGTGGCTG 60.32
BGLAP F ATGAGAGCCCTCACACTCCT 59.96 254
R TCAGCCAACTCGTCACAGTC 59.97
PPARG F CGACCAGCTGAATCCAGAGT 59.47 85
R GGTCAGCGGGAAGGACTTTA 59.39
Adipogenic e F TATAGGCTGGGCTTCCCCTT 60.03 94
marker gene R AGCTTTCTGGTGTGACTCGG 59.97
F TACTACGAGGCGGACTGCT 60.08 148
b= R GGTACGGGCTGAAGTCGATG 60.53
. SOX?2 F ACCAGCGCATGGACAGTTAC 60.67 187
Pluripotency R TAGGTCTGCGAGCTGGTCAT 60.68
and MYC F TACAACACCCGAGCAAGGAC 59.97 189
proliferation R AGCTAACGTTGAGGGGCATC 60.11
marker gene CDK1 F CTGGGGTCAGCTCGTTACTC 59.83 170
R TCCACTTCTGGCCACACTTC 59.89
F AGTTCTCAGCTGCTATGCCG 60.18 158
R CTCAGCGTCCTGGGTTACAT 59.46
F CGTCTCCATTGTGGCCATCT 60.11 140
R TCCAGTTGGAGAAACCAGCC 59.89

Table 3.1 Sequence of primers used in qRT-PCR.
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3.5.2 Immunocytochemical analysis (ICC)

Hydrogels were fixed with 4% paraformaldehyde in PBS (phosphate buffered saline)
for 30 min. Cells were permeabilized with 0.25% Triton-X 100 diluted in 0.1% (v/v) Tween
20 in PBS (PBST) solution for 1 h at room temperature. Samples were blocked with 3%
(w/v) bovine serum albumin (BSA) in PBST for 1 h. PPARy (Merch, ABN1445), RUNX2
(Santacruz, sc-390351), and YAP (Santacruz, sc-101199) primary antibodies were diluted
1:1000 to 1% (w/v) BSA in PBST solution. Samples were incubated in primary antibody
solution at 4°C overnight. After 1 hour washing at room temperature, the samples were
treated with the secondary antibodies diluted in 1% BSA in PBST for 1 h at room
temperature. Cells were stained with 3 ng/mL 4',6-diamidino-2-phenylindole (DAPI) and
diluted in 1:1000 Alexa 594-conjugated phalloidin or Alexa488-conjugated phalloidin
(Invitrogen, A12381, A12379) in PBST for 30 min. 4,4-Difluoro-1,3,5,7,8-Pentamethyl-4-
Bora-3a,4a-Diaza-s-Indacene (BODIPY; Invitrogen, D3922) was used as a lipid probe
diluted in 2 pg/mL DPBS to stain the samples for 30 min. Between every step, samples
were washed at least 3 times with PBST. Hydrogels were observed using a confocal laser
scanning microscope (Carl Zeiss, LSM710) installed at the National Center for Inter-

university Research Facilities (NCIRF) at Seoul National University.

3.5.3 Calculation of protein intranuclear localization ratio

Staining procedures were same with the immunostaining methods. For the
quantification of YAP and RUNX2 intranuclear localization, the fluorescence of the stained
YAP in nuclear and cytoplasmic locations was determined with DAPI and phalloidin. The
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image with the largest cross-section of the nucleus in the Z-stack image was selected for

analysis. Subregions were selected in the nuclear and cytoplasmic locations. Fluorescence
intensity was measured by ImagelJ software. The nuclear/cytoplasmic ratio was calculated
by dividing the average intensity of protein in the nuclear subarea by the average intensity

of cytoplasmic subarea [29].

3.5.4 Cell contraction inhibition

ADSCs were cultured in OM. Cells were treated with 10 uM Y27632 (ROCKj;
STEMCELL Technologies, 129830-38-2) and 20 puM blebbistatin (Bleb; Peprotech,
8567182). The inhibitor concentrations were determined based on the preceding studies [31-
33]. The normal group includes cells cultured for 27 h in OM. Day 0+ group represents cells
treated with the inhibitor for 27 h since the hydrogel fabrication. Day 1+ group contains cells

cultured for 24 h in OM first and treated with inhibitor for an additional 3 h.

3.5.5 Quantification of double strand DNA (Picogreen assay)

Samples were digested with 40 pl of digestion buffer (0.1 mg/ml proteinase K
(Invitrogen, AM2542), 100 mM NaCl, 1 mM EDTA, 10 mM Tris-HCI, pH 7.4, and 0.5%
(w/v) sodium-dodecyl sulfate (SDS) in double distilled water (DDW)) for 24 hr at 50°C.
The concentration of double strand DNA (dsDNA) was measured using a PicoGreen™

dsDNA Assay Kit (Invitrogen, P11496) according to the manufacturer’s instructions.

3.5.6 Quantification of triglyceride
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Triglyceride colorimetric assay kit (Cayman, 10010303) was purchased and assay
procedure was modified. Triglyceride in hydrogel samples was dissolved out by NP40
substitute assay reagent included in assay kit. The sample was placed in the NP40 solution,
and the heat cycle of 80°C 5 min and 4°C 5 min was repeated three times. Enzymatic

hydrolysis of triglyceride was performed according to manufacturer’s instructions.

3.5.7 Oil red O staining and quantification of stained fat

Oil red O staining was performed according to the established protocol [34]. The
hydrogel samples were fixed with 4% paraformaldehyde in PBS for 30 min and washed
with DPBS. Hydrogel samples were incubated in 60% (v/v) isopropanol in DDW for 30
min. The 3.5 mg/mL Oil red O in 100% isopropanol was mixed with DDW in a ratio of 6:4
and filtered. The samples were stained with Oil red O working solution for 30 min and
washed with DDW at least 3 times. For quantification, 30 hydrogel samples were collected
and pooled as a single sample. Samples were dried first to exclude the factors based on the
volume difference between groups, and dissolved in 300 pl of 100% isopropanol for 1 h.
The absorbance of Oil red O was measured at 520 nm with TECAN plate reader. As a

blank, the same amount of hydrogel without cells was stained similarly and dissolved.

24



3.6 Statistical analysis

All quantitative analyses were expressed as mean =+ standard deviation or mean value
with box plot. Gray squares marked in the box plot indicate the mean value. The statistical
significance was determined by analysis of variance (ANOVA) and unpaired t-test using
SPSS software. Post-hoc tests were performed; Tukey test for groups with equal variance
and Tamehane T2 test for groups with unequal variance. Statistical significance is indicated
in the graph with with *, ** and *** representing p < 0.05, p < 0.01, and p < 0.005,

respectively. Word ‘ns’ indicates ‘non significant’
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Chapter 4. Prevention of collagen contraction without losing its physical

properties

4.1 Introduction

Collagen is the most abundant protein in the extracellular matrix of mammals and has a
great effect on various cell behaviors including adhesion, differentiation, and migration.
However, it is difficult to utilize collagen gel as a physical scaffold in vitro because of its
severe contraction. Decrease in the overall hydrogel volume induces changes in cell
distribution, and mass transfer within the gel. Uncontrolled mechanical and physiological
factors in the fibrous matrix result in uncontrolled cell behaviors in the surrounding cells.

To improve the mechanical strength and stability of collagen as a cell culture platform,
additional covalent bond formation of gel has been attempted using glutaraldehyde, 1-ethyl-
3-(3-dimethyl aminopropyl) carbodiimide hydrochloride (EDC) and genipin [35-39].
However, the excessively cross-linked collagen differs structurally from natural collagen and
alters the gel degradation rate or mechanical properties, in addition to increasing the risk of
cytotoxicity [40].

Further attempts have been made to control the mechanical properties by forming IPN
with other materials. One of the most frequently used hydrogels is alginate that is obtained
from seaweed, which undergoes rapid gelation via cation addition. The IPN hydrogel was

manufactured by mixing the collagen, alginate, and Ca?" ion sources such as CaCl, CaSOs,
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or CaCOs [20, 21, 41, 42]. IPN hydrogel also has a limitation in that it brings a difference
from the properties of the pure collagen hydrogel.

In this study, two strategies were used to minimize the contraction of collagen gel. A disk-
shaped frame made of PDA-coated PDMS frame prevented horizontal contraction at the edge
of the hydrogel (Figure 4.1A). The sequentially cross-linked collagen gel with alginate outer
shell (CA-shell) structure inhibited the vertical gel contraction (Figure 4.1B). The combined
method synergistically prevented the hydrogel from shrinkage in long-term 3D cell culture.
The physical properties of the hydrogel fabricated in this study were similar to that of pure
collagen gel but completely changed the cell behavior within the gel by inhibition of gel
contraction. The platform can be used to broaden our understanding of the fundamental

mechanism underlying cell-matrix interactions and reproduce extracellular matrix in vivo.
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Figure 4.1 Fabrication of a window frame for preventing horizontal collagen contraction and

hydrogel with alginate outer shell (CA-shell) to prevent vertical collagen contraction

(A) Fabrication of window frame. The polydimethylsiloxane (PDMS) sheet with circular holes is

coated with polydopamine (PDA). The coating on the wall of the cylindrical hole prevents radial

shrinkage of the hydrogel. The frame is placed on the polyacrylamide (PA) sheet absorbing HBSS

buffer to prevent hydrogel drying and torsion during the preparation step.

(B) Sequential gelation for fabrication of CA-shell hydrogel. A mixture of collagen, alginate, and cell

was incubated initially to induce collagen fiber self-assembly. Next, hydrogel was exposed to CaCl,

solution resulting in the formation of cross-linked alginate outer shell.
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4.2 Effect of polydopamine and alginate on collagen contraction

It was investigated whether the contraction of the collagen hydrogel could be prevented
using the alginate outer shell and the window frame. In preliminary test, the contraction level
of collagen hydrogel was higher when ADSCs were cultured in OM than in AM (Figure
4.2A). Therefore, the subsequent experiments were performed in OM unless otherwise stated.
Polymerization of C or CA-shell hydrogel in a non-coated frame leads to contraction and
detachment of hydrogels from the frame within a day. By day 7, the shrunk C group hydrogels
lost transparency and appeared as black aggregates under a bright-field microscope (Figure
4.2B). Addition of the alginate outer shell decreased the degree of shrinkage or even
prevented it partly. The average size of hydrogel was reduced to 7% in the C group and 28%
in the CA group on day 7 (Figure 4.2C). Subsequently, the size was no longer reduced and
remained constant (data not shown).

The use of frames prevented the CA group from gel contraction (Figure 4.2D). When the
edge of the CA group was observed, cell densities differed between the edge and the inner
region of hydrogel even on day 1. By day 7, the edge of the hydrogel was condensed into a
dense cell wall (indicated by white arrow) and the cell density was substantially different
from the cell density of the initial hydrogel. However, there was no difference in the cell
distribution at the center and the edge of CAF group, even on day 30.

The physical appearance of CF and CAF groups were compared to investigate whether
the contraction of collagen hydrogel could be prevented with the frame alone. In the CF group,
most of the hydrogels were detached off the frame and the contraction occurred in a day (data

not shown). The undetached hydrogel samples were selected and analyzed. Cell distributions

30



both at the hydrogel center (C side) and at the hydrogel the edge connected to the frame (E
side) were visualized by DAPI staining (Figure 4.2E). Z-stack images of the hydrogels were
observed in the side view. In the CF group, the vertical thicknesses of the gel on the C side
and the E side were considerably non-uniform, indicating that vertical contraction occurred
at the C side like a concave lens. On day 14, the thickness of C side was approximately 3-
fold less than that of the E side in the CF group. In contrast, the CAF group showed a
relatively homogeneous cell distribution even on day 14. It was confirmed that the alginate
outer shell combined with the window frame prevent collagen contraction.

This result of blocking the contraction of the collagen hydrogel only by physical force
(by frame only) was similar to the results of the previous studies that prevented the
contraction of the collagen hydrogel using a micropillar system [33, 43]. By penetrating the
hydrogel with the micropillar, the contraction in the direction opposite to the axis of the pillar
could not be prevented, and the cells were aligned in the direction of contraction. However,
by using alginate and frame together in this thesis, omnidirectional contraction was prevented

and cells were maintained in a not aligned state in the hydrogel.
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Figure 4.2 Synergistic effect of alginate outer shell and window frame on prevention of collagen

contraction.

(A) Difference in contraction between the ADSCs cultured in AM and OM for 24 h. ADSCs had a
stronger tendency to contract the gel in the OM than AM. The contraction levels were normalized
with an initial hydrogel size of 100% (n = 10).

(B, C) Effect of alginate on gel contraction (without the frame). Hydrogels were prepared in a non-
coated frame. (B) Representative images of hydrogel contracting over time. (C) Quantification of C
and CA hydrogel size decreasing over time (n = 12).

(D) Change in cell distribution within CA hydrogel depending on the existence of window frame.
Cells were condensed at the edge of hydrogels in the CA group. White arrows indicate cell aggregate
formation at the hydrogel edge. White dashed line in CAF image indicates the border line between
hydrogel and frame.

(E) Vertical contraction of the hydrogel under confocal microscopy. Nuclei were stained (DAPI, blue).
C and E marked in the image indicate the center of hydrogel and the edge of hydrogel, respectively.
Yellow dashed lines indicate the outline of hydrogel
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4.3 Effect of cell culture conditions on hydrogels

It was investigated whether the crosslinking of alginate in the hydrogel could be gradually
induced only with Ca®" included in the cell culture media. When CaCl, solution was not
added separately, alginate was not sufficiently crosslinked with cations in the medium. and
could not inhibit the contraction of CA. The degree of contraction was almost similar to that
of the C group, and it seems that existence of alginate only did not contribute to inhibit the
contraction (Figure 4.3A).

It was investigated whether the window frame fixed the gel even when physical force
was used. The CF hydrogels without cell were observed after 24 h in a rocker and shaking
incubator (Figure 4.3B and C). None of the hydrogels was detached in a rocker. In a shaking
incubator at 100 rpm, which is the speed of organoid cultivation, all hydrogels were attached
to the frame for 24 h [44]. The window frame appears to support hydrogel appropriately even

under practical conditions upon application of shear stress or agitation.
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Figure 4.3 Effect of Ca’" and physical shocks applied during the cell culture environment on

the hydrogel.

(A) Effect of cations included in cell culture media to CA hydrogel contraction. In order to analyze

the effect of divalent ions present on the medium on alginate crosslinking, CA gel was fabricated

without the addition of CaCl, solution. CA w/o CaCl, group showed a similar contraction profile with

C group in Figure 4.2B.

(B, C) Hydrogel detachment test using physical forces such as rocking and shaking. CF hydrogels

without cells were used in the tests (n = 25).
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4.4 Characterization of hydrogel composition

The internal composition and physical properties of the CA-shell hydrogel were
investigated. Pure collagen hydrogel (C group) and a collagen-alginate interpenetrating
polymer network hydrogel (CA-IPN) fabricated via homogeneous collagen-alginate cross-
linking were compared as a control group. The hydrogel surface morphology was observed
by SEM. In the C group fibers, stripes in a direction perpendicular to the axis of the fiber
were observed at 50000x (Figure 4.4A, bottom), representing collagen fibril formation and
a homogeneous gelation of collagen via self-assembly [45, 46]. The stripe pattern of the
collagen fiber was also observed at the CA-IPN group and inside of the CA-shell group. In
some regions of CA-IPN and outside of CA-shell, ribbon-like structures were observed
(50000%, white dashed line), which look like crystals formed by the reaction of Ca** and
phosphate ion in media [47]. These results suggest that Ca?* ions are concentrated on the
outside of CA-shell hydrogel, with composition inside similar to the collagen only hydrogel,
forming a double-layered structure.

Energy dispersive spectroscopy (EDS) was conducted to corroborate this hypothesis. The
CA hydrogels fabricated were separated from the frame after incubation overnight in DPBS
w/o Ca** and Mg?*, and the middle layer was cut out in the direction of the vertical axis of
the disk-shaped gel and dried (Figure 4.4B). The weight percentage of Ca in the CA-IPN gel
of the entire line scan of the hydrogel was almost four-fold higher than that of CA-shell
(Figure 4.4C). Besides, the vertical distribution of Ca in CA-shell showed that Ca cps (count
per second) was high on the outside surface of hydrogel. However, Ca cps decreased with a

steep gradient toward the inside of the gel. (Figure 4.4D) Based on these results, alginate
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cross-linking was initiated outside the CA-shell and the formed shell inhibited the penetration
of Ca®" ions into the gel. These results are consistent with the surface morphology data
presented in Figure 4.4A. Accordingly, the intra-sectional Ca distribution of the CA-shell

group is predicted as the multi-layered form.
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Figure 4.4 Concentrated Ca" ions on outer shell of CA-shell hydrogel.

CA-IPN groups were fabricated with simultaneous Ca** ion addition by mixing collagen and alginate.
CA-shell groups were fabricated with subsequent Ca®" ion addition after collagen gelation was
completed.

(A) Scanning electron microscopic images of different types of hydrogel surface. In the CA-shell
group, only one side of hydrogel was exposed to CaCl, solution in alginate cross-linking step, and
the exposed side was defined as outside and the unexposed side was defined as inside. White dashed
line indicates crystal-forming gelation in the presence of Ca*".

(B-D) Vertical distribution of calcium across the hydrogel from top to bottom. The Ca element
distribution was analyzed by EDS. (B) Yellow outline indicates vertical cross-section of hydrogel and
white arrow indicates line scan direction of EDS. (C) The graph shows the average weight percentage
of Ca across the hydrogel line scan (n = 4). (D) Graph shows the amount of Ca existing across the
line scan. Ca cps (count per second) decreased from the outside to the inside. The hydrogel structure

based on the results is displayed on the right as a scheme.
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4.5 Mechanical properties of hydrogels

To compare the mechanical properties of the gels between the groups, their Young's
moduli and rheology were investigated (Figure 4.5A and B). Considering the similar gel
composition, it is assumed that the inner region of CA-shell was similar to CA-w/o Ca** and
the outer region of CA-shell was similar to CA-IPN. As a result, Young's modulus of CA-
IPN was about 5-fold higher than that of the C group. CA-w/o Ca®>" showed no statistically
significant difference with C group. The CA-shell group showed slightly higher modulus
than the CA-w/o Ca®" apparently due to the inhomogeneous composition of the CA-shell.
The C, CA-w/o Ca**, and CA-IPN groups showed similar rheology.

Diffusivities of hydrogels were analyzed to confirm whether the cross-linked-alginate
outer shell reduced the mass transfer as a physical obstruction during cell culture (Figure
4.5C and D). The amount of FITC-BSA diffused out was measured every hour. Details of
the diffusivity experiment are described. Until the first 3 h, the cumulative amount of FITC-
BSA of the C group was slightly higher, but it was reversed subsequently. After 8 h, the
values reached saturation and the results were similar between groups. Consequently, the
outer alginate shell did not interfere with mass transfer. CA-IPN hydrogel showed lower mass
transfer efficiency than C or CA-shell hydrogels. These results indicate that a thin cross-
linked alginate shell was formed as intended, and physical properties of inside were similar

to pure collagen.
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Figure 4.5 Mechanical properties of different types of collagen-alginate hydrogel.

(A) Young’s modulus of the hydrogel. CA-shell group value was not significantly different from that
of CA-w/o Ca*" group (n = 3).

(B) Viscoelastic property of hydrogel. G’ indicates storage modulus and G”’ represents loss modulus.
The CA-shell group was excluded from the rheology test due to its inhomogeneous structure leading
to inconsistent measurements (n = 4).

(C) A schematic drawing showing the experimental design of the diffusivity assay.

(D) Diffusivity of hydrogel according to composition. FITC-BSA was homogeneously added in the
hydrogel fabrication step. The DPBS in contact with the gel was exchanged every 1 h to measure the
amount of diffused out FITC-BSA. The values were normalized with the total amount of FITC-BSA
added initially to the hydrogel as 100% (n = 3).

39



4.6. Conclusions

The prevention of collagen hydrogel contraction is a challenging issue to be addressed.
Hydrogel properties like adhesive ligand density, diffusivity, and stiffness, which are directly
linked to cell functions, are altered by gel contraction. In this study, structural support for the
collagen was developed using a PDA-coated frame and alginate outer shell that can prevent
collagen contraction without significant changes in the gel’s mechanical and structural
properties. The collagen fabricated by sequential cross-linking with alginate generates a thin
cross-linked alginate shell on the collagen externally, while the gel internal morphology and

physical properties are similar to that of pure collagen.
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Chapter 5. Control of human adipose tissue-derived mesenchymal stem cell

lineage by regulation of collagen contraction

5.1 Introduction

As mentioned in this previous chapter, collagen hydrogels undergo rapid contraction by
contraction force of ADSCs. The physical environment of the hydrogel is completely
modified from the initial state during the contraction process. In this study, the effect of these
changes on stem cell lineage determination was figured out in terms of mechanotransduction,
using the platform developed in chapter 4. Human adipose tissue-derived mesenchymal stem
cells (ADSCs) were induced adipogenesis and osteogenesis by chemicals included in
induction media. In the freely contracting collagen hydrogel, stem cell lineage could not be
controlled by chemical inducers and adipogenesis was promoted. On the other hand, the use
of window frame and alginate outer shell allowed ADSCs differentiation towards the desired
lineage by chemical induction. I hypothesized that this determination of cell fate is associated
with mechanotransduction based on Yes-associated protein (YAP) localization. It was
investigated whether the YAP nuclear localization was related to collagen contraction and

can be controlled by the alginate outer shell and window frame.
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5.2 Comparison of adipogenic and osteogenic gene expression profiles

depending on the contraction

Adipogenesis and osteogenesis were induced in ADSCs embedded in the hydrogel to
analyze the effect of contraction on cell behavior. The gene expression profile was obtained
by qRT-PCR (Figure 5.2). Due to long-term culture limitations involving C or CF group with
a high detachment rate, compared with CAF group, the experiment occurred until day 7. In
the CF group, only the gels remaining on the frame were collected for analysis on day 7
(Figure 5.2A).

The expression of adipogenic marker genes including CCAAT/enhancer-binding protein
B (CEBPB), CCAAT/enhancer-binding protein a (CEBPA), and peroxisome proliferator-
activated receptor gamma (PPARG), and osteogenic marker genes including Runt-related
transcription factor 2 (RUNX2), secreted phosphoprotein 1 (SPPI), and bone y-
carboxyglutamate protein (BGLAP) were compared between C, CF and CAF groups [48-50].

The CF and CAF groups showed significant differences (p < 0.005) in both adipogenic
and osteogenic differentiation when compared with the C group (Figure 5.2B and C). There
was no significant difference in the expression of adipogenic and osteogenic marker genes
between CF and CAF groups. The C group showed a decreased expression in all marker
genes except PPARG. The difference in relative fold induction between CF and C was higher
than the difference between CF and CAF. Although the CF group can recapitulate the
interaction between pure collagen and cells, they did not physically support the hydrogel long

enough compared with the CAF group, as shown in Figure 5.2A. Therefore, it is necessary

43



to reproduce the stable culture conditions using the synergistic combination of alginate and

PDA-coated frame.
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Figure 5.2 Cell lineage determination of ADSCs between adipogenesis and osteogenesis affected
by collagen contraction.
ADSCs were embedded in hydrogel and cultured in OM and AM. Stem cell differentiation was
analyzed by qRT-PCR. All data was normalized by each gene’s relative fold induction of
undifferentiated ADSCs.

(A) The attachment efficiency of hydrogel to the frame. Only 10% of CF hydrogel remained on the
frame on day 7. Only CF hydrogel attached to the frame was collected to extract mRNA and
represented graphically in B & C (n = 30).

(B) Adipogenic marker gene expression of cells cultured in AM. No statistically significant
differences were observed between CF and CAF groups (n = 4).

(C) Osteogenic marker gene expression in cells cultured in OM. No statistically significant

differences were observed between CF and CAF groups (n = 4).
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5.3 Uncontrolled adipogenic tendency in C group regardless of

differentiation induction medium

In addition to gene expression profile, the expression of RUNX2 and PPARYy proteins
was investigated by immunostaining to determine whether the contraction of collagen
hydrogel induced differentiation into mature osteoblasts or adipocytes. RUNX2 is a master
regulator of osteogenesis, and its expression increases until the middle of bone differentiation
period and undergoes intranuclear localization due to the nuclear matrix-targeting signal [51].
PPARYy is a master regulator of adipogenesis, and its expression increases steadily under
progressive differentiation [49, 50].

RUNX2 protein in all groups showed intranuclear localization on day 7 regardless of the
type of culture medium. The fluorescence intensity in the nuclear area of the CAF-OM group
was relatively strong and showed clear contrast with cytosol compared with other groups
(Figure 5.3.1A). To quantify the RUNX2 protein level in fluorescent images under different
conditions, the ratio of RUNX2 mean intensities in nuclear/cytosol was calculated (Figure
5.3.1B). Only the CAF-OM group showed a significantly high value without significant
differences between the remaining groups.

The fluorescence of PPARY was intense in C group even in the OM whereas this protein
was hardly expressed in CAF-OM (Figure 5.3.1C). When comparing the mean fluorescence
intensity (MFI) of PPARy among the groups, the MFI of the C group was significantly higher
than that of the CAF group regardless of the type of culture medium (Figure 5.3.1D). The C-
OM group showed lower RUNX2 intranuclear localization and higher PPARY expression

than the CAF-AM group.
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LD (lipid droplet) deposition was observed in cells cultured for 14 days in the hydrogel
suggesting differentiation into mature adipocytes. Hydrogels were stained by BODIPY and
Oil red O to visualize lipid droplets (Figure 5.3.2A). Confocal microscopy revealed lipid
droplet formation in C-AM, C-OM, and CAF-AM groups. Analysis of lipid deposition
stained by Oil red O indicated LD formation overall in group C even in the OM. These data
provide clear evidence demonstrating the role of uncontrolled gel contraction in inducing
unintended cell fates. In CAF, however, few cells per unit area carry LDs. The overall lipid
deposition inside the hydrogel was confirmed again at low magnification (Figure 5.3.2B).
When the whole specimen was optically observed by Oil red O staining, LDs were formed
throughout the hydrogel of group C. The Oil red O-stained LDs were quantified, and the
number of LDs decreased as contraction was prevented by the window frame and alginate
outer shell (Figure 5.3.2C). Quantification of LD results was consistent with PPARy MFI
data.

To explain the rationale for this high adipogenic tendency in C group, adipogenic marker
gene expression profiles were analyzed in cells cultured both in AM and OM on days 3 and
7 (Figure 5.3.2D). Especially, the expression levels of CEBPA and PPARG, which are known
to be expressed in late adipogenesis, were significantly high in C-OM group on days 3 and 7
[49]. It seems that this unintended high expression of adipogenic marker genes induces
mature adipogenesis in ADSCs even in OM culture. The results established that the physical
strain induced by shrinkage of the hydrogel plays a predominant role in cell lineage beyond

the chemical differentiation induction by medium.
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Figure 5.3.1 Expression and localization of RUNX2 and PPARYy in ADSCs

(A) Immunofluorescence images of RUNX2 in ADSCs of C and CAF groups cultured in AM or OM.
RUNX2 proteins were localized in the nuclear area.

(B) Quantification of intranuclear localization of RUNX2 protein depending on the gel composition
and the type of media on day 7 (n = 28).

(C) Immunofluorescence images of PPARy in ADSCs of C and CAF groups cultured in AM or OM.
(D) Quantification of mean fluorescence intensity (MFI) of PPARY protein depending on the gel
composition and the type of media on day 7. MFI was measured in the nuclear area. All values were

normalized with the mean value of CAF-OM (n = 22).
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Figure 5.3.2 Comparison of adipogenesis of ADSCs depending on contraction

(A, B) Comparison of the LD deposition of ADSCs in C and CAF groups. (A) LDs were stained by
BODIPY (green) in fluorescence image and Oil red O (pinky red) in bright field images. (B) Low
magnification images of LD deposition in CAF group on day 14.

(C) Quantification of Oil red O-stained LD. All values were normalized with the mean value of CAF-
OM group. The p values between all groups were < 0.005 (n = 3).

(D) The qRT-PCR results of C group’s adipogenic marker genes on days 3 and 7. All values were
normalized with the gene expression profile of non-differentiated ADSCs. Unless noted otherwise in

graph, p value < 0.005 (n =4).
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5.4 Difference of YAP intranuclear localization between C and CAF groups

The cell differentiation induced by interaction with physical factors in the external
environment 1is called mechanotransduction. The key regulator proteins of
mechanotransduction include the Yes-associated protein (Y AP)/transcriptional coactivator
with PDZ-binding motif (TAZ). In general, cell shape, rigidity of ECM, and cell-ECM
interaction promote osteogenesis and suppress adipogenesis. In this environment, YAP/TAZ
enters the nucleus in stem cells and regulates downstream pathways to promote osteogenesis.
In the opposite situation, YAP/TAZ is localized in the cytosol, and adipogenesis is induced
[27, 29, 52].

I hypothesized that changes in the ADSC differentiation are determined by collagen
contraction based on the YAP/TAZ regulatory environment. The cells were cultured in a
hydrogel for 1 day and observed, because the YAP localization due to the physical stimulus
occurs within a few hours [53]. As mentioned above, the C group contracted significantly
within a day and the cell density per unit gel volume was higher than in the CAF group. To
exclude the effect of cell density, a low cell concentration group was included in the
experiments to meet the similar cell-cell distance compared to that of CAF group on day 1.
The cell concentrations in all groups except C-low group (125 cells/uL) were 500 cells/uL.
in the gel.

In the Z-stack images at day 1, the cell distributions in the C-Low group and CAF group
were almost similar (Figure 5.4.1A). Hydrogel contraction in the C-Low group was relatively
delayed than in C-High, but not inhibited. The hydrogel size in the C group was almost the

same since 48 h (Figure 5.4.1B and C)
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Figure 5.4.1 Effect of cell concentration on the cell distribution and hydrogel contraction

(A) Cell distribution in the hydrogel according to the cell concentration and the presence/absence

frame.

(B,C) Changes in size of C group with different cell densities over time. The initial gel contraction

of C-Low group was slow, but the final size of hydrogel reached the same level of C-High group after
48 h.
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Monitoring of the hydrogel centers at 24 h and 48 h with a confocal microscope revealed
the formation of a dense region of cell aggregates and a sparse region of cell network with a
specific gap in both C-High and C-Low (Figure 5.4.2A). In the dense region of C-High group,
most of the YAPs were localized in the cytosol on day 1 (Figure 5.4.2B). Cells adhered to
each other to form a large mass in a dense group, which may contribute to high cell-cell
interaction. The YAP localization was observed temporally in the C and CAF groups (Figure
5.4.2C). In C-High, cells spread completely at 16 h, and there was no noticeable change in
Y AP localization with time within each hydrogel group. However, the conspicuous nuclear
localization of YAP was observed in CAF group at 24 h and lasted up to 48 h, which is
indicated by white arrows.

To independently compare the effects of contraction on YAP localization between dense
and sparse regions, a quantitative analysis of the YAP localization in two regions of C, CF
and CAF groups was performed and compared separately. The Y AP intranuclear localization
increased as the contraction was prevented (Figure 5.4.3A). The CF group showed higher
intranuclear localization tendency than the C-Low and C-High groups. Cells embedded in
CF hydrogels were dispersed without forming cell aggregate-like dense regions in the C
group (data not shown). As investigated earlier in CF group, the vertical contraction tends to
occur in the center than at the fixed edge of the gel. To compare the effect of this heterologous
structure, the outer portion within 500 pm from the frame was defined as the CF-edge, and
the inner was defined as the CF-center. The intranuclear localization was higher at the edge
than at the gel center. However, the YAP intranuclear localization ratio of CF was
significantly lower than in the CAF group. The result that the localization of Y AP was higher
in the group that prevented contraction was consistent with the low levels of adipogenesis.
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Based on results in Figure 5.4.2C, YAP localization in scattered cells over time was
compared (Figure 5.4.3B). The localization ratio in C groups at the sparse region was higher
than in the dense region regardless of cell concentration. The ratio of YAP localization at 24
h and 48 h in CAF was significantly higher than in C-High groups but there were no
significant temporal variation in all groups.

The difference in YAP localization between C-dense and CAF can be explained by the
differences in cell-cell interaction. However, the difference of YAP localization between
scattered cells in C-sparse, CF, and CAF groups was associated with cell strain and cell
contractile force. The cell contractile force and the ECM resisting tension interact and
reinforce each other [54, 55]. However, in the freely contracting hydrogel, the cells become
close as the cells pull the collagen fibers and the ECM resisting tension does not increase
with cell pulling. The cell contractile force does not increase accordingly, and eventually

cells get closer to form a cell aggregate.
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Figure 5.4.2 YAP localization and cell distribution depending on the region, time, and cell

density

(A) Heterogeneous cell distribution in C group regardless of cell density. Cellular aggregates were
observed at the center indicated as ‘dense’ region, and single cell populations were observed at the
edge of hydrogel indicated as ‘sparse’ region.

(B) YAP localization of dense region in C-High group mainly distributed in cytosol on day 1.

(C) Changes in cellular YAP distribution with single cell population over time. Cells were observed
in the sparse region of C-High and C-Low groups. White arrows indicate YAP nuclear localization

in cells observed in CAF group (24 h and 48 h).
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Figure 5.4.3 Intranuclear YAP localization ratio in ADSCs depending on the degree of

contraction and time

(A) Intranuclear localization ratio of YAP under different gel conditions on day 1. The ratio was
measured at the dense region in C group. In the CF group, cells located within 2 mm diameter were
classified as CF-center and those at the sparse region located in the outer area were classified as CF-
edge. Compared with the other groups, the CAF groups showed the highest YAP nuclear localization
ratio. Unless noted otherwise in the graph, p value < 0.005 (n = 26).

(B) Time-dependent intranuclear localization ratio of YAP in single cells in the sparse region. Images
based on Figure 5.4.2E were analyzed. The p values of groups were analyzed between 24 h and 48 h
(n =24 in C-High, n =23 in C-Low, and n = 29 in CAF).
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5.5 YAP intranuclear localization hindered by the inhibition of cell

contraction

To demonstrate the effect of the cell contractile force, cell contraction inhibitors were
used and the cellular Y AP localization in C-sparse and CAF was compared. It is known that
the contractile force of the cell cannot be transferred to the nucleus when cells are treated
with a cell contraction inhibitor, Y27632 (ROCKi; Rho-associated coiled-coil containing
protein kinase inhibitor) and blebbistatin (Bleb; myosin II ATPase inhibitor) [32, 33, 55, 56].
The Day 0+ group was treated with inhibitors since the cells were embedded in hydrogel,
and the Day 1+ group was cultured in OM for 1 day, followed by treatment with the inhibitor
for 3 h (Figure 5.5.1A). Unlike Day 0+ group, the hydrogel contraction and cell spread
progressed normally and only the process of cell strain transfer to the nuclear membrane was
blocked in the Day 1+ group (Figure 5.5.1B).

Bleb blocked the collagen contraction more effectively than ROCKi and prevented cell
spread, especially in the C group (Figure 5.5.1C, Figure 5.5.2A and B). In the C group, the
localization of YAP into the nucleus was generally decreased following inhibitor treatment
compared with the C-normal group, but the YAP intranuclear localization ratio was
exceptionally high in the C Bleb day 0+ group (Figure 5.5.2C). It is interesting to note that
this result was obtained when mechanotransduction factors contributing to YAP localization,
such as cell spread and cell-ECM strain, were blocked. Following the overall decrease of
ratio with inhibitor treatment, the major factors affecting Y AP localization of cells in the C-
sparse and CAF groups were cell contractile forces to hydrogel strain. In comparison, among

CAF groups, the YAP localization ratio was reduced by treating ROCKi and Bleb. In the
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CAF ROCKIi Day 1+ group, the decline in ratio was relatively small compared with other
inhibitor groups, probably because ROCKi could not completely inhibit the cellular

contractile force as much as Bleb (Figure 5.5.2A).
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Figure 5.5.1 Effect of cell contraction inhibitor on cell morphology

In C group, only sparse region was analyzed. The cell contractile force in ADSCs was prevented with

two inhibitors (10 uM ROCKi and 20 pM Bleb).

(A) Group design used in cell contractile inhibitor experiment. Normal indicates cells cultured
without inhibitor. The Day 0+ group indicates the addition of inhibitors to the media immediately
after embedding cells in the gel and the Day 1+ group represents cell treatment with inhibitors for 3
h after 24 h incubation of cells in the gel. All groups were analyzed at 27 h.

(B) Schematic of the changes in cell morphology and contractile force by inhibitors depending on the
group. In Day 0+ group, cell spread, hydrogel contraction, and cell contractile force transfer are
expected to be inhibited, while only cell contractile force transferred to the nucleus is expected to be
inhibited in Day 1+ group.

(D) Immunofluorescence images of YAP localization affected by cell contraction inhibitors. In both
Day 0+ and Day 1+ groups, inhibitors prevented the cell contractile force transfer and YAP nuclear

localization was also prevented in both C and CAF groups.
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Figure 5.5.2 Effect of inhibiting cell contractile force on cell behavior

(A) Effect of cell contraction inhibitors on hydrogel contraction. The final hydrogel size was
compared with the original hydrogel size (100%).

(B) Effect of cell contraction inhibitor on cell spread in the hydrogel. Cell spread in CAF group was
hindered when cells were treated with inhibitors. The p values were calculated between control (c)
and each group. (n = 24)

(C) Intranuclear localization ratio of YAP in cells according to cell contraction inhibitor. YAP
localization ratio decreased following inhibitor treatment. The p values were calculated between

control (¢) and each group. (n = 30)
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5.6. Conclusions

The shift in the balance of differentiation from adipogenesis to osteogenesis in
mesenchymal stem cells was observed under the environment where gel contraction was
prevented and confirmed that this phenomenon is closely associated with the
mechanotransduction based on YAP localization. In contracting collagen hydrogel, the
nuclear localization tendency of YAP was depressed compared to CAF, even when cell-cell
contact was excluded. It was confirmed whether activation of YAP in CAF was induced by
stronger cell contractile force through cell contraction inhibitor treatment. The development
of this contraction inhibition platform made it possible to investigate the influence of

regulation of cellular microenvironments.
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Chapter 6.

Inducing efficient adipogenesis
of human adipose tissue-derived mesenchymal stem cells

by delayed collagen hydrogel contraction
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Chapter 6. Inducing efficient adipogenesis of human adipose tissue-derived

mesenchymal stem cells by delayed collagen hydrogel contraction

6.1 Introduction

To understand the metabolic syndrome, the need for research on obesity and adipose tissue
is increasing. Obesity causes chronic inflammation, insulin resistance, ectopic fat storage,
and lipotoxicity. These metabolic problems are not caused by volume expansion of the
adipose tissue itself, but because there is no longer enough capacity to store excess nutrients.

Adipose tissue can increase in size in one of two ways under overnutrition: Hypertrophy
(increasing the size of existing adipocytes) or hyperplasia (forming new adipocytes through
differentiation of precursors) (Figure 6.1A). Although studies have focused on hypertrophy
based on the observation that the total number of adipocytes is conserved throughout life, it
has recently been shown that new adipocytes can emerge from long-term hypertrophic
conditions, contributing to adipose tissue expansion [57, 58]. In addition, the need to focus
on adipogenesis as a method to deal with metabolic diseases is suggested from the viewpoint
that the generation of new adipocytes can alleviate metabolic abnormalities. Also, interest in
adipogenesis is increasing from the viewpoint of alleviating metabolic syndrome through the
generation of new adipocytes in obese condition [59, 60].

Previous in vitro adipocyte studies have been mainly conducted in two-dimensional (2D)
culture platform using mouse preadipocyte cell lines including 3T3-L1, OP9, efc. Although

this approach induces homogeneous and highly reproducible differentiation into mature
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adipocyte and has advantages of simplicity, this approach has limitations in that differences
between mice and humans exist and it could not reproduce many events that observed in vivo.

Aim of this chapter was to mimic the adipogenesis environment of ADSCs in 3D using
collagen type I hydrogel. Although the specific mechanism of collagen type I has not been
elucidated, it plays an essential role in the early stage of adipogenesis [61, 62]. Previous
studies have focused on maintaining the adipocyte phenotype in collagen using human
preadipocyte cell lines or primary adipocytes. However, studying adipogenesis of human
MSC in collagen hydrogel is still challenging.

In this study, I showed that the adipogenesis of human ADSCs can be promoted by
delaying collagen contraction using a window frame. Collagen type I hydrogel tends to
contract within a few days by interaction with fibroblast-like cells including ADSCs.
Through this phenomenon, cell morphology was changed into round shape and cell-cell
interaction increased. ADSCs differentiated into mature adipocytes by delaying contraction
using a window frame, compared to naturally contracted hydrogel and spheroid (Figure 6.1B).
I suggest this human adipogenesis and mature adipocyte in vitro model as platform to study

adipose tissue physiology.
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Figure 6.1 Schematic illustration of adipose tissue expansion and experimental design

(A) Two ways of adipose tissue expansion in hyper-nutrition. Adipose tissue can increase its volume
by storing fat in the existing adipocyte (hypertrophy) and emergence of new adipocytes through
adipogenesis (hyperplasia).

(B) Schematic image of the study. The group C, in which culturing ADSCs on collagen hydrogel,
contracted continuously for a period of 14 days. In the CF group, in which the contraction was delayed
using a window frame, hydrogels were detached spontaneously within a few days and undergoes

rapid contraction.
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6.2 Effect of window frame on collagen only hydrogel compared with

spheroid

Requirements for adipogenesis discovered in 2D studies are the round shape of cell
morphology and the environment in which cell-cell contact overcomes cell-ECM interaction
[27, 63]. Cells cultured in collagen hydrogels naturally reach this environment. The spheroid
model is a system for making and culturing spherical aggregates using only cells, and a
widely used model in 3D differentiation experiments including the embryonic body [64, 65].
ADSC:s cultured in collagen hydrogel was compared with spheroid model.

It was confirmed over time how much the hydrogel contracted by ADSCs. (Figure 6.2.1A)
The contraction pattern of the hydrogel was significantly different depending on the presence
or absence of a frame. C group showed a convergence curve for continuous contraction. CF
group maintained the initial size of hydrogel until day 4 and was spontaneously detached
from the frame and contracted rapidly. The final sizes of C and CF hydrogels on day 14 were
similar.

Adipogenic marker gene expression levels were confirmed on days 1, 4, and 7 after
induction of adipogenic differentiation. (Figure 6.2.1B and C) CEBPB is early adipogenic
marker gene and PPARG is master regulator gene of adipogenesis [66, 67]. Both the C and
CF groups, the expression level of the marker gene increased with time, whereas the
expression level of sph group gradually decreased. In addition, the expression levels of the

CF group were significantly higher than that of spheroids and C on the day 4 and 7.

67



N
=3

c
~ 100 —o— CF
ne
o 804
' N
Day7  Day10 Day14 % 604
(o]
© 40
3
I 20_
0 T
1 4 7 10 14
Time (day)

B C

*kk
251 [MSph E = 4
.5 I:ICp o ¢
T 201 [WCF aex 3
> = =]

7 © O3
£ § £g
ke s
23 S
£% 2%
© T
© (0]

i i
0- 04
Day1 Day4 Day7 Day1 Day4 Day7

Figure 6.2.1 Effect of window frame on the collagen hydrogel contraction and adipogenic

marker gene expression level

(A) Hydrogel contraction process according to the time. The C group contracted continuously through
7 days and converged. The CF group maintained their size until the day 4, then separated from the
frame and drastically contracted. (n=10)

(B, C) Relative mRNA level of adipogenic marker gene of ADSCs cultured in 3D. All values were

normalized with each gene’s expression level of undifferentiated state of ADSCs. (n=3)
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To evaluate the maturation of adipocytes, Response of ADSCs to fatty acid stimulus was
analyzed. After 14 days of induction of adipogenesis, OA media was treated to induce fatty
acid accumulation in adipocytes and lipolysis was induced by isoproterenol, a f-adrenergic
agonist [68]. Groups were indicated as CTL (day 14), OA (day 21), and OA+ISO (day 22)
according to the observation time point. (Figure 6.2.2A)

LDs stained with BODIPY dye were observed before and after fatty acid stimulation. Only
a few cells in Sph formed LDs at day 14 (Figure 6.2.2B). Similarly, only a small number of
LDs were observed in C, and no change in size or number of LDs was observed in the CTL,
OA, and OA-+ISO groups for both Sph and C (Figure 6.2.2C). In CF, almost all cells formed
LDs, and it was observed that the size and quantity of LDs increased by fatty acid stimulus.
These results were also confirmed with the bright field images through Oil red O staining,

which stains the lipid to red color.
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Figure 6.2.2 Response of ADSCs cultured in spheroid, C, and CF to the fatty acid stimulus.

OA CTL

OA+ISO

(A) Schematic image of fatty acid stimulus experiment. Maturation of adipocyte was induced for 14
days and cells were treated with oleic acid (OA) for 7 days to induce fatty acid storage. And cells
were treated with isoproterenol (ISO) to induce lipolysis.

(B) LD formation of ADSCs cultured in Sph at day 14. Only a few cells had LDs and showed a
heterogeneous distribution.

(C) Effect of fatty acid stimulus on LD deposition of spheroid and collagen hydrogel. CTL group
indicates mature adipocyte at day 14. Samples were stained with BODIPY (left) and Oil red O (right).
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6.3 Effect of window frame on collagen-Matrigel IPN hydrogel

To identify whether this adipogenesis promoting effect is induced by the effect of the frame,
collagen type I with Matrigel IPN hydrogel was fabricated. Collagen type I make cells to
spread and feel strong tension due to long fiber structure. On the other hand, the main
components of Matrigel are laminin and collagen type I'V, which are relatively short in length
and have a structure that is easy to modify by cells [2, 14]. Because laminin and collagen
type IV are abundant in ECM of mature adipose tissue, Matrigel has been widely used in
researches to mimic the actual microenvironment of adipose tissue [69-71].

ADSCs were cultured in GM and AM in a hydrogel mixed with collagen type I and Matrigel
for a day (Figure 6.3.1A). When ADSCs were cultured with GM, the cells showed a spreading
tripod shape regardless of the hydrogel composition. However, ADSCs cultured with AM in
MF showed a round shape. When the adipogenic cocktail (contained in AM) is treated, the
cells receive signals that changes cell morphology to a round shape in 2D culture platform
[63]. It seems that this phenomenon occurred in Matrigel only hydrogel, which is relatively
easy to physically modify.

When observing the contraction pattern according to the presence or absence of a window
frame, the CM and CMF groups contracted slowly and compared to the collagen only
hydrogels (Figure 6.3.1B). the CMF group maintained its shape and size by the frame until

the day 4, and then spontaneously detached before the day 7 like in CF group.
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Figure 6.3.1 Effect of window frame on Collagen type I and Matrigel IPN hydrogel.

(A) Morphology of ADSCs depending on hydrogel composition and media at day 1. ADSCs cultured
in other groups spread and showed a tripod shape, whereas ADSCs cultured in MF and AM showed
relatively round shape.

(B) Hydrogel contraction process according to the time. The degree and speed of contraction were

relieved compared to collagen-only hydrogel. The CF group maintained their size until the day 4,
then separated from the frame before day 7. (n=10)
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Responses to fatty acid stimuli were observed with hydrogel including Matrigel as was done
with only collagen hydrogel. (Figure 6.3.2) Images of MF group were not compared because
hydrogels were torn from the center due to weak physical properties of Matrigel. Before and
after fatty acid stimulus, relatively more LDs were formed in CMF compared to the CM and

M groups. This result was also confirmed by Oil red O staining.
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Figure 6.3.2 Response of ADSCs cultured in CM, CMF, and M to the fatty acid stimulus. Effect
of fatty acid stimulus on LD deposition of collagen type I and Matrigel IPN hydrogel groups. Samples
were stained with BODIPY (left) and Oil red O (right).
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6.4 Increased lipid storage in the hydrogel fabricated within window

frames regardless of composition

For quantitative analysis, the amount of lipid per cell and the LD size distribution were
measured by image analysis. In accordance with the data presented in Figure 6.2.2 and 6.3.2,
the amount of lipid/cell was higher in CF and CMF groups than sph, C, and CM groups. And
Amount of lipid increased in OA condition and decreased again in OA+ISO condition. These
results indicate that ADSCs induced adipogenesis using frames are sufficiently mature to
actively respond to external fatty acid stimulus.

Adipocytes dynamically changes LD size and locularity according to the physiological
condition. Role of LDs are repositories of energy, fatty acids and sterols. Adipocytes
specialized for storage function can form large LDs, unlike ectopic fat formation due to the
high concentration of free fatty acids. Also, adipocytes actively remodel LDs in response to
external stimuli. To investigate that these changes occur on ADSCs, LD size distribution was
analyzed (Figure 6.4). In all groups, the ratio of large droplet (>5000 um?) increased in OA
condition and decreased again in OA+ISO condition. Both CF and CMF groups showed that
the proportion of larger LDs was higher compared with C and CM each, suggesting that the

presence of frames contributed to increasing both the total fat storage and LD size.
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Figure 6.4 Quantification of lipid deposition and LD changed by fatty acid stimulus.

(A) Quantitative data of the area of lipid per cell number (nuclei) in images observed by confocal
microscope. In CF and CMF, the amount of lipid increased by OA and decreased by ISO stimulus,
and the amount was relatively high in compared to other 3D culture groups. (n=4)

(B) Distribution of LD size graph. When the composition of the hydrogel was the same, the proportion
of larger LDs was higher in the hydrogel fabricated with frame (CF and CMF). The distributions of

all groups were changed according to the fatty acid stimulus. (n>80)
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6.5 Comparison between the conventional spheroid and the spheroid

expanded in hydrogel

To confirm whether this adipogenesis-promoting effect is simply due to the difference in
when the exposure timing to non-contracted collagen is, adipogenesis in the spheroid
expansion group was compared (Figure 6.5A). After forming spheroids in AM for 3 days,
spheroids were embedded in a hydrogel fabricated as same concentration and size with the
previous experiments. After inducing adipogenesis up to 14 days, LD formation was
confirmed by BODIPY staining. (Figure 6.5B) The ADSCs migrated from the spheroids and
were evenly distributed throughout the hydrogel. And the number of LDs formed or the
proportion of cells having LDs were lower than those of all the hydrogel groups identified
above. It was confirmed that late exposure to hydrogel could not induce the same promoting

adipogenesis effect.

77



A

AM
DO D3

=

Spheroid
formation

® Cell
Hydrogel

Figure 6.5 Ineffective late exposure of Sph to collagen on adipogenesis

AMM
D14

Expansion in
collagen hydrogel

Expansion

Expansion

(A) Schematic image of spheroid expansion in C and CM hydrogel. Sphs were embedded in the

hydrogel having same size and concentration of C and CM group.

(B) Confocal images of nuclei and lipid at day 14. ADSCs in expansion groups migrated from the

spheroids and were distributed throughout the hydrogel, and the observed LDs were not significantly

different from those of the spheroids.
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6.6 Conclusions

It was able to delay the natural contraction of the collagen-containing hydrogel by ADSCs
using the window frame. The expression of the adipogenic marker genes of ADSCs was
increased, and the proportion of cells having LDs increased when the frame was used. In
addition, ADSCs induced adipogenesis had lipid buffering ability in response to stimuli that
induce fatty acid accumulation and lipolysis. I suggest that this method as research tool to
study physiological event occur during adipogenesis of human ADSCs. Further study is

needed to identify specific mechanism of how window frame influences on adipogenesis.
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In vitro model of inflammation in obese adipose tissue using

human adipose tissue-derived mesenchymal stem cells
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Chapter 7. In vitro model of inflammation in obese adipose tissue using

human adipose tissue-derived mesenchymal stem cell

7.1 Introduction

One of the phenomena observed in adipose tissue in vivo but is not fully reproduced in
vitro is an interaction with inflammation. In the obese state, adipocytes become hypertrophy
and undergo hypoxia and necrosis due to excessive physical stress and a limited mass transfer,
which causes the influx of immune cells and chronic inflammation. The pro-inflammatory
cytokines secreted by adipocytes and macrophages induce insulin resistance and lipolysis
(Figure 7.1A). These steps synergistically lead to metabolic syndrome. When this
inflammatory situation was reproduced in vitro, and results showed that the differentiation of
adipocytes and lipid deposition were inhibited.

However, contradictory results have been reported in vivo (Figure 7.1B). Repeated LPS
injections into adipose tissue stimulate adipogenesis without affecting overall weight gain
[72]. When local inflammation occurs in adipose tissue, an increase in new adipogenesis, an
increase in lipid deposition, and a decrease in the amount of collagen in the tissue were
observed [73]. On the other hand, when signals of pro-inflammatory cytokines were
suppressed with RIDa/p, decreased weight gain, insulin resistance, and enhanced fibrosis
were observed in HFD [74]. Unlike the previous perspectives that inflammation was a just
side effect of obesity, it is suggested that inflammation is a process of remodeling adipose

tissue and increase the capacity to store excess lipid. These phenomena were not reproduced
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in 3D spheroid model composed only of cells [65]. It seems that these substantial differences
between in vitro and in vivo results are due to lack of cell-ECM interaction in vitro.

I focused on reproducing the events occurred in morbid obese tissue with in vitro model
proposed in this chapter. As mentioned above, a 3D culture model was fabricated in which
ADSCs were uniformly differentiated into mature adipocytes through the control of the
collagen hydrogel and contraction process. In addition, when excessive fatty acids and pro-
inflammatory cytokines were treated to induce a situation similar to that of obese inflamed
tissues, the overall lipid deposition increased. I propose that this human obese inflammation

model in vitro could be used for the study of human obesity and metabolic syndrome.
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7.2 Experimental design

Previously, it was confirmed that using the window frame can induce differentiation of
ADSCs into mature adipocytes in chapter 6. It was observed that ADSCs increased the
volume of the LDs and amount of deposited lipid by responding to the fatty stimulus (OA
medium). Here, pro-inflammatory cytokine stimulation (INF condition) was added and the
response of ADSCs was investigated (Figure 7.2). There are numerous pro-inflammatory
cytokines proved to be increased in pathological obesity, but among them, TNFa (tumor
necrosis factor o), IL-1B (interleukin-1B), and IL-6 (interleukin-6) was considered as
candidates. It was found that these cytokines increased their expression in both adipocytes
and macrophages of hypertrophy adipose tissue, and could induce insulin resistance at the
adipocyte level, inhibit adipogenesis, and induce lipolysis [75-78].

However, the effect of IL-6 on the development of insulin resistance is controversial, and
it is secreted from various tissues except adipose and macrophages and has wide impact
throughout the body, resulting in complex results. Also, conflicting conclusions were
reported in animal experiments focusing on the action of IL-6 on adipose tissue, so it was

excluded [79-81].
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7.3 Effect of excess lipid and pro-inflammatory cytokines on lipid

deposition and proliferation of ADSCs in 2D culture

As a control group, the effect of inflammation was analyzed in ADSCs cultured in 2D.
ADSCs were seeded in 96 wells at 20,000 each, and after 1 day they became confluent, and
then adipogenesis was induced. On day 21, the lipid deposition inside the cells was observed
by bright field microscope (Figure 7.3A). Bubble-like structure in cell referred to LDs stored
within the cell. In OA-CTL, the LD size increased in response to excess fatty acid. However,
both the sizes of the LDs and the area present were reduced in the INF conditions in AMM
and OA. LD size distribution was also confirmed by image analysis (Figure 7.3B). As
confirmed by the image, the sizes of LDs also decreased in the INF condition regardless of
the type of medium.

To compare the amount of lipid stored by the cells in the total sample, the number of cells
and the amount of total triglyceride in a sample were quantified (Figure 7.3C and 7.3D).
Amount of dsDNA was measured by lysing the entire mass except for the medium inside the
well. Compared to the number of cells seeded initially, the number of cells increased through
cell growth in all groups. Among them, the number of cells increased more when cells were
cultured in OA medium and in INF condition. This appears to be due to the effect of
promoting cell proliferation of pro-inflammatory cytokines, especially TNFa [82, 83].

As observed in the bright field image above, fat stores stored a greater amount of lipids
in OA media in response to a fatty acid stimulus, and lipid loss occurred in the INF condition.
Both AMM and OA decreased the total amount of triglyceride statistically significantly in

the INF condition. To determine the amount of stored lipid per cell number, the amount of
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triglyceride per sample divided by the number of cells was compared. (Figure 7.3E) As with
the results previously confirmed, the amount of fat decreased in the INF condition. Taken
together, these results indicate that when ADSCs were treated with pro-inflammatory
cytokines in 2d culture, the lipid stored in the cells was reduced overall, and the LD size was

reduced, which is likely due to lipolysis.
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Figure 7.3 Loss of intracellular triglyceride by pro-inflammatory cytokines in 2D culture.

(A) Brightfield images of ADSCs observed at day 21. Compared to CTL, the proportion of cells

having LDs was reduced in INF condition

(B) Distribution of LDs’ volume in ADSCs associated with pro-inflammatory cytokine. Proportion

of small size LDs increased in INF condition. (n>90)

(C) Number of cells in the sample analyzed by dsDNA quantification. The number of cells Initially

seeded per well was 20000. Cells proliferated more in INF condition. (n=3)

(D) Quantification of triglyceride in a sample. Total amount of triglyceride increased when cultured

in OA medium, while it decreased with INF condition. (n=3)

(E) Amount of triglyceride deposited by unit number of cells. (n=3)
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7.4 Effect of excess lipid and pro-inflammatory cytokines on lipid

deposition and proliferation of ADSCs in 3D culture

ADSCs were induced adipogenesis in collagen hydrogels prepared by the method
presented in Chapter 6. It was expected that the CF group which was sufficiently
differentiated into mature adipocytes, would reproduce the in vivo situation well. Additionally,
C group was compared to observe cell behaviors in which had a small proportion of lipid-
stored cells due to insufficient differentiation. As for ADSCs stimulated with OA and INF
until day 21, there were still lots of cells not having LDs in group C, similar to ADSCs
cultured for day 14 in chapter 6 (Figure 7.4.1A). On the other hand, in the CF group, LDs
were evenly formed in all conditions. When the size of the LDs in the CF group was analyzed,
overall larger LDs were formed than in 2D culture condition, and the ratio of medium size
(500-5000 pm®) LDs in the INF condition increased regardless of the type of medium. (Figure
7.4.1B) To analyze this change in detail, the distribution of all data was showed with Boxplot
(Figure 7.4.1C). In the INF condition, the LD size distribution ratio was not adjusted simply
because the number of medium-sized LDs (500~5000 um?) increased, but as the size of large
LDs (over 5000 um?) became smaller.

The amount of cell and deposited lipid deposition in the overall hydrogel were measured
in the same way as in 2D culture data. Cell proliferation rate was higher in INF condition,
similar to ADSCs cultured in 2D (Figure 7.4.2A). On the other hand, unlike in 2D, the total
amount of triglyceride increased statistically significantly in INF condition compared to CTL
except for C-AMM (Figure 7.4.2B). When compared as the amount of triglyceride per unit

cell number, the CF showed a decrease of triglyceride amount in the INF condition (Figure
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7.4.2C). Considering the result of LD size distribution, when pro-inflammatory cytokines
were treated in the CF group, it seems that the excess lipids were newly stored in the
proliferated cells and cells with small LDs, and more lipids could be deposited. This tendency
was observed more obviously in the environment where excess fatty acid was present by the

OA medium.
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Figure 7.4.1 LD formation and size distribution in ADSCs cultured in 3D.

(A) LD formation in ADSCs cultured in 3D at day 21. Green fluorescence indicates LDs stained by
BODIPY.

(B) LD size distribution at day 21 in CF group. In the INF condition, the proportion of LDs with a
volume in the range of 500~5000 pm? increased. (n>150)

(C) Box plot of LD size distribution in CF. All data points were showed next to box plot with kernel
smooth curves. Whiskers indicate 10% and 90% of distribution. Grey & marks indicate 5% and 95%.

Grey m marks in the boxes indicate mean values.
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Figure 7.4.2 Proliferation and lipid deposition associated with the treatment of pro-
inflammatory cytokines.

All p values were calculated respectively within the C group and within the CF group in each graph.

(A) Number of cells in the sample analyzed by dsDNA quantification. The number of cells Initially
seeded per well was 10000. Proliferation rate was higher in INF condition. In CF, the increase in cell
number was larger in INF condition than in C. (n=3)

(B) Quantification of triglyceride in a sample. In CF, both OA and INF condition increased the total
amount of triglyceride. (n=3)

(C) Amount of triglyceride deposited by unit number of cells. (n=3)
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7.5 Upregulation of pluripotency, proliferation, and lipid deposition-

related gene by pro-inflammatory cytokines

Quantitative qRT-PCR was performed to confirm these cell behaviors at the
transcriptional level. Expression of both pluripotency and proliferation markers SOX2 (SRY-
box transcription factor 2) and MYC (MYC proto-oncogene) and cell proliferation marker
CDK1 (cyclin dependent kinase 1) was analyzed (Figure 7.5A). When compared with the
expression of not differentiated ADSCs (relative fold induction=1), the expression levels of
SOX2 and MYC were similar or higher in all groups, and CDK was also OA-INF was higher
than 1. And in all groups, relative fold induction was higher than that of CTL in INF condition.

The expression of genes related to lipid deposition, CD36, a membrane protein that
mediates fatty acid import into cytosol, and GLUT4 (insulin-responsive glucose transporter
4), a glucose transport protein were analyzed (Figure 7.5B). The expression levels of these
genes were statistically higher in the INF condition, regardless of medium. This result was
consistent with the result that the number of cells and the amount of lipid deposition in the
CF confirmed earlier increased in the INF condition. However, it is contrary to the results of
previous studies that TNFa suppressed the expression of GLUT4 in 3T3-L1 cells cultured in
2D [84, 85]. It seems that sequential adipogenesis of ADSCs in 3D model contributed to

these different behaviors.
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Figure 7.5 Relative fold induction of pluripotency, proliferation, and lipid deposition-related
genes in CF group.

All values were normalized with expression level of each gene in not differentiated ADSCs.

(A) Expression levels of pluripotency and cell proliferation-related genes. (n=3)

(B) Expression levels of lipid deposition-related genes. (n=3)
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7.6 Conclusions

Conflicting results on inflammatory response in vitro have confused researchers,
although results have been reported that inflammation enables the expansion of adipose tissue
and restoration of lipid buffering ability. Using a human ADSCs 3D model, I found clue that
might explain what happens in vivo. Cell proliferation and lipid deposition were promoted
when there was cell-ECM interaction by collagen and an inflammatory response occurred.
As lipids were distributed to proliferated cells, the amount of lipid stored in single cells
decreased. Nevertheless, the adipose tissue expansion observed in vivo was reproduced with
the overall triglyceride storage increased. It is expected that this model can be used to study

obesity and metabolic syndrome in humans.
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Chapter 8. Overall discussion and further suggestions

It cannot be said without mentioning the effect of collagen on the reproduction of in vivo
microenvironment in vitro [2, 86]. Especially, the interaction between cells and collagen is
important for cells present in connective tissue, a tissue rich in collagen. The cell contractile
force and transmission of force to the collagen is natural phenomenon of fibroblast itself [5,
87]. In this thesis, I developed a method to control this contraction by applying an external
support to the collagen hydrogel culturing ADSCs. Active controlling the contraction process
enabled control of the differentiation of ADSCs.

In the chapter 4, a method to prevent contraction using a window frame and an alginate
outer shell was proposed. When these two methods were synergistically applied, the
shrinkage could be completely prevented in all directions, and the crosslinked alginate outer
shell was formed at the outside of hydrogel as intended through the sequential gelation step.
The internal physical properties were also similar to those of pure collagen. However, since
there is no in vitro gold standard that completely blocks contraction using pure collagen, the
effects of alginate present in the outer shell and non-crosslinked fibers in the inner shell could
not be fully confirmed.

In the chapter 5, the effect of collagen hydrogel shrinkage on adipogenesis and
osteogenesis of ADSCs was investigated. In the case of inhibiting the contraction (CAF
group), differentiation could proceed in the desired direction by the induction medium, but
in the case of freely contracting collagen hydrogel (C group), only adipogenesis proceeded

regardless of the induction medium. From a mechanotransduction point of view, exposure to
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more adhesive ligand and to a stiffer environment contribute to an osteogenesis-friendly
environment [27, 88]. When the distribution of cells and YAP localization [52, 89] inside the
shrinking collagen gel were analyzed, the cells not only form cell-cell contact (dense region)
in the process of pulling each other, but also single cells (sparse region) showed low YAP
intranuclear tendency. Inferred from these results, it seems that preventing the contraction
maintains the contractile force of the cell and the cell-ECM contact at a high level, and forms
an environment in which osteogenesis can proceed. Also, a phenomenon that cells exerting
a pulling force on the ECM to the neighboring cells increases the stiffness of the local ECM
would contribute to osteogenesis tendency in CAF group [90, 91]. Although these
observations were made at the single cell level, to further clarify the causal relationship, it is
necessary to follow-up the contractile process using tracking force microscope (TFM) [92].

In the chapter 6, when contraction of collagen was incompletely blocked using only the
window frame, adipogenesis could be induced in higher efficiency than in the freely
contracted collagen gel. When only window frames are used except for alginate, the gel
naturally separated from the frame within a few days and delayed contraction occurred. A
higher percentage of ADSCs were converted into adipocytes compared to collagen that had
contracted from the beginning, and cells were differentiated into mature adipocytes with lipid
buffering ability.

This is meaningful in that it induced differentiation with high efficiency under
microenvironment similar to the in vivo adipogenesis composed of collagen type I using
ADSCs. Although the effect of the window frame on the induction of adipogenesis was not
confirmed here, it is inferred that the growth of cell volume or the formation of G-actin may
have had an effect [63, 93]. Compared to the rapidly contracting hydrogel, the cells could
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sufficiently grow the cell volume during the stimulation of adipogenic induction, thus storing
more lipid. It has also been reported that G-actin, which is produced by the deconstruction of
F-actin in the cytoplasm, enables the action of PPARY as a transcription factor and induces
adipogenesis. The process of contracting after spreading sufficiently at the early stage might
have increased the total amount of G-actin.

In the chapter 7, an in vitro inflamed adipose tissue model was constructed. This model
reproduced the phenomenon of increasing lipid deposition while lipolysis was induced in the
inflammatory environment, which had not been reproduced in vitro, The differences from
existing studies using a preadipocyte cell line such as 3T3-L1 are, first, cell-ECM interaction
is provided. The degradation of collagen by MMP14 (matrix metalloproteinase) has been
reported as playing an important role in adipocyte differentiation and lipid deposition [62,
94]. In 2D culture, there is no restriction on the volumetric growth of cells, so the factors of
physical stress applied in morbid obesity and the process of ECM remodeling in response to
this environment are excluded in 2D. In addition, the construction of a 3D model using
ADSCs may also be the cause of eliciting a response to inflammation. It seems that few of
ADSCS remained in a fibroblast or preadipocyte state without undergoing differentiation,
and then actively proliferated by inflammatory stimulus and differentiated to a state capable
of storing new lipid. Alternatively, proliferation and differentiation could be promoted due to
dedifferentiation as cells received greater stress through collagen contraction and excess fatty
acid [95]. It is necessary to verify whether this process is reproduced in the preadipocyte cell
line in collagen hydrogel.

In this thesis, it was confirmed the effect of collagen contraction over time on the
differentiation of mesenchymal stem cells. Furthermore, by controlling the contraction
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process, it was possible to construct a complex physical environment by adding variable that
had not been controlled in previous studies performed in vitro. It seems that the approaches
and physical discoveries proposed in this study could help understanding the stem cells and

the stem cell niche.

100



NEV
>3 X
A LN

N\
|| - CD E>

X

Collagen
contraction

Polydopamine Adipogenesis Adipose tissue
coating model
NIV e — 1{%7
Alginate shell Osteogenesis

Figure 8.1 Schematic image of overview in thesis

101

A&l & i

—



Appendix

Application of osteoblast cell line-derived extracellular matrix

as osteoinductive biomaterial
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Appendix - Application of osteoblast cell line-derived extracellular matrix

as osteoinductive biomaterial

A.1 Introduction

Extracellular matrix (ECM) is a complex microenvironment surrounding cells. It consists
of secreted proteins, polysaccharides, growth factors and cytokine. It has been shown that the
ECM has different composition depending on the type of organs and tissues [96]. ECM plays
a critical role in various cellular behaviors such as adhesion, proliferation, migration, and
differentiation [97]. In addition, ECM has been evaluated as a functional biomaterial that can
provide naturally occurring microenvironment to cells. Therefore, numerous studies have
attempted to find a way to utilize ECM in tissue engineering and regenerative medicine [97-
102].

One of commercialized ECM biomaterials is a demineralized bone matrix (DBM), for
which cellular components and minerals are removed from the actual bone while only bone
ECM is left. The DBM contains various important components of the actual bone, including
collagen type I and bone-specific protein. Thus, it has very effective osteoconductivity and
osteoinductivity. Long-term clinical studies have demonstrated that DBM can promote bone
regeneration and fuse well with original bone tissue in vivo when it is implanted [103, 104].

Although the demand for real bone-derived DBM is increasing for patients with bone
defects, the supply of bone tissue is limited. In addition, DBM shows different clinical
performance depending on tissue donor’s age and health state [105, 106]. Moreover,

biomaterials including DBM derived from decellularized organs can be costly and time-
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consuming because sufficient inspection and sterilization process are required so that it will
not carry deadly infectious diseases such as Creutzfeldt-Jakob disease, SARS, and AIDS [107,
108]. These disadvantages of DBM have led to the development of inorganic materials such
as mineralized xenografts, hydroxyapatite, and polymers that can be produced with uniform
quality in factories to replace DBM. However, their therapeutic effects are not sufficient
enough to be used as substitutes for DBM [109].

To solve this problem, I aimed to develop ECM that could be obtained from cell line,
cultured in vitro. Such ECM has some advantages compared to organ-derived ECM or
chemically synthesized inorganic materials. First, ECM derived from a cell line can be
obtained in a uniform and controlled condition. Second, the process of removing cells and
sterilizing is much easier and faster than that for the actual bone. Actual bone contains not
only some other neighboring tissues such as fat and blood vessels, but also high content of
minerals. Thus, a decellularization of actual bone for clinical usage should proceed in strong
and toxic conditions. Furthermore, for this process, reagents are treated for a quite long time
ranging from several hours (h) to days [110-114]. On the contrary, the ECM produced by a
cell line is obtained in the form of a thin sheet without unnecessary tissue. It is also expected
to reduce the loss of important functional components due to mild treatment for
decellularization.

Most studies about cell-derived ECM have focused on stem cell-derived ECM. It has
been demonstrated that stem cells secrete their cell-lineage specific ECM when induced
differentiation [115-122]. MC3T3-El cell line was used in this study: preosteoblast cell line
obtained from mouse calvaria. This cell line can rapidly proliferate, differentiate into
osteoblast and secrete a large amount of collagen-based ECM [123, 124].
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Although MC3T3-E1 has a limitation of heterologous cell line, decellularized ECM can
be considered in clinical use. Because, if most cellular components are removed from ECM
graft, even heterologous ECM implants show low immune response [104, 125]. I investigated
MC3T3-E1 in this study because it is a widely used osteoblast model cell line and secrets
ECM abundantly [123, 124, 126, 127]. Compared to stem cells as an ECM source, MC3T3-
E1 has the advantages of low cost of culture, less quality distribution by passage dependency,
much faster and easier induction of differentiation into the bone, and high ECM yield.

A recent study has suggested the feasibility of using decellularized ECM (dECM)
secreted by MC3T3-E1 for bone regeneration [128, 129]. However, effects of pure ECM on
bone regeneration were unclear because MC3T3-E1 cells were cultured on a hybrid bio-
composite consisting of collagen gel and dECM in the experiment. In addition, the
assessment of dECM was performed only in in vitro studies.

In this study, the bone-specific efficacy of osteoblast-derived ECM was investigated. I
suggested a simple decellularization process for MC3T3-El to obtain pure dECM and
evaluated whether this dECM could be used as a biomaterial for bone regeneration in vivo.
First, the decellularization process for MC3T3-El1 was optimized. Second, the
osteoinductivity of the partially digested decellularized ECM (ddECM) was then evaluated
using human bone marrow-derived mesenchymal stem cells (hMSCs) in vitro. This ddECM
was compared with collagen type I to confirm the specific contribution to osteogenesis in
ddECM-embedded polyethylene glycol (PEG) scaffold. I found that MC3T3-E1 cell line-
derived ECM itself has the effect of promoting bone regeneration and differentiation, and

demonstrated its feasibility as a bone graft.
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A.2 Evaluation of decellularization and dECM digestion

To assess the feasibility of using MC3T3-E1 cell line-derived ECM for bone regeneration
in vitro and in vivo, a stepwise procedure was performed and validated as shown in Figure
A.2.1 First, ECM was produced and decellularized with various methods to optimize the
process for MC3T3-E1-derived ECM. hMSCs were cultured with ddECM in 3D in vitro to
investigate the osteoinductive effect of ddECM. At last, ddECM-hybrid scaffold was
implanted into a mouse calvaria defect model to determine its bone regeneration effect in
vitro.

A simple process that can be implemented in a laboratory to obtain pure ECM was
designed and optimized. First, I compared decellularization efficacy of freeze and thaw, TE
treatment, SDS treatment, and Triton X-100 treatment with various cycle numbers, time, and
concentrations (Table A.2 and Figure A.2.2A). These methods were commonly used in
decellularization [130-132]. Immediately after applying single step decellularization
procedures, eruption of cells was observed after DAPI staining and compared to the control.
Blurring of nuclear edge indicates demolition of both cellular membrane and intracellular
structure.

Results revealed that the freeze and thaw cycle method was almost ineffective because
stained nuclei maintained their own forms. On the contrary, cells were completely eliminated
after TE treatment for 4, 8, or 16 min and after treatment with 0.1% SDS. These experimental

conditions were not adopted in subsequent studies because ECM
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sheets completely lost their own structure. It was too liquefied to reconstruct a matrix (data
not shown). Regarding Triton X-100 treatment, cells treated with 0.01% Triton X-100 for 5
min appeared to be less stained, suggesting that this condition was insufficient for cell
permeabilization. Based on results of comparison, 0.1% Triton X-100 for 10 min, 1% Triton
X-100 for 5 min, 1% Triton X-100 for 10 min, 0.05% SDS for 5 min, and 0.05% SDS for 10
min were chosen among experimental groups for subsequent optimization of
decellularization.

To remove cells effectively and synergistically, combined pretreatment was attempted to
add TE pretreatment process prior to methods selected above. Trypsin is a proteolytic enzyme
that could cut specific amino acid sequence of the ECM. Nevertheless, TE was added to
detach cells as much as possible to increase decelullarization efficiency and prevent proteases
in cells from flowing out and damaging the ECM in second step. DAPI and H&E staining
were followed to confirm that cells were fully removed at all steps. After removing cells with
two different combined steps (TE+TritonX-100 or TE+SDS), DAPI staining revealed that
degrees of cell removal in all groups were similar (Figure A.2.2B, top). However, H&E
staining confirmed that the remaining blue fluorescence in DAPI staining result was not from
nuclei themselves (Figure A.2.2B, bottom). It appeared that exploded genomic DNA debris
congealed on the ECM. This was because staining of effluent genomic DNA debris clogged
within the ECM after disrupting cellular and nuclear membranes.

After additional washing with DDW for 1 hr, dsSDNA amount in dECM sheets was
measured by picogreen assay. Compared to the control, about 90% of dsDNA was removed
in all groups, showing no significant difference between experimental groups (Figure
A.2.2C). The amount of DNA debris is considered to be negligible for downstream
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applications to cell culture and tissue engineering compared to that in previous study [132].
As shown in Figure A.2.2, the mildest method was 0.25% TE for 1 min followed by 0.1%
Triton X-100 for 10 min. Thus, it was selected as the final optimized decellularization method.
Triton X-100 is preferred over SDS for treatment is because even a small amount of residual

SDS can be toxic to cells [133].

109



Concentration Time Detail
Freezing for 30 min at -80 °C and
thawing for 30 min at 37 °C.
g and DDW 1~6 cycles
thaw cycle
ECM sheets were vortexed 30 sec
and DDW was exchanged between
cycles.
ECM sheets were vortexed 30 sec
0.25% i 5 R in DDW after the step.
Trypsin-EDTA G . . .
Trypsin-EDTA min Left trypsin was inactivated by
20 mM CaCl; in DDW solution.
0.01% in PBS 5, 10 min ECM sheets were vortexed 30 sec
in DDW afier the step
Triton X-100 0.1% in PBS 5, 10 min
1% in PBS 5, 10 min
0.01% in PBS 5, 10 min ECM sheets were vortexed 30 sec
in DDW after the step
SDS 0.05% in PBS 5, 10 min
0.1% in PBS 5, 10 min

Table A.2 Detail processes of single-step decellularization method
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Figure A.2.2 Comparison of decellularization efficiency between decellularization methods.

(A) Evaluation of single step decellularization methods. DAPI staining shows outline of nuclei.
Destructive efficiency of each method was confirmed by investigating the blurring of the nuclear
edges.

(B) Evaluation of 2-steps decellularization methods. Amount of residual cells after 2-step
decllularization were quantitatively analyzed by DAPI and H&E staining. All of the samples were
exposed to the 0.25% TE for 1 minute first and chemically decellularized SDS or Triton X-100.
Samples were washed twice with DDW before staining. Nuclei of the control group were stained in
purple color, but the other groups were stained with bright pink, indicating collagen.

(C) quantification of dsDNA debris after 2-steps decellularization. ECM sheets were washed for 1

hour before measured by picogreen assay (n=>5).
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A.3. Osteoinductivity of dECM in 3D culture

dECM-hybrid scaffold was prepared by cryogel method with a modified procedure [134].
Concentrations of polyethylene glycol diacrylate (PEGDA; M.W. 3400; Alfa Aesar, 46497),
ammonium persulfate (APS; Sigma, A3678), and N,N,N,N-tetramethyl-ethylenediamine
(TEMED; Sigma, T9281) in all groups were the same (at 9.5% (w/v), 0.5% (w/v), and 0.25%
(W/v), respectively). Only the concentration of dECM was linearly changed. For example, in
the 0.12% ECM group, the concentration of dECM in the scaffold was 0.12% (w/v). All
reactants were dissolved in PBS at 4 °C. The reagents were mixed, and immediately added
to the mold to maintain the scaffold homogeneous structure, and the scaffold mixture was
polymerized overnight at -20 °C. Schematic procedure of fabrication and morphology of
scaffold is described in Figure A.3.1.

To clarify the osteoinductivity of the ddECM in scaffolds, expression levels of osteogenic
marker proteins OPN and OCN on day 14 were investigated by immunocytochemistry
(Figure A.3.2A and B). OPN and OCN are well-known osteogenic marker proteins. OPN
plays an important role in the mineralization of osteoblast [135]. OCN is upregulated at late
stage of bone differentiation and maturation [136]. Results showed that both marker proteins
were expressed in all samples. However, the higher the ECM concentration was, the higher
the OPN expression level was. OCN showed markedly higher expression levels in the group
containing ddECM than that in the group of scaffold without ECM. there was no discernable

difference of OCN expression level among 0.24% and 0.48% ECM group.
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Figure A.3.1 Preparation of ECM-embedded scaffold

(A) Scheme of scaffold preparation. Scaffold was produced with a cryogel method. Ice crystal was
formed between polymer and lyophilized to construct porous structure.

(B) Images of manufactured scaffolds.

(C) Phase contrast microscopic images of the scaffolds. Scaffolds were observed in wet condition

without cells. Translucent fibers observed in 0.24% and 0.48% ECM group were ECM fragments.
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Figure A.3.2 Osteogenesis of hMSCS cultured on 3D scaffolds.

(A) Immunostaining of osteogenic marker proteins expressed by hMSCs cultured on the scaffolds
with different ECM conconcentrations. Cells were cultured in the osteogenic medium for 14 days and

observed by confocal microscopy.
(B) Mean fluorescence intensity (MFI) of OPN and OCN expressions in hMSCs. Gray squares at the

center indicates mean value. All values were normalized with 0% ECM group.
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A.4 Bone regeneration in vivo

To verify the biological effect of ddECM-embedded scaffolds on bone regeneration in
vivo, the regenerated bone was observed in 4 mm-sized bone defect in mouse calvaria. This
size of defect was not naturally healed. After 8 weeks of ddECM scaffold implantation, new
bone formation was observed. In micro-CT images, white areas in black circle indicated
regenerated bone (Figure A.4A, top). In representative images, 0.24% and 0.48% ECM
groups showed considerable bone regeneration than the control group (0% ECM). These
micro-CT images were three-dimensionally reconstructed to quantify the volume of newly
regenerated bones (Figure A.4A, bottom). The percentage of regenerated bone volume to
total defect volume (BV/TV) was estimated for all groups. As ddECM content increased, the
volume of newly formed bones also increased. The level of bone regeneration increased to 2
folds in 0.24% ECM and 4 folds in 0.48% ECM, higher than that in the control. The
difference between experimental groups was statistically significant (p < 0.005). Histological
analysis was performed by H&E staining and Masson's trichrome staining to observe the
regenerated bone tissue (Figure A.4B and C). Normal bone at both ends which looked thick
could be obviously distinguished from the bone that originally had a defect in the middle. In
groups with ECM content of 0% and 0.24%, only a thin layer of collagen was formed (pink
in Figure A.4B and blue in Figure A.4C). However, in the group with ECM content of 0.48%,
anew collagen block with a thickness similar to intact bone was formed at bone defects. This
indicated that the promoted osteoid production in the 0.48% ECM scaffold group seemed to

accelerate mineralization.
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These results indicated that ddECM could promote osteogenesis and mineralization of
hMSCs both in vitro and in vivo. It means that growth factors and osteoinductive proteins are
intact and conserved in the ddECM. They will maintain their function activities even after
decellularization and digestion processes optimized by us. Research on which components
included in the ECM contribute to osteogenesis is still in its early stage, although it has been
revealed that small integrin-binding ligand and N-linked glycoproteins (SIBLING) play an
important role, which occupy a large part of ECM's non-collagenous proteins. These proteins
are essential for mineralization in bone. They are involved in the formation of hydroxyapatite
crystals through matrix vesicles in bone. They are also involved in the spread of minerals
into osteoids.[137, 138] Experimentally significant differences in the degree of
mineralization supported this hypothesis.

This study was meaningful in that it focused on evaluating the functionality of osteoblast
cell line-derived ECM itself. To ensure the feasibility of ddECM for clinical applications as
a replacement for conventional materials, comparative studies with DBM obtained from
actual bones is necessary. Furthermore, for the synergistic effects on bone regeneration, an
approach to fusion with a stiff material like titatnium to promote osteogenesis has been

suggested.
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Figure A.4 In vivo bone regeneration in mouse calvarial defect model.

Scaffolds with different ECM concentrations were implanted on the calvarial defect of mouse after
3-hour-incubation with 5%104 cells of hMSCs seeded. Cranial samples were harvested after 8 weeks
and then analyzed.

(A) micro-CT results of the calvaria. Regenerated bone in defect was measured by micro-CT. Black
circle indicates artificially generated 4 mm size defect and white area indicate regenerated bone (top).
The ratio of the regenerated bone volume to total defect volume (BV/TV) was analyzed from three-
dimensional reconstructed images (bottom, n=4).

(B,C) Histological images of cranial segments stained by H&E (B) and Masson’s trichrome (C),

respectively. Bright pink color in (B) and blue color in (C) indicates collagen.
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A.5 Conclusions

In summary, I developed an easy and simple decellularization method that could be used
in a laboratory scale to obtain pure ECM derived from osteoblast cell line compared to
general native tissue decellularization methods described in previous works. MC3T3-E1 cell-
derived ECM could efficiently promote osteogenesis of hMSCs both in vitro and in vivo.
Even after decellularization and digestion, significant osteogenic factors in the ECM were
intactly preserved with their functions. Cell line-derived ECM-hybrid scaffold was
manufactured with appropriate ratio of components, resulting in suitable-constructed
structure and pore size for bone regeneration. ECM embedded on the PEG scaffold enhanced
cell adhesion and osteogenesis of hMSCs. In animal experiments, the addition of ddECM
markedly promoted bone regeneration. Results confirmed that a mineralized mature bone
was formed. In conclusion, MC3T3-El cell-derived ECM can provide microphysiological
bone-specific microenvironment for stem cells. Therefore, osteoblast cell line-derived ECM
could be suggested as a new source of ECM used in tissue engineering and regenerative

medicine, which can be used as an alternative to natural ECM obtained from actual tissue.
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