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Chapter 1: General introduction

1. Introduction
In the present, tissue engineering has been developing to achieve novel material suitable for
treatment. The effective process to derive functional and practical tissue engineering is imitating
nature of the niche-like cellular microenvironment which consisted of cells interact with other cells,
extracellular matrix (ECM), and signaling system. This triad factor in cell niche interplay and control
cell microenvironment!. Thus, biomimetic materials are designed to create a natural niche-like cellular

microenvironment and introduce various advantages in tissue engineering (Fig 1).

One challenge in regenerative central nervous system (CNS) is to overcome the limit in
regeneration after injury in adult?. Many patients suffer from brain degenerative disease such as
Parkinson’s disease, Alzheimer’s disease, however, there are currently no clinical treatment for
damaged brain. Some researches demonstrated that some regenerative neuron remains in CNS, but the
non-permissive environment disrupted regeneration®. Understanding of factors which influence
neurite outgrowth is critical for development of therapeutics to promote CNS regeneration. Taken
together, creating biomaterial which enhance permissive environment in CNS regeneration can be
useful for understanding more in brain function, promoting neural regeneration, and modulating

disease processes.

Therefore, the aim of this thesis is to generate multi-functional ECMs providing proper
environments to differentiate neural-lineage cell for neural regeneration. Briefly to achieve this
proposed, the well-known neural cell-cell CAM, N-cadherin-derived sequence was fused to ECMs
and characterized for their capability to mimic N-cadherin in the neural differentiation. Another
neural CAMs, laminin-derived sequence was fused to ECMs and later the function was characterized
as substrate in astrocyte differentiation. Furthermore, bFGF were tethered to the ECM proteins for
induction of proliferation and differentiation of cells without addition of any soluble growth factors.
These all together are expected to create multi-functional ECMs which function as neural-like

environment in nervous system generation.



Chapter 1: General introduction
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Figure 1: The cell interactions, cell-to-cell, cell-to-extracellular matrix, and cell-to-signaling factor, in cellular
microenvironment.

Tissue engineering in central nervous system regeneration

Nervous system is subdivided into the central nervous system (CNS) and peripheral nervous
system (PNS). The CNS consisted of the brain and spinal cord, whereas the PNS is outside CNS and
functions to innervate muscle tissue for motor control when receive input from the environment®.
Neurons are the main functional element in nervous system and another important cellular component
in CNS is glial cells. The CNS composed of 4 types of glial cells: (i) astrocytes, (ii) oligodendrocytes,
(iii) ependyma, and (iv) microglial cells. Astrocytes are most abundant cell types in CNS and play

important roles in brain development®.

The critical point when brain injury occurs is the regeneration of injured central nervous

system (CNS) had extremely limited regenerative potential® ’. Surprisingly in the recent study, the
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capability to regrow in CNS was shown. This finding demonstrated that some regenerative neuron
remains in CNS, but the non-permissive environment disrupted regeneration. The discovery of neural
stem cells (NSCs) persist in the adult ventricular subventricular zone (SVZ) on the walls of lateral
ventricles and the dentate gyrus in the hippocampus®. The finding reveals that neurons are generated
throughout life. Therefore, the construction of synthetic biomaterial creating permissive environment

can induce the potential of endogenous NSCs to regenerate in brain injury.

The effective process to derive practical tissue engineering is mimicking niche-like
microenvironment, which consisted of cells, extracellular matrix, and signaling molecules, that are
brought into play through induce intracellular signaling. Here, the crucial interplay among cell, ECM,

and signaling molecules for neural regeneration are explained.

1.1 Cell-extracellular matrix interaction

The extracellular matrix (ECM) is a non-cellular component present within all tissues and
organs, and it determines the tissue’s physical properties such as morphogenesis, differentiation and
homeostasis®. The ECM is composed of macromolecules and produced locally by cells and in
different tissues is adapted to particular functional requirement. ECM interact with cells via cell
surface receptors binding and transmit signal across the cell membrane to cytoplasm. These signals
initiate the expression of specific genes which affect cell function. In biomaterial field, it is often
mimic characteristics of natural extracellular matrix to achieve desired cellular responsel?. Synthetic
biomaterials have been developing to over come some problem from natural source and introduce
novel materials for clinal application!. The deigned ECM must have the following functions*?;

Q) Cell binding ability to materials which can contribute to cell migration, proliferation,

differentiation
(ii) Suitable mechanical properties (elasticity, rigidity) are required variously depend on

cell types.
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(iii) ECM need to have biocompatibility and bioactivities which induce non-immunogenic
responses.

(iv) Biodegradability after injury site are repaired

Following these requirements, our laboratory use Elastin-like polypeptides (ELPS) as the structural

unit for designed biomaterials and fusion of CAMs for cell binding activity.

1.1.1 Elastin-like polypeptides (ELPs)

Elastin-like polypeptides (ELPs) are attractive for tissue engineering applications due to their
various properties and highly customizable. ELPs are tropoelastin-derived repetitive artificial
polypeptide which composed of pentapeptide VPGXG repeats exhibit an inverse temperature phase
transition®. (VPGXG), is the common use ELPs where X, can be any amino acid other than proline,

and n represents the number of repetitive sequence®.

In addition, ELPs can fuse with other non-ELP sequence without losing their function such as
viscoelasticity, hence other functional sequence such as cell adhesion molecule (CAMs) or bioactive
peptide sequence can be fused to either end or between ELPs. The addition of other functional
sequence can introduce complex functional ELPs®. These advantages of straightforward synthesis,
minimal cost, and ligand modification cannot readily be achieved when using full-length native

matrix proteins to functionalize material surface.

In my study, 12 repeats of Ala-Pro-Gly-Val-Gly-Val (APGVGV) motif (E) is used as a stable
structural unit which have hydrophobic adsorption property. Synthetic ELPs often lack of cell
attachment ability, hence the modification of ELPs with cell adhesion molecules (CAMS) or bioactive

sequence are required.

1.1.2 Cell adhesion molecules (CAMS)

Cell adhesion molecule (CAMS) are proteins located on the cell surface that mediate cell to
cell or cell to extracellular matrix interaction, which also have ability to transmit signal across the cell

membrane and directly activating intracellular signaling®®.
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CAMs can mainly divided into 4 groups;

0] Cadherins
(i) The integrin family
(iii)  Selectin

(iv) Immunoglobin (1g) superfamily of CAMs

In this study, CAMs-binding sequence, mainly binding to cadherins and integrin family,
which have ability to mediate signaling associated with a neurite outgrowth response were focused on

this research.

Q) Cadherins

Cadherins are a family of glycoproteins located on the cell surface involved in Ca?'-
dependent cell-to-cell or cell-to-ECM interaction® ", Cadherins can be divided into various cadherin-
subtype. In here, N-cadherin and E-cadherin in classical cadherin subtype which interplay in CNS

development were focused on this research?é.

N-cadherin and E-cadherin are in type | of classical cadherin and structure of both cadherin
consists of a unique cytoplasmic domain and 5 cadherin EC domains (EC1-EC5) in their extracellular
region (Fig 2). In the N-terminal cadherin repeat (EC1) domain, it contains a cell adhesion recognition
motif (HAV). N-cadherin and E-cadherin appear to be very similar at the high-resolution structural
level, and a similar Ca?* regulating mechanism; however, they are totally different in function. E-
cadherin and N-cadherin have an interplay function in embryonic and brain development. The
expression of E-cadherin is found in embryonic development. However, when neural differentiation
begins, E-cadherin expression is replaced by N-cadherin. According to various stem cells research
suggested that undifferentiated iPS cells binds to E-cadherin, on the other hand N-cadherin is detected

after neural differentiation® 2.

10
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N-cadherin mediates adhesion and has a role in neurite outgrowth. This function of N-
cadherin mediated via down-regulation of Rho-ROCK signaling, resulting in stimulation of neurite
outgrowth and expression of neural marker. RhoA is quanosin triphophase (GTPase) and active form
of RhoA induce effector protein ROCK signal. The cross-talk between RhoA and Racl could be
demonstrated that active form of RhoA induce ROCK signaling which phosphorylates myosin light
chain (MLC) phosphatase, resulting in cessation of neurite growth. In contrast of Rac1l, active Rac
signals to a serine-threonine kinase (PAK1) signal that inhibit MLC kinase, resulting in antagonistic
effects from active RhoA?" 22, Hence, N-cadherin exerts a neuritogenic effect in regulation of

proliferation and differentiation of neural progenitor cells during development?: 2425,

(i) Integrin family

Integrin are heterodimeric transmembrane receptors consisting of o and  subunits and the
pairing of these subunits dictates specificity for ligand. Integrins bind non-covalently to plasma
membrane of cells and extracellular matrix proteins such as laminin, fibronectin, and many other
molecules. Most of integrins-binding peptide bind to more than one integrin ligand and induce broad
specificity?® 2. Various integrin-binding peptides was synthesized and used in biomaterial

construction for enhance cell binding activity via integrin receptors?.

Some examples of well-known integrin-binding sequence are explained in following;

- Fibronectin-derived sequence (RGD)

The tripeptide Arginine-Glycine-Aspartic acid (RGD), well known integrin mediated cell binding
peptide, influences and regulates cell migration, proliferation, and differentiation. The RGD was
found in fibronectin which bound to asp: fibronectin receptor ligand, however, another protein which
assembled the fibronectin receptor could also be bound to other receptors such as found in laminin,
vitronectin, and collagens®. RGD peptide can bind to multiple integrins such as; asp1, a8p1, avfq. 3 s,
6.8), and anpP3®’. Various researches use RGD sequence because of important roles in cell adhesion,
proliferation, migration, and differentiation®" 32 and also have ability in promoting neurites
extension3,

11
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- Laminin-derived sequence (IKVAV, YIGSR)

Laminin is large protein composed of three subunits, an a chain, a g chain and a y chain.
Many neural research showed that laminin enhances neurite outgrowth and migration. Ajioka et al.
succeeded in using of laminin-coating porous sponge for enhancement of neuroblast migration into
the injured cerebral cortex®4. Moreover, other research studies also confirmed the neurite outgrowth
and migration properties of laminin® 3¢, Therefore, laminin plays important functions in induction of
neural differentiation and promotion of neural regeneration. However, the bioavailability of laminin is
limited according batch-batch composition variation and cause in irreproducible result. Thus, the
application of synthetic peptide mimic natural extracellular matrix offers several advantages for

biomaterials®.

Laminin-derived sequence, which have ability to promote neurite outgrowth, have been
screened. Two laminin-derived sequences lle-Lys-Val-Ala-Val (IKVAV), and another pentapeptide
Try-lle-Gly-Ser-Arg (YIGSR), were found in active region of the a chain and in cysteine-rich region
of the B1 chain short arm, respectively. Whereas, Arg-Asn-lle-Ala-Glu-lle-Lys-Asp-lle
(RNIAEIIKD) was found in y chain®" % 3%, Recently, a short IKVAV sequence was conjugated to
polyethylene glycol (PEG)-hydrogels and succeeded in enhance NSC attachment, proliferation, and
directed NSC differentiation into neurons®. YIGSR and RNIAEIIKD were also evaluated their

functions in neurite outgrowth and shown their abilities*!42,

RGD
IKVAV
YIGSR
EC1
Cart EC2 ,
Ty Extracellular a B
binding site EC3 domain
EC5
Cell
membrane
Cytoplasmic
domain
Cadherins Integrins
Figure 2: Schematic drawing of CAMs; N-cadherin binding sequence can bind to cadherins
(left), and laminin-derived sequence can bind to integrins (right). 1y
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Different types of ECM interactions trigger cell responsiveness via diverse sensing
mechanisms and downstream signaling pathways. Nevertheless, the outcome, stem cell renewal or

differentiation, may be the same.

1.2 Cell-growth factor interaction

Growth factors are also important for regulation of cellular processes complexed with the
ECM, and they are indispensable for tissue engineering. Specific signal-transduction pathways in the
CNS control the differentiation of stem cell to generate neural progenitor and glial progenitor cells,
subsequently to grow mature cells, neurons, oligodendrocytes, and astrocytes, in brain. Thus, specific
cell type is controlled by specific signal-transduction*® for example basic fibroblast growth factor
(bFGF) cause the neural progenitor population to proliferate*. Epidermal growth factor (EGF)
cooperate with ciliary neurotrophic factor (CNTF) force glial progenitors towards astrocytic

differentiation.

Hence, proper growth factor has to be selected for creating targeted cell niche. However,
soluble growth factor which added to cell culture system is difficult to control their concentration due
to diffusion, cell uptake, and degradation. Therefore, a strategy to immobilize growth factors to

ECMs has been developed.

2.1 Strategies for immobilization of growth factors to ECMs

Strategies of tethering growth factors to ECMs have been developed by chemically or
genetically methods. For examples in chemically immobilization method, Radisic et al. succeeded
chemical-covalently immobilized vascular endothelial growth factor (VEGF) onto three-dimensional
porous collagen scaffold for enhanced proliferation®. In our laboratory, growth factors were
immobilized to ECMs using genetically engineering method. In those studies, growth factors were
tethered to ECMSs non-covalently by fusing helical peptides which forms coiled-coil structure to

growth factors (bFGF, EGF, VEGF) and ECMs, respectively*.

13
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1.3 Cell-cell interaction

Cell-cell interaction is the direct interaction between cell and its neighboring cell that play a

key role in multiple organization in tissue*. Cell-cell interaction in stem cells occurs through cell

adhesion molecules and gap junctions*.

In the CNS, not only neural cells play important roles in brain development, but also astrocyte

cells. Astrocytes play important roles in maintaining optimal environment for the normal development

and function of neurons including® **;

- Support the neural synapse formation during development, which is the main function of

neuron, and maintain synapse homeostasis.

- Supply energy in the form of lactate to neurons

- Form blood-brain barrier (BBB) which restricts the exchange of molecules between blood

and brain

- Play direct communication to neurons via neuroactive molecules, ...

14
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To understand the mechanism in neurological disease or neural regeneration, the construction of
biomaterial creating niche-like environment that can co-culturing both neurons and astrocytes have
been concerned. This will open new possibilities to be a useful tool for understanding of

neurodegenerative disease.

1.4 Objective
The main purpose of this study is to construct multi-functional biomimetic material for

creating permissive environment for neural-lineage differentiation.

To achieve the above objective, experiments were designed with the following specific

objectives:

1. Develop a method to immobilize bFGF to designed ECM using electrostatic interaction
between the basic domain of bFGF and the acidic domain of D20 in ERE-D20

2. Characterize E-/N-cadherin binding peptides (SWELYYPLRANL) ability to induce neural
differentiation from mouse iPS cells

3. Develop artificial ECM composed of various laminin-derived sequence (IKVAV and YIGSR)

as potential substrate in astrocyte differentiation

This study should shed light on the usefulness of multi-functional ECM for neural-lineage
differentiation. This would also lead to useful information for understanding more in CNS function

and promoting neural regeneration.

15
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2.1 Introduction

In the present, various tissue engineering materials have been researching because they offer
potential in consistent and rapid treatment, and improving the quality of life at a more affordable price. The
effective process to derive functional and practical tissue engineering is imitating nature of the cells.
Biological tissues consist of the cells, the extracellular matrix (ECM), and the signaling system (e.qg.,
growth factors, cytokines), which interplay and control cell microenvironments, known as ‘niches’t. The
ECM is non-cellular component present within all tissues and organs, and it determines the tissue’s

physical properties such as morphogenesis, differentiation and homeogenesis?.

ECMs material alone may be limited the function in tissue engineering, hence enriched with
signaling molecule such as growth factors could enhance potential of material. Growth factors are also
important for regulating of cellular processes complexed with the ECM, and they are indispensable for
tissue engineering?. Several techniques for construction ECM-growth factor complexes have been
investigated to increase the local concentration of growth factors and enhance activity of growth factor in
longer period. In many cases, growth factors are immobilized to ECMs or embedded in hydrogel for

delivery has been developed for stable releasing of growth factors to cells.

A mitogenic growth factor, basic fibroblast growth factor (bFGF) is well used growth factor for
tissue engineering because of their wide variety for cellular functions®. However, the half-life of bFGF in
vivo is short and also rapidly degraded when injected inside the body®. Additionally, when soluble growth
factors are added to the cells, it is difficult to control their local concentration due to cell uptake, diffusion,
and degradation®. To overcome this disadvantage, a strategy to immobilize growth factors to ECMs has

been promoted.

Recently, there is a range of available strategies for conjugating growth factors with different
substrate” & °. In our previous study, growth factors were noncovalently immobilized on genetically
engineered ECMs®? 1, The coiled-coil peptides were fused to both bFGF and ECMs for immobilization of
growth factor to ECMs. New strategies are continuously emerging but the need for developing and
optimized system still exists. Yamamoto et al. reported that bFGF has a highly basic amino acid domain

with isoelectric point (IEP) of 9.6 allowing it to directly interact electrostatically with the acidic region of
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another protein (IEP of 5.0)!2. Therefore, we focused to use the property of basic region of bFGF for

tethering to our designed ECMs via acidic domain.

For tethering of bFGF to our design ECM, a polyaspartic acid domain which consisted of 5
repeats of 4 aspartic acids and a serine, DDDDS (D20), was introduced to our designed artificial ECM,
ERE. As reported by Suzuki et. al, the fusion protein encoding D20 can form a complex with a cationic
polymer, polyethylenimine, by electrostatic interaction because the aspartic acid-rich domain is negatively
charged under physiological conditions®3 4, Here, ERE which constructed previously in our lab® was used
as our designed ECMs and fusion with D20. ERE which consisted of elastin-like polypeptide (E), 12
repeats of Ala-Pro-Gly-Val-Gla-Val (APGVGV) motif derived from elastin, as a structural unit and cell
adhesive RGD sequence?® as an active functional unit. The repeated APGVGYV sequence (E12) have a
highly hydrophobic property allowing this designed protein, ERE-D20, adsorb well onto the hydrophobic

surface of the plate!’.

bFGF

‘ proliferallon
fibroblast cell signal
A ——
adhesion signal
integrin D20
RGD g 5 acid-side
I E [ | E

| hydrophobic plate surface |

Figure 1: Schematic drawing of bFGF-tethered designed ECM through electrostatic interaction.
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In this study, bFGF-tethered ECM was developed to be alternative method in construct efficient
multi-functional ECMs which is a promising approach in tissue engineering. It was expected that bFGF
could be tethered to D20 domain fused to ERE (ERE-D20) by electrostatic interaction between the basic
domain of bFGF and the acidic domain of D20 in ERE-D20 (Fig. 1). Therefore, the capability in
electrostatic interaction between bFGF and ERE-D20 was investigated. In addition to evaluated cell
adhesion activity of ERE-D20, even fusion with D20 domain. Finally, the effect of immobilized bFGF to
ERE-D20 on cell proliferation activity was evaluated compared to soluble bFGF adding in cell culture

medium.

2.2. Materials and Methods

2.2.1 Plasmid construction

The plasmid pET32c-NHis-ERE constructed in our laboratory was digested with Nco | and Bgl |1
to obtain the ERE gene fragment'®. The plasmid pET32¢c-NHis-C2D20 encoded 5 repeats of 4 aspartic
acids and a serine, DDDDS (constructed as previously described)!4. The plasmid was digested with Nco |
and Bgl Il followed by insertion of the ERE gene fragment. The resulting plasmid for expression of ERE-

D20 protein in E.coli was hamed pET32c-NHis-ERE-D20.

2.2.2 Protein expression and purification

In this chapter, 3 types of plasmid were used, pET32¢c-NHis-E12, pET32c-NHis-EREY, and
PET32c-NHis-ERE-D20 for expression of E12, ERE, and ERE-D20, respectively. These 3 types of
plasmid were introduced into E.coli BL21 (DE3) competent cells by heat shock. Transformed E.coli cells
were cultured in Luria-Bertani (LB) media with ampicillin at 37°C. 1mM Isopropylthio-p-D-galactoside
(IPTG) was added after O.D. reached at 0.6 for induction of protein expression. After culture overnight at
30°C, cells were harvested by centrifugation and re-suspended in BugBuster Reagent (Novagen) in the
presence of Benzonase nuclease (Sigma-Aldrich). Re-suspended cells were rotated at 4°C for 30 min
followed by centrifugation. The supernatant was applied to His-Select Nickel Affinity Gel (Sigma-Aldrich)
followed by rotation at 4°C for 1 h. After washing with phosphate buffer (50 mM sodium phosphate, 300
mM NacCl, pH 8.0), proteins were eluted by phosphate buffer with 100 mM imidazole. The eluted protein
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solution was dialyzed using Slide-A-Lyzer Dialysis Cassettes (Pierce) against phosphate buffer saline
(PBS) to remove imidazole. The purified protein was analyzed by 15% sodium dodecyl sulfate
polyacrylamide gel electrophoresis (SDS-PAGE) and the protein concentration was measured using a BCA

assay kit (Pierce).

2.2.3 C3H10T1/2 cell culture

The murine fibroblast cell line C3H10T 1/2 cells, obtained from Riken Cell Bank, was cultured in
Dulbecco’s modified Eagle’s medium (DMEM) with 10% fetal bovine serum (FBS) and antibiotics (100

U/ml penicillin, 200 pg/ml streptomycin). Culture medium was changed every 2 days.

2.2.4 Adsorption of constructed protein on hydrophobic surface of plates.

These 3 types of protein, E12, ERE, and, ERE-D20, consisted of E12 motif which had a highly
hydrophobic property allowing these designed proteins adsorb onto the hydrophobic surface of the plate.
From this property, these proteins could be absorbed onto hydrophobic plate surface and could be detected
the saturated concentration of absorption by ELISA using anti-polyhistidine antibody. Solution of proteins
were added to 96-well suspension culture plate (Sumilon, MS-8096R) in varied concentration and
incubated for 2h at 37°C. Plates were washed with PBS-T (PBS including 0.05% Tween 20) followed by
blocking with Blocking One (Nacalai Tesque, Inc.) overnight at 4°C. After washing with PBS-T, anti-
polyhistidine antibody (Sigma-Aldrich) was added to the plate and incubated for 1 h at 37°C. After
washing with PBS-T again, anti-mouse 1gG peroxidase conjugate (Sigma-Aldrich) was added and
incubated for 1 h at 37°C. After washing with PBS-T, TMB peroxidase substrate (KPL, Inc.) was added to
the plate. Finally, 1 M HCI was added to stop the reaction and the absorbance at 450 nm was measured by

a microplate reader.

2.2.5 Cell adhesive ability of ERE-D20 on hydrophobic surface

Plates were prepared by added 1000 nM ERE or ERE-D20 on 24-well suspension culture plate
(Iwaki). Then, plates were washed 3 times before added cells. 8000 cells of C3H10T1/2 cells suspended in

Fibrolife Serum-Free Medium were added to the wells and cultured for 4h. After washing with PBS,
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attached cells were evaluated using cell counting-kit 8 (Dojindo) and the absorbance at 450 nm was

measured by a microplate reader.

2.2.6 Cell adhesion activity (RGD competition assay)

Cells were incubated with various soluble RGD peptide (Calbiochem) concentration (0, 1, 10, 20,
30 uM) at 37°C for 15 min before seeded on ERE and ERE-D20 coated 24-well hydrophobic plate (Iwaki)
and cultured for 4h. After washing with PBS, attached cells were evaluated with a cell counting-kit 8

(Dojindo).

2.2.7 Tethering of bFGF to ERE-D20 through electrostatic interaction

The interaction between ERE-D20 and bFGF was determined by ELISA using anti-bFGF
antibody. First, ERE and ERE-D20 were coated on 96-well suspension culture plates (Sumilon, MS-
8096R) and incubated for 2 h at 37°C. Then, wells were washed with PBS-T followed by blocking with
Blocking One at 4°C, overnight. After washing with PBS-T, 100 nM bFGF was added and incubate for 1 h
at 37°C. Next wells were washed three times with PBS-T before a solution of 1/1000 diluted rabbit anti-
bFGF antibody (Sigma-Aldrich) was added and incubated for 1 h at 37°C. Wells were washed again with
PBS-T, a solution of 1/1000 diluted anti-rabbit IgG-HRP (Jackson ImmunoResearch Inc.) was added and
incubated for 1 h at 37°C. After washing with PBS-T, TMB peroxidase substrate was added to the wells
and later 1M HCI was added to stop the reaction. The absorbance at 450 nm was measured by a microplate
reader (Fig 7A). The ability of various concentrations of recombinant bFGF tethered to ERE-D20 was also
tested. First, 1000 nM of ERE-D20 was coated on 96-well suspension plates (Sumilon, MS-8096R). After
blocking with Blocking One overnight, various concentrations of bFGF (0-10 uM) was added and

incubated for 1 h at 37°C. The detection assay was same as above.

2.2.8 Cell proliferation on bFGF-tethered ERE-D20

1000 nM of ERE-D20 was added onto a 24-well hydrophobic plate (Iwaki) for coating by
incubated 2 h at 37°C. After washing with PBS, 100 nM of recombinant bFGF (Sigma-Aldrich) was added
to the wells and the plate was incubate for 2 h at 37°C. After washing with PBS, C3H10T1/2 cells

suspended in Fibrolife Fibroblast Serum-Free Medium (Lifeline cell technology) without recombinant
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bFGF were added 8,000 cells/well and cultured. For negative control, non-coated and E12-coated plate
were used, while ERE- and fibronectin-coated plate were used as positive control. Cells was cultured on
negative and positive control plate using soluble bFGF-added medium. During culture, media were
changed every 2 days. The number of growth cells on day 1 and day 5 was evaluated using Cell Counting
Kit-8 (Dojindo molecular technologies, Inc.) and the absorbance at 450 nm was measured by microplate
reader. Additionally, from this experiment, the condition which bFGF was added and incubated on ERE-
D20 coated hydrophobic plate for 1 h at 37°C before tested was designated as “ERE-D20/bFGF”

condition.

2.2.9 Evaluation of immobilized-bFGF induce cell proliferation using FGFR inhibitor

A high affinity inhibitor for FGFR1, PD 173074, was used to detect whether cell proliferation was
promoted by immobilized-bFGF. Cells were incubated with or without 75 nM of FGFRL1 inhibitor, PD
173074, before transferred to ERE-D20/bFGF-coated hydrophobic plate (lwaki). Cells were cultured in
Fibrolife Fibroblast Serum-Free Medium (Lifeline cell technology) without recombinant bFGF and
medium was changed every 2 days. The number of cells on day 2 and day 4 was evaluated using Cell

Counting Kit-8.

2.2.10 Statistical Analysis

Values are given as mean value + standard deviation. Statistical analysis was performed by
independent two-sample t-test with equal valiances. Values of P < 0.05 were considered to be statistically

significant.
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2.3. Result and discussion

2.3.1 Design and expression of ERE-D20 protein

In this experiment, three different plasmids; pET32c-NHis-E12, pET32c-NHis-ERE, and pET32c-
NHis-ERE-D20 were used and for expression of proteins named as E12, ERE, and ERE-D20, respectively.
The plasmids, pET32¢-NHis-E12 and pET32¢-NHis-ERE were constructed previously in our laboratory?©.
The plasmid, pET32c-NHis-ERE(DDDDS)s for expression of designed extracellular matrix ERE-D20 was
genetically engineered from pET32c-NHis-ERE plasmid by insertion of gene fragment encoding 5 repeats
of 4 aspartic acids and serine. The aspartic rich tail in (DDDDS)s was negatively charged oligo peptide tail
in physiological condition which expected to tethering with basic rich domain of bFGF via electrostatic

interaction (ERE-D20).

To express E12, ERE, and ERE-D20 proteins, E.coli BL21 (DE3) was used as a host strain.

Protein expression was induced by addition 1 mM IPTG and cultured overnight at 30°C.

[]7 [] E12: (apcvGv)ee [] p20: (poDDS)s
[ ] HisTag [ ]r:roD

Figure 2: Plasmid construction of pET32c-NHis-E12, pET32c-NHis-ERE, and pET32c-NHis-
ERE-D20.

Expressed proteins were collected and purified from soluble fraction by nickel affinity gel using
His-Tag. The size of designed proteins was confirmed by SDS-PAGE (15% acrylamide) (Fig 3). The
molecular mass of E12, ERE, and ERE-D20 was 8.2 kDa, 15.3 kDa, and 18.3 kDa, respectively. Although,
the band of ERE in SDS-PAGE slightly larger than the expected molecular size from its calculated
molecular weight. This behavior has been previously reported for ELP-fused proteins due to the
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physicochemical characteristics of ELPs®®. However, the band of ERE-D20 appeared at nearly the
expected molecular size. It is suggested that the physicochemical characteristics of the ELPs were

cancelled by the negatively charged D20 domain.

M E12 ERE ERE-D20

E12 His Edl2
e
ERE His E12 R E12 20
= -.
a
=
ERE-D20 His E12 R ElD D20
10
D E12 : (APGVGV)12 |:| D20: (DDDDS)s -—

[ ]Rr:reD

Figure 3: Protein expression and purification. SDS-PAGE analysis of purified proteins was used to
confirmed the size of targeted proteins: E12 (8.2 kDa), ERE (15.3 kDa), ERE-D20 (18.3 kDa).

2.3.2 Adsorption of constructed protein on hydrophobic surface of plates.

These three-type of proteins, E12, ERE, ERE-D20 consisted of E12 motif which had a highly
hydrophobic property allowing these proteins absorbed on hydrophobic surface!’. Including His-tag at C-
terminal of proteins, the saturated concentration of each protein adsorbed on hydrophobic surface was
evaluated by ELISA using anti-polyhistidine antibody (Fig. 4). First, various concentration of E12, ERE,
and ERE-D20 (from 0 nM to 1250 nM) was coated onto 96-well hydrophobic plate and adsorbed proteins
were detected with an anti-polyhistidine antibody. The saturated concentrations of E12, ERE, and ERE-
D20 proteins adsorbed on hydrophobic plate surface were around 1000 nM. As shown in this result, the
adsorption of ERE-D20 was slightly lower than ERE. It would be caused by the hydrophilicity of D20
domain. However, it was shown that ERE-D20 maintained the ability to adsorb onto the hydrophobic

surface, even after fusion with D20.
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Figure 4: Adsorption of E12, ERE, and ERE-D20 on the hydrophobic surface of the plates. (A) Schematic
drawing of the detection of adsorbed-protein on hydrophobic plate by ELISA. (B) Various concentration of
designed protein was coated on the hydrophobic plate surface and saturated adsorption of proteins were
detected by ELISA assay. Errors bars showed the standard deviation of three independent measurements.

2.3.3 Cell adhesion activity of ERE-D20

RGD sequence was fused to our designed biomaterial as cell adhesive binding site. Therefore, to
test whether RGD sequence in ERE and also ERE-D20 could be functioned even fused with ELPs, RGD
competition assay was performed. A various soluble RGD peptides (GRGDSP) were mixed with 10T1/2
cells suspension in Fibrolife Serum-Free Medium for 15 min before transfer cells to ERE and ERE-D20
coated hydrophobic plate surface. After transferred and cultured for 4 h, attached cells were evaluated
using cell counting-kit 8 and the absorbance at 450 nm was measured by microplate reader. The result
showed in figure 5 that the cell adhesion on both ERE and ERE-D20 coated plate was inhibited by the

addition of soluble RGD peptide and the attachment of cells were decreasing depending on the RGD
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concentrations. This result suggested that RGD motif which fused in our designed materials, were effective

for cell adhesion.

% %k %k

% %k %k
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m ERE
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Figure 5: Inhibition effect of RGD on cell adhesive activity. Various concentration of RGD was
added and incubated with cells before transferred cells to ERE and ERE-D20 coated plate. Adhesive
cells were detected using CCK-8 assay. Statistically significant differences were indicated for
P <0.005 (***).

Cell adhesion activity (%)

2.3.4 Cell adhesion ability of ERE-D20 on hydrophobic surface

In our designed protein, ERE-D20, RGD sequence hold cell adhesion activity which could bind to
integrin receptor of cell membrane and from above experiment (2.3.3) also shown that RGD maintained
their ability, even fusion with D20. However, D20 was negatively charged domain and generally cell
membrane was highly charge negatively?®. Therefore, the effect of D20 on cell adhesion activity had to be

evaluated. Cells were seeded onto E12, ERE, ERE-D20, bFGF-tethered ERE-D20 (ERE-D20/bFGF,)
coated hydrophobic plate. Non-coated well was used as negative control and ‘RGD’ sequence was
originated from fibronectin, so fibronectin was used as positive control. After cultured for 4 h, attached
cells were detected by observed via light microscope (fig. 6B) and live cells which attached on the well
were detected by cell counting-kit 8 (Fig. 6A). The absorbance at 450 nm was measured using microplate

reader. Cells seeded on non-coated well could not attached and also on E12-coated well which means the
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function of E12 part in designed protein did not support cell binding activity. In contrast to cells seeded on
ERE, ERE-D20, ERE-D20/bFGF, and fibronectin showed cells were attached on the surface. Cells adhered
on ERE-D20 showed no significant difference to cell adhered on fibronectin. Therefore, these results
proved that ERE-D20 maintained cell adhesion activity, even after fusion with D20 domain. Additionally,
cells seeded on bFGF-tethered ERE-D20 showed similar cell adhesion activity as ERE-D20 alone, so

bFGF-tethered toERE-D20 was not cell binding obstacle.

% %k

* k%
(A) 0.45 - ok
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ERE-D20 ERE-D20/bFGF Fibronectin

Figure 6: Cell adhesive activity of ERE-D20. (A) Evaluation of cell adhesion on various material after incubation for
4h using CCK-8 assay. (B) Bright-field images of cell adhesion on various protein-coated surface at 4 h after seeded
cells. Scale bar = 500um. Statistically significant differences were indicated for P < 0.005 (***).
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2.3.5 Tethering of bFGF to ERE-D20 through electrostatic

The interaction between ERE-D20 and bFGF was evaluated by ELISA using anti-bFGF antibody.
First, to determine whether D20 domain would be interacted with bFGF. ERE and ERE-D20 were coated
on 96-well hydrophobic plate surface followed by addition of bFGF. After washing with PBS, remaining
bFGF-tethered on material was detected using anti-bFGF antibody (Fig. 7, A). As shown in Figure 7, B,
the absorbance measuried from bFGF-tethered ERE-D20 showed significant difference from ERE. It
meant bFGF was tethered to D20 domain of ERE-D20, whereas could not be tethered to ERE alone. This
result confirmed that bFGF bind to the D20 domain. Then, we evaluated the binding of varied bFGF
concentrations. Various concentration of bFGF (from 0 uM to 10 uM) was added onto 1000 nM ERE-D20
coated hydrophobic plate surface. After washing with PBS, the remaining bFGF-tethered to ERE-D20 was
detected using ELISA. The result in figure 7, C showed that the tethered bFGF increased in a
concentration-dependent manner and saturated at 2500 nM. However, 2500 nM of bFGF was excessive
concentration for active cell proliferation, so we decided to use 100 nM bFGF tethered to ERE-D20 in cell

proliferation assay.

Corresponding to study from Suzuki et al. which reported the fusion protein encoding D20 was
shown to form complex with polyethylenimine by electrostatic interaction'®, The calculated isoelectric
point of ERE-D20 and bFGF are approximately 3.9 and 9.6, respectively. Therefore, ERE-D20 should be
able to tether bFGF through electrostatic interaction under physiological condition. These results proved
that bFGF was tethered to ERE-D20 through electrostatic interaction between the basic domain of bFGF

and D20 of ERE-D20.
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Figure 7: Evaluation of bFGF tethered to ERE-D20. (A) Schematic drawing of bFGF-tethered ERE-D20
through electrostatic interaction was detected by ELISA using anti-bFGF antibody. (B) Specific binding
between basic domain of bFGF and negatively charged of D20 in ERE-D20. (C) Various concentrations
of bFGF tethered to ERE-D20 (1000 nM). Error bars show the standard deviations of three independent

measurements. Statistically significant differences were indicated for P < 0.005 (***).
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2.3.6 Cell proliferation on bFGF-tethered ERE-D20
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Figure 8: Cell proliferation assay. Cells were cultured on ERE-D20/bFGF coated hydrophobic
plate in Fibrolife Serum-free Medium. Cell proliferation was detected using CCK-8 assay at

To determine whether bFGF-tethered on ERE-D20 had any effect on 10T1/2 cells proliferation in

Fibrolife Serum-free Medium condition. The cell proliferation assay was showed in Fig. 8. First, the
surface of 24-well hydrophobic plate was coated with ERE-D20 following incubated with bFGF (ERE-
D20/bFGF) or without bFGF (only ERE-D20 coated well). After washing with PBS, 10T1/2 cells were

seed onto the plate and cultured in Fibrolife Serum-free Medium without addition of soluble bFGF in

medium. Non-coated wells were used as negative control. Cell proliferative activities were evaluated at 1

day and 5 days after seed cells using cell counting-kit 8 assay. As shown in Fig 9, there was significant

differences of cell numbers between ERE-D20 and ERE-D20/bFGF. Cells cultured onto ERE-D20 coated
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plate without tethered bFGF were attached on the well surface, but cell growth was scarcely observed after
5 days of culture. In contrast to ERE-D20 coated plate with tethered bFGF, cells were well attached on the
well surface and significant proliferation was observed at day 5 of culture. These significant differences

were caused immobilized bFGF, which tethered to ERE-D20 via electrostatic interaction.
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Figure 9: Induction of cell proliferation activities by cultured 10T1/2 cells on bFGF-tethered
ERE-D20. Cells were cultured on ERE-D20 with or without tethered bFGF for 1 day and 5
days. Error bars show the standard deviations of three independent measurements. Statistically
significant differences were indicated for P < 0.05 (*) and P < 0.005 (***).

After evaluation of cell proliferation on bFGF-tethered ERE-D20, the different effect between
immobilized bFGF and soluble bFGF on cell proliferation was determined. This experiment was evaluated
whether bFGF-tethered ERE-D20 (immobilized form) played the same or better effect on cell proliferation
as free form bFGF (soluble bFGF added in the medium). Cells were seeded onto the wells of 24-well
suspension culture plates coated with E12, ERE, ERE-D20/bFGF (bFGF-tethered to ERE-D20 before
seeded cells), and gelatin. Cells seeded on non-coated, E12, ERE, and gelatin, were cultured with external
soluble bFGF added in medium. However, cells seeded onto ERE-D20/bFGF was cultured in medium
without addition of soluble bFGF. The results of cell growth on various materials were evaluated at day 1
and day 5 using cell counting-kit 8. As shown in Figure 10, the result of cell growth on ERE-D20/bFGF
without addition of soluble bFGF in medium showed the no significant differences to cells cultured in

soluble bFGF-added medium on gelatin coated-plate. However, the growth of cells cultured on ERE-
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D20/bFGF showed significant difference to cells cultured on ERE in medium with soluble bFGF. From
these results, cells cultured on bFGF-tethered ERE-D20 were underwent proliferation without addition of

soluble bFGF and slightly better than addition of soluble bFGF in medium condition.
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Figure 10: Cell proliferation activity of bFGF-tethered ERE-D20 without addition of soluble
bFGF compared with soluble bFGF-added medium. 10T 1/2 cells were cultured on various
materials and gelatin used as positive control. Soluble bFGF was added in Fibrolife media except
ERE-D20/bFGF-coated plate. Cell proliferation was evaluated using CCK-8 at day 1 and day 5
after treated cells. Error bars show the standard deviation of three independent measurements.

Next, cell growth on ERE-D20 was compared to culture on fibronectin because RGD, cell binding
sequence which fused into ERE-D20, was originated from sequence in fibronectin. Cell proliferation assay
was done in the same way as previous experiment. Cells seeded on fibronectin coated plate were cultured
in medium with soluble bFGF, whereas cells seeded on ERE-D20 were cultured in medium without
soluble bFGF. The cell proliferative result was detected using cell counting kit-8 at day 5 after seeded cells
and the result showed in figure 11, A. Cells cultured on bFGF-tethered ERE-D20 without addition of
soluble bFGF showed similar number of cell growth compared to cells cultured on fibronectin with
addition of soluble bFGF. Corresponding to the cell counting-kit 8 assay, bright-field images (Fig. 11, B)
also showed the similar morphology of cells cultured in both conditions. It was suggested that immobilized
form of bFGF could enhance cell proliferation and retain their activities for longer period without addition

of external bFGF.
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Figure 11: Cell proliferation activities of bFGF-tethered ERE-D20 compared to fibronectin. Soluble bFGF was added
in Fibrolife media except ERE-D20/bFGF-coated plate. (A) cell proliferation was evaluated using CCK-8 at day 5 after
seeded cells. Error bars show the standard deviation of three independent measurements. (B) Representative images of
10T1/2 cells cultured on various protein-coated hydrophobic surface. was Scale bar 500 um. Statistically significant
differences were indicated for P < 0.005 (***).
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2.3.7 Evaluation of immobilized-bFGF induce cell proliferation using FGFR inhibitor

Finally, whether the immobilized bFGF enhanced the cell growth on ERE-D20/bFGF was
evaluated by using an inhibitor, PD173074, binds to FGF-receptorl (FGFR1) with high affinity21. Cells

were mixed with PD173074 for 15 min before seeding of cells onto ERE-D20/bFGF. Cells cultured on
ERE-D20/bFGF without treatment of FGFR inhibitor were used as control. Cell number was evaluated at
day 2 and day 4 using cell counting kit-8. As shown in figure 12, when cells were treated with FGFR
inhibitor before seeding onto ERE-D20/bFGF, cells could not grow well as same as cells without FGFR
inhibitor treatment. From this result suggested that bFGF which tethered to ERE-D20 enhanced 10T1/2
cells proliferation. Furthermore, to confirm whether immobilized-bFGF could promote cell proliferation
via the same signaling pathway as soluble bFGF, activation of MEK/ERK and JNK signaling pathways

should be evaluated with or without FGFR1 inhibitor using western blot analysis.
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Figure 12: The different in number of cell proliferation. (A) Schematic drawing of the experiment
evaluated bFGF-tethered ERE-D20 in cell proliferation effect using FGFR inhibitor. (B) Cells were
mixed with or without FGFR inhibitor before seeded on ERE-D20/bFGF and cell proliferation was
detected using CCK-8 assay. Error bars show the standard deviations of three independent
measurements. Statistically significant differences were indicated for P < 0.005 (***).

In addition to answer the mechanism of immobilized bFGF induced signaling pathway, whether
bind to the FGF receptor on cell membrane for active signaling pathway and endocytosis into cytoplasm or
retain binding FGF receptor and stimulate the signal continuously. Fluorescently labeled targeted growth
factor can be used for example, Rhodamine Red™-X, succinimidyl Ester have to be mixed with bFGF
before used. Therefore, fluorescently labeled-bFGF can be tracing in real time and showed the predictable

release characteristics. Furthermore, the bFGF released period have to be investigated.
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2.4 Conclusion
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Figure 13: Schematic drawing of bFGF-tethered design ECM, ERE-20, through electrostatic
interaction. Cell adhesion activity occurs via the interaction of RGD (R) sequence to integrin receptor
on cell surface. bFGF-tethered ERE-D20 also remain its ability to induce fibroblast cell proliferation

via FGF recentor.

In this study, it was shown that bFGF could be tethered to the designed extracellular matrix (ERE-
D20) via electrostatic interaction between the basic domain of bFGF and the acidic domain of ERE-D20.
Cell cultured on bFGF-tethered ERE-D20 were well attached on ERE-D20 and underwent proliferation
without addition of soluble bFGF. From these data, the tethering of bFGF to our design extracellular
matrix ERE-D20 via electrostatic interaction showed the alternative method to construct efficient multi-
functional ECMs which was simple, efficient, and easy-to-use because these method does not need
modification of growth factors. This immobilizing method could be applied to delivery of growth factors

in tissue engineering.
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3.1 Introduction

In the previous knowledge, the regeneration of injured central nervous system (CNS) had
extremely limited regenerative potential, while differ from peripheral nervous system (PNS) in adult
mammalian. PNS can regenerate and allow substantial functional recovery® 2. Surprisingly in the recent
study, the capability to regrow in CNS was shown. This finding demonstrated that some regenerative
neuron remains in CNS, but the non-permissive environment disrupted regeneration®. The inhibitors that
limit CNS regeneration had been shown to activate Rho family of small GTPase which interplayed
between activation of RhoA and suppression of Rac1* ° following by induction of neurite retraction. Many
researches were confirmed the antagonistic effects of RhoA/Racl in neural differentiation and shown the
notion that interfering RhoA activation and stimulated Rac1 activation enhance neural differentiation® "
Therefore, the discoveries of molecules which inactivates RhoA and activates Racl could be interesting

targets for supporting CNS regeneration.

E-/N-cadherin binding sequence (SWEYYPLRANL), called as ‘CBP’ in our experiment, Was
interesting target due to the functions of N-cadherin in neural differentiation. N-cadherin is a Ca?*-
dependent cell-cell adhesion molecules which found mostly during neural development in ventricular zone
of cortex. Absence of N-cadherin effects on the neural development in entire cortex®. As reported by
Haque and colleagues® that N-cadherin substrate mediated down-regulation of Rho-ROCK signaling,
resulting in stimulation of neurite outgrowth and expression of neural marker. Taken together, N-cadherin
exerts a neuritogenic effect in CNS development. In addition to neuritogenic effect, N- cadherin play a role
in selective adhesion. The possibility that N-cadherin was involved in neural recognition mechanism
because N-cadherin played a key role in neural attachment to other cells and found expressing in various
neural tissue'® 1%, E-/N-cadherin binding sequence (SWEYYPLRANL, CBP), was found by Devemy et
al.’? had the properties to binding both E- and N-cadherin/Fc chimeric proteins. Both E- and N-cadherin
existed in type I cadherin, thus similar in structure and could form heterotypic intercellular junctions?2.
However, the binding to E-cadherin/Fc chimeric protein was shown lesser affinity than the N-cadherin/Fc
chimeric protein. Therefore, CBP sequence was hypothesized to have both cell adhesive function and

induction of neural differentiation similar to N-cadherin.
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In this study, E-/N- cadherin binding peptide-based biomimetic ECMs were constructed and
characterized for their capability to mimic N-cadherin in the neural differentiation. The designed ECM
protein, ERE-CBP, was constructed in our previous study* which consisted of elastin-derived unit (E),
(APGVGV)12, as a stable structural unit and tripeptide cell adhesive RGD (R) integrin-binding sequence,
and E-/N- cadherin binding sequence, SWELYYPLRANL (CBP), as an active functional unit. Because of
both RGD sequence and SWELY YPLRANL was detectable in enhancing neural outgrowth during
embryogenesis development, therefore we hypothesized that RGD and N-cadherin binding sequence in our
designed protein ERE-CBP could enhance neural differentiation® 1%, Other designed ECM proteins, ERE
and E-CBP, were also used in this study to evaluate the effects of RGD and SWELYYPLRANL separately

on neural differentiation.

In this study, the substrate properties of designed ECM protein, E-CBP, was shown the effect of
cell adhesive activity on E13.5 mouse cortical cells. Then mouse iPS cells were used to confirmed cell
adhesive activity and the ability to promoted specific neural differentiation lineage without exogenous
neuro-inductive signals. Another benefit was that the synthesis of designed protein was relatively simple
and inexpensive due to the expression from Escherichia coli. Therefore, this study explores the potentials

of CBP peptide sequence (SWELYYPLRANL) for its ‘N-cadherin mimicking properties’.

Neurosphere = Neurons P

?
E12: (APGVGV)1, Signaling pathway
Elastin-like polypeptide
CBP: ‘SWELYYPLRANL' an

E-/N-cadherin binding
CBP

| E12 |
[ hydrophobic plate surface |

Figure 1: Schematic drawing of designed ECM. Hydrophobic elastin-like polypeptide (E12)
were fused with N-cadherin binding peptide (CBP) to construct design biomaterial E-CBP.
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3.2. Materials and Methods

3.2.1 Plasmid construction

Four different plasmids, pET32c-NHis-E12, pET32c-NHis-E12-RGD-E12, pET32¢c-NHis-E12-
RGD-E12-CBP, and pET32c-NHis-E12-CBP, were used in this experiment. Each plasmids were
constructed for designed ECM proteins, E12, ERE, ERE-DBP and E-CBP, respectively. Plasmid
construction protocols for pET32c-NHis-E12 and pET32¢c-NHis12-RGD-E12 have been described
elsewhere!®. Here, to prepare pET32c-NHis-E12-RGD-E12-CBP, and pET32c-NHis-E12-CBP, the
synthetic oligonucleotide encoding E-/N-cadherin common binding peptide (CBP) was introduced to the 3’
end of E12 sequence in pET32c-NHis-E12 and pET32c-NHis-E12-RGD-E12, respectively, by digested
with EcoR | (Takara) and Bgl 11 (Takara). Then CBP encoding DNA fragment containing BamH | and
EcoR I sites were ligated with digested pET32c-NHis-E12-CBP and pET32c-NHis-E12-RGD-E12-CBP

plasmidst4.

3.2.2 Protein expression and purification

The constructed four plasmids, pET32¢c-NHis-E12, pET32c-NHis-E12-R-E12, pET32¢c-NHis-
E12-CBP, and pET32c-NHis-E12-R-E12-CBP were transfected into E.coli BL21(DE3) competent cells for
expression of proteins. Transformed E.coli cells were cultured in Luria-Bertani (LB) medium containing
50 pg/ml ampicillin at 37°C until OD ~ 0.6. Protein expression was induced by addition of 1 mM
isopropyl B-D-1-thiogalactopyranoside (IPTG). Cells were cultured overnight at 30°C and harvested by
centrifugation and resuspended in BugBuster Reagent (Novagen) with Benzonase Nuclease (Sigma-
Aldrich). After 30 min rotation at RT, the sample was separated between supernatant (soluble fraction) and
inclusion bodies (insoluble fraction) by centrifugation. E12 and ERE proteins were collected from soluble

fraction, ERE-CBP and E-CBP proteins were collected from insoluble fraction.

From soluble fraction: the supernatant was applied to His-Select Nickel Affinity Gel (Sigma-Aldrich)

followed by incubation at 4°C for 1 h. After washing with phosphate buffer (50 mM sodium phosphate,
300 mM NacCl, pH 8.0), proteins were eluted by phosphate buffer with 100 mM imidazole. The resultant
protein solution was dialyzed using Slide-A-Lyzer Dialysis Cassettes (Pierce) against phosphate-buffered

saline (PBS).
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From insoluble fraction: After centrifugation for separation between soluble and insoluble fraction, soluble
fraction was discarded. Insoluble fraction was dissolved by addition of PBS with 8 M urea and rotated at
4°C for 1 h followed by, sonication for 20 min before addition to His-Select Nickel Affinity Gel (Sigma-
Aldrich). After rotation at 4°C for 1 h, phosphate buffer with 4 M Urea was used for washing gel. Protein
were eluted by 100 mM imidazole in phosphate buffer with 4 M Urea. The resultant protein solution was
dialyzed using Slide-A-Lyzer Dialysis Cassettes (Pierce) against PBS with 2 M Urea for 2 h and PBS with
0.5 M Urea for 2 h sequentially to decrease the concentration of urea in protein solution. Finally, protein

solution was dialysed with PBS overnight.

The purified protein was analyzed by 15% sodium dodecyl sulfate polyacrylamide gel

electrophoresis (SDS-PAGE) and the protein concentration was measured using BCA assay kit (Pierce).

3.2.3 Adsorption of constructed protein on hydrophobic plates.

These four types of protein consisted of E12 motif which had a highly hydrophobic property
allowing these targeted proteins adsorb onto the hydrophobic surface of the plate. From this property, these
proteins were added to 96-well suspension culture plate (Sumilon, MS-8096R) in varied concentrations
from 0 mM to 1000 mM and incubated for 1 h at 37°C. Plates were washed with PBS-0.05% Tween 20
(PBS-T) followed by addition of Blocking One reagent (Nacalai Tesque, Inc.) overnight at 4°C. After
washing with PBS-T, anti-polyhistidine antibody (Sigma-Aldrich) was added to the plate and incubated for
1 h at 37°C followed by washing with PBS-T again. Then, anti-mouse 1gG peroxidase conjugate (Sigma-
Aldrich) was added and incubated for 1h at 37°C. After washing with PBS-T, TMB peroxidase substrate
(KPL, Inc.) was added to the plate. Finally, 1M HCI was added to stop the reaction and the absorbance at

450 nm was measured by a microplate reader.

3.2.4 E13.5 cortical cell preparation and culture

Cortical cells were prepared from embryonic ICR mouse at E13.5 day. Cortex from 13.5 days of
embryo mouse brain was dissected and washed in DEP-C water. Then cortex was transferred 1.5 ml tube
and 50 pl trypsin was added and incubated at 37°C for 5-15 min (until cells were separated). Then, 50 pl
of trypsin inhibitor was added followed by addition of 50 pl of DNase I. After incubation at 37°C for 5

min, explanted media (include serum) 750 pl was added and pipetting to separate cells. Then cells were
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washed using 1% PBS. After washing, neural basal medium with 1% B27 supplement and pipetting to

separate cells before using in experiment.

For adhesion and neural differentiation experiment: After E13.5 cortical cells were singly
dissociated, cells were seeded at 106 cells per well on various protein-coated hydrophobic 24-well plate
culturing with Neural differentiation medium; NDM (Neurobasal® medium (NB, Gibco), 1% B-27®
supplement minus vitamin A (Gibco), and 1% GlutaMAX™ supplement (Gibco)). After transferred for 2
days, cell adhesive activity was evaluated using CCK-8 assay. For neural differentiation detection, cells

were culture until day 10.

3.2.5 mouse iPS cell culture.

Standard mouse iPSC line APS0002-iPS-MEF-Ng-178B-5 was used in this experiment. The
culture media for APS0002-iPS-MEF-Ng-178B-5 cell line was composed of DMEM (Wako)
supplemented with 15% fetal bovine serum (Hyclone, Thermo Scientific), 1% nonessential amino acids
(NEAA, Gibco), 0.1 mM 2-mercaptoethanol (Sigma), 1000 U/mL penicillin and 100 pg/mL streptomycin

(Gibco), and 1000 U/mL Leukemia inhibitory factor (LIF) (Wako).

Mouse iPS cells were cultured on MMC treated STO cells, where the later was used as feeder
layer. To prepared MMC treated STO cells, SNL76/7 (STO) cells were cultured on gelatin coated 10
dishes and when the confluency reached around 90%, 10 pug/mL of mitomycin C containing in DMEM
medium was added to the plates. After treatment for 3-4 h, plates were washed with PBS and the MMC
treated STO cells were trypsinized and collected. Therefore, before culturing miPS cells, MMC treated
STO cells were prepared. MMC treated STO cells were cultured on gelatin treated 60 mm dish at a density
108 cells/plate. One day after MMC treated STO cells seeded, miPS 10 cells were added to the plates and
the medium was changed to miPS cells culture medium. Cells were cultured in a humidified incubator with

5% CO, at 37°C for 3-4 days on feeder layer before further passage.
3.2.6 Induction of neural differentiation from miPS cells
miPS cells were cultured in suspension plate using basal differentiation medium (BDM) in the

absence of antidifferentiation factors such as LIF and feeder layer cells to form Embryoid bodies (EBs).
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EB is the multicellular three-dimension structure which mimic post-implantation embryonic tissues and
has the ability to differentiate into all three germ layers; ectoderm, mesoderm, endoderm *7- 8, Embryoid
bodies (EBs) were formed by culturing miPS cells at 5x10* cells/well in 6-well suspension culture plate
using basal differentiation media (BDM). BDM was composed of Glassgow Minimum Essential Medium
(GMEM, Wako), supplemented with 10% KSR (Gibco), 1 mM sodium pyruvate (Gibco), 1% nonessential
amino acids (Gibco), 0.1 mM 2-mercaptoethanol (Sigma), 1000 U/mL penicillin and 100 pg/mL
streptomycin (Gibco). Suspension plate was shaken with shaker in “T-motion’ to control cell shape and

size. BDM media was changed at day 3 of EBs formation.

After 5 days of EB formation, EBs was transferred to protein-coated non-treated 24-well plate
(Iwaki). To prepare protein-coated surface, non-treated 24 well plate was coated with each protein, 1000
nM E12, 1000 nM ERE, 1000 nM ERE-CBP and 750 nM E-CBP, 250 pl/well and incubated at 37°C for
1h. After incubation, protein-coated wells were washed with PBS before addition of cells. EBs were
transferred to protein-coated well (approximately 50 EBs per well) and cultured in Neural differentiation
medium (NDM) which composed of Neurobasal® medium (NB, Gibco), 1% B-27® supplement minus
vitamin A (Gibco), and 1% GlutaMAX™ supplement (Gibco). EBs were cultured for 10 days and medium

was changed every 3 days.

3.2.7 Immunostaining

Cells were fixed with 4% paraformaldehyde for 15 min at room temperature and then washed with
1% PBS 3 times followed by incubation with PBS including 0.2% Triton X for 3 min. After washed with
PBS 2 times, 1% bovine serum albumin (BSA) was added and incubated for 1h. Then primary antibody
was added to samples. In this experiment, neuron-specific B-111 tubulin antibody produced in mouse (R&D
Systems) for immature neuron staining and monoclonal anti-MAP2 antibody produced in mouse (Sigma-
Aldrich) for mature neuron staining were used as primary antibodies, respectively. Primary antibody was
diluted in 1% BSA in 1:500 ratio and incubated for 1h. After washed with PBS 3 times, secondary
antibody, Rabbit anti-mouse IgG Alexa Flour 568 (1:500, diluted in 1% BSA) and Hoechst 33258 solution
(1:2000, diluted in 1% BSA) were added and incubated for 1h, then washed with PBS 2 times. Finally,

samples were observed by using fluorescence microscopy.
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3.2.8 Quantitative PCR Analysis.

Total RNA was prepared using the RNeasy Mini kit (Qiagen, Valencia, CA) according to the
manufacturer’s instructions. Using 2.5 pg of total RNA in 20 pl reaction, cDNA was synthesized by using
SuperScript™ Il Reverse Transcriptase (Thermo Fisher) primed with oligo-dT according to the
manufacturers instruction. Quantitative real-time PCR was performed with the FastStart essential DNA
green master (Roche), which consisted of FastStart Taqg DNA polymerase and double-stranded DNA
specific SYBR green | dye, for product detection using LightCycler® Nano instrument (Roche) and the
data were analyzed by its software. Neuronal markers expression (Nestin, -111 tubulin, and MAP2) was
normalized against GAPDH expression of same sample. All reactions were done in duplicate. The primers

used in this experiment was listed in Table 1.

Table 1: List of primers using in quantitative PCR.

Primers Sequence (5°-37)
Forward ATCTTCTTGTGCAGTGCCAGCCSTCGTCCCG
GAPDH
Reverse AGTTGAGGTCAATGAAGGGGTCGTTGATGG
Forward GCTACATACAGGACTCTGCTG
Nestin
Reverse AAACTCTAGACTCACTGGATTCT
Forward AGCGATGAGCACGGCATAG
B-111 tubulin
Reverse CAGGTTCCAAGTCCACCAGA
Forward TCAGACTTCCACCGAGCAG
MAP2
Reverse AGGGGAAAGATCATGGCCC

3.2.9 Statistical Analysis. Values are given as mean value + standard deviation. Statistical analysis was
performed by independent two-sample t-test with equal valiances. Values of P < 0.05 were considered to

be statistically significant.
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3.3. Result and discussion

3.3.1 Design and expression of designed ECM proteins

Four different plasmids, pET32c-NHis-E12, pET32c-NHis-E12-RGD-E12, pET32¢c-NHis-E12-
CBP, and pET32c-NHis-E12-R-E12-CBP, were used in this experiment (Fig 2) and expressed E12, ERE,
E-CBP, and ERE-CBP proteins, respectively. These four plasmids were introduced into E.coli BL21(DE3)
as a host strain for protein expression that was induced by addition of IPTG 1mM and culture overnight at

30°C.

@‘ @

[[] 77 promoter  [] His-Tag [ ] cBP : SWELYYPLRANL : E-/N- cadherin binding
[] Amp [ ] E12: (APGVGV) 12 : Elastin-iike polypeptide || R:RGD :integrin binding peptide

Figure 2: Plasmid construction of pET32c-NHis-E12, pET32c-NHis-E12-R-E12, pET32c-NHis-E12-RGD-E12-
CBP, and pET32c-NHis-E12-CBP.

Expressed proteins were collected and purified by nickel affinity gel using His-Tag. E12 and ERE
proteins were purified from soluble fraction, whereas ERE-CBP and E-CBP protein were purified from
insoluble fraction. The size of designed proteins were confirmed by SDS-PAGE (15% acrylamide) (Fig 3).

The sizes of E12, ERE, ERE-CBP, and E-CBP were 8.2 kDa, 15.3 kDa, 17 kDa, and 11 kDa respectively.
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Figure 3: Protein expression and purification. SDS-PAGE analysis of purified proteins was used to confirmed the
size of targeted proteins: E12 (8.2 kDa), ERE (15.3 kDa), ERE-CBP (17 kDa), and E-CBP (11 kDa). Lane M is
molecular weight marker (kDa).

3.3.2 Absorption of constructed protein on the hydrophobic surface of the plate

The purpose of these ECMs construction due to testing the effect from functional parts in our
design ECMs whether differentiated mouse iPS cells towards neural lineages in vitro. To received this
purpose, these proteins were generated to be easily adsorbed on surface of hydrophobic plate. Therefore,

targeted sequence could be easily tested.

These four-type of proteins, E12, ERE, ERE-CBP, and E-CBP consisted of E12 motif which has a
highly hydrophobic property allowing these proteins absorbed on hydrophobic surface?®. Including His-tag
at C-terminal of proteins, the saturated-concentration of each protein absorbed on hydrophobic surface
could be detected by ELISA using anti-polyhistidine antibody. The saturated concentration of each
proteins was used for coating hydrophobic plate and tested the function of proteins. As shown in Fig 4, the
saturation concentration of ERE-CBP and E-CBP proteins absorbed on hydrophobic plate surface were
1000 nM and 750 nM, respectively. These was almost same as the saturation concentration of E12 and
ERE proteins shown in chapter 2. From these results, CBP peptide does not effect on the ability to adsorb

onto the hydrophobic surface.
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Figure 4: Adsorption of E12, ERE-CBP, and E-CBP on the hydrophobic surface of plate. Various
concentration of proteins was coated and detected by ELISA.

3.3.3 Effects of designed ECM proteins on E13.5 mouse cortical cells

Dissociated E13.5 mouse cortical cells were used to test the effects of designed ECM proteins

(ERE, ERE-CBP, and E-CBP) on cell adhesive and neural differentiation.

3.3.3.1 Cell adhesive activity of designed ECM proteins on E13.5 mouse cortical cells

E13.5 mouse cortical cells were seeded (108 cells per well) on various protein-coated hydrophobic
24-well plate (ERE, ERE-CBP, E-CBP were designed material, N-cadherin and laminin were used as
positive control). Cell adhesive activities were evaluated after 2 days culture using cell counting kit-8
(CCK-8) assay. Briefly, the principle of CCK-8 assay is that dehydrogenase activities in living cells
reduces tetrazolium salt contained in CCK-8 kit to give a yellow-color formazan dye which can be
detected the absorbance at 450 nm via microplate reader. Therefore, the production of yellow-color
formazan dye reflects the number of living cells.

From the result of cell adhesive activities on various materials (Fig 5) showed that cells could

adhere on all designed protein-coated plates. Especially, cell adhesive activity on E-CBP showed similar
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result as N-Cadherin. ERE showed similar cell adhesive activity as laminin. The RGD (R) part in ERE was
derived from laminin. Surprisingly, only CBP sequence alone (E-CBP) was enough for E13.5 cortical cell

binding. E-CBP showed almost same call adhesive activity on E13.5 cortical cell as N-cadherin.
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Figure 5: Cell adhesive activity of various materials on E13.5 mouse cortical cells. Cell
adhesive activities were evaluated using CCK-8 assay at day?2 after seeding cells.
Statistically significant differences were indicated for P < 0.005 (***), not significant (NS).

3.3.3.2 The effects of designed-proteins on neural differentiation from E13.5 mouse cortical
cells

Cortical cells from E13.5 mouse embryo was used to test whether designed material has the effect
on neural differentiation as same as N-cadherin. E13.5 mouse cortical cells were seeded 108 cells per well
on various protein-coated non-treated 24-well plate (ERE, ERE-CBP, E-CBP were designed material, N-
cadherin and laminin were used as positive control). After 6 days culture, cell morphology was observed
using bright field microscope. From bight-field images (Fig. 6A), cells cultured on ERE-CBP, E-CBP and
positive control, N-cadherin, showed similar cell morphologies. They showed neural-like single cells
spreading homogeneously. However, cells cultured on ERE-coated plate showed neurite outgrowth from
aggregated cells. From the cell morphology image on ERE-coated plate, we could distinguish that cell-

adhesive RGD sequence does not have strong cell-binding interaction with E13.5 cortical cells. It was
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similar to previous cell result (3.3.3.1) that ERE cell adhesive activity was ~40% less than E-CBP and N-
cadherin.

After 10 days culture, real time-PCR assay was performed to analyze neuronal-related RNA
expression. The expression of Nestin, neural progenitor cells marker, and -111 tubulin, early neurons
marker, were evaluated by real time-PCR. As shown in Fig. 6B, ERE-CBP and E-CBP had the effects on
the expression of Nestin and p-111 tubulin mRNAs from E13.5 cortical cells similar to N-cadherin, while
the cells cultured on ERE expressed Nestin and B-111 tubulin lower than cell cultured on N-cadherin.

By comparing the results among designed proteins in this study, E-CBP, which consisted of solely
E-/N-cadherin cell-binding sequence, showed similar results in both cell adhesive activity and effects on
neural differentiation as N-cadherin. In E13.5 cortical cells, the developing of postmitotic neurons was
noticeable in cortical plate region. According to N-cadherin binding site, which expressed in neural cells,
were highly detectable in E13.5 cortex, in contrast to decreasing in E-cadherin binding site, which usually
occurs in embryonic cells and disappeared in neural differentiating, suggest that cells from E13.5 was
differentiating to neural cells'® 8. From these facts, we could assume that E-CBP showed higher cell-
binding activity and effects on neural differentiation than other designed proteins via N-cadherin binding
site. Therefore, E-CBP was chosen as our effective designed protein in cell adhesive and neural-inductive
properties on cortical cells. Whereas E-CBP showed the similar effect on E13.5 cortical cells as N-
cadherin, it was difficult to conclude that E-CBP has effects on induction of neural differentiation because
E13.5 cortical cells had already determined their cell fate by some key factors that regulate specific
development stage?® 2% 22, Therefore, from these results E-CBP has the effect on cell adhesive activity as

N-cadherin, but could not be distinguished that E-CBP has the neural-inductive activity on E13.5 cells.
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Figure 6: Neural differentiation analysis of E13.5 cortical cells. (A) Cell morphology was observed by
light microscope at day 6 after cultured on protein-coated plate. Scale bar 500 um. (B) Real-time PCR
analysis of Nestin and B-111 tubulin expression after cultured on designed protein-coated plate for 10
davs. Statisticallv sianificant differences were indicated for P < 0.005 (***). not sianificant (NS).




Chapter 3: Construction of Biomimetic ECM for Neural Differentiation for Mouse Induced Pluripotent Stem Cells

To confirm neural-inductive effect of E-CBP, mouse iPS cells, pluripotent stem cells which could
be differentiated to all cell in 3 germ layers depends on inductive factor, were used in next experiments to
evaluate neural-inductive effects of E-CBP.

3.3.4 Neural Differentiation on E-CBP-coated plate from mouse iPS cells

For neural differentiation from miPS cells, embryoid bodies protocol was used to prepared neural
progenitor cells because undifferentiated iPS cells have low affinity to N-cadherin. Experiment design was
shown in Fig 7. Mouse iPS cells was cultured in suspension plate for formation of EBs before transfer on
designed proteins-coated plate. After 5 days culture in suspension plate for EB formation, EBs were
transferred onto protein-coated plate, E-CBP, E12 (as negative control), N-cadherin and laminin (as
positive control). EBs were cultured in NDM medium without addition growth factors for 10 days. Finally,

neural differentiation from EBs was evaluated by real-time PCR and immunostaining.

EB formation e Day -5
| |
Cells in suspension
Embryoid
body
EB transfer  mmpee= Day 0
TR
EBs adherent
ECM: ERE, ERE-CBP, E-CBP
Coated on hydrophobic plate surface
NDM
Neurons == Day 10 o |
Figure 7: Neuronal differentiation protocol. EBs were forming by cultured in suspension plate and
shaken plate in ‘T-motion’ for 5 days. Then transfer to protein-coated plate and culture for 10 days
in NDM medium.
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After 2 days EBs transfer onto protein-coated plate, the number of binding EBs were evaluated.
To calculate the binding EBs ratio, the number of binding EBs and total EBs were counted respectively.
EBs binding percentage on E12 coated plate which was used as negative control showed the lowest
binding ratio. The ratio was 5 times smaller than positive control. Therefore, EBs could bind non-
specifically on E12, but not significant. Compared to N-cadherin, E-CBP showed the almost same ratio of

binding EBs (Fig 8), so EBs could bind well onto E-CBP as N-cadherin.

After 3 days EB transfer, EBs converted to neuron were analyzed as neurite outgrowth from EBs
is one of the indicators for the initiation of differentiation. EBs which had neurite outgrowth was counted
as converted EBs. Fig 9 showed the conversion ratio of EBs. The results showed no significant differences
of EBs conversion ratio among E-CBP, N-cadherin, and laminin. The bright-field images (Fig. 9B) showed
the similar morphology of neurite outgrowth from EBs even cultured on different materials. To confirm
these observation, real-time PCR for evaluation of neural-related gene expression and immunostaining

were performed.
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Figure 8: EB binding percentage. After EBs was transferred onto protein coated plate and
culture for 2 days, binding EBs was counted compared with total EBs. Statistically significant
differences were indicated for P < 0.005 (***), not significant (NS).
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Figure 9: Cell conversion. (A) Cell conversion percentage. After EBs was transferred onto protein coated
plate and culture for 3 days, EBs which showed neurite outgrowth was counted compared with total EBs.
(B) Bright-field images of neurite outgrowth from EBs cultured on various materials at day 3. Scale bars:
200 um. Statically significant differences were indicated for P > 0.05 (Not significant, NS)

For real-time PCR analysis, total RNA was extracted from EBs after cultured on various material
for 10 days. The expression of various neural-related markers were evaluated such as, Nestin (neural
progenitor cell marker), 8-111 tubulin (early neural differentiation marker), MAP-2 (microtubule-associated
protein-2; neurons marker), and GAPDH for normalization of amount of cDNA. Nestin expression, EBs on
E-CBP was 2 times higher than EBs on N-cadherin, whereas, 3-111 tubulin expression from EBs on E-CBP
was little bit lower than EBs on N-cadherin. MAP-2 expression from E-CBP sample was 2 times higher

than N-cadherin sample. Taken together, the ratio of neural-related gene expression from E-CBP was
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related to N-cadherin (Fig 10A). Consequently, E-CBP and N-cadherin had neural inductive effect on
miPS cells.

For immunostaining, cells were fixed and stained with B-111 tubulin and MAP2 antibody after
cultured on various materials for 10 days (Fig 10B). Compared to EBs cultured on N-cadherin and laminin,
EBs cultured on E-CBP also showed neurite outgrowth morphology in bright-field image and stained with
B-111 tubulin and MAP2. From the immunostaining results, all neurite outgrowth from EBs which cultured
on various materials were stained with B-111 tubulin antibody and showed many bundles of neuron. The
staining result from MAP2 antibody also showed positive result. Less bundle of MAP2 positive neurons
were observed compared to B-111 tubulin result. According to real-time PCR result that B-111 tubulin
expression was higher than expression of MAP2. Therefore, EBs-derived neural cells from this protocol

were mostly immature neurons, however, increase in mature neurons can be generated using longer culture

period.
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Figure 10: Characterization of neural differentiation. (A) RNA expression from cells which cultured on protein-
coated plate was detected using real-time PCR. (B) Immunostaining assay. B-111 tubulin and MAP2 were used to
detected neural cells. Scale bar 500 um. Statistically significant differences were indicated for P < 0.005 (***), P >
0.05 (Not significant, NS).

From the results of real time PCR and immunostaining, it was clarified that E-CBP has the similar
effect in cell adhesion activity and neural differentiation as N-cadherin. To further characteristic E-CBP
neural-inductive mechanism, E-CBP have to be detected whether induce neural differentiation via
signaling pathway as N-cadherin. N-cadherin and Laminin have similar effect in cell adhesion and
induction of neural differentiation, while using different mechanism?. The function of N-cadherin induced
neural differentiation was observed when N-cadherin reduce neural precursor proliferation and induced
neural differentiation due to down-regulation of RhoA activity, while Racl, observed to promoted axonal
growth, was activated in cortical cells?* 2526, Whereas, Laminin induced neural differentiation via
MAPK/ERK signaling pathway?’- 28, Despite encouraging data that E-CBP could have cell adhesive
activity and neural differentiation on miPS cells, neural-induced signaling pathway had not analyzed yet.
One notion was E-CBP is supposed to induce neural differentiation via RhoA suppression and Racl

activation signaling pathway which can be detected using western blot analysis.

In this study, EB-derived differentiation protocol was used in neural differentiation protocol,
however, some undifferentiated miPS cells was retained inside EBs. Therefore, EBs cannot be converted to

homogeneous neuron population. To solve this problem, EBs will be dissociated as single cell before
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transferred onto E-CBP coated-plate. This is supposed to be better protocol for efficient neural
differentiation. Although it is still not completely clear in E-CBP function, SWELYYPLRANL (CBP)
sequence shown interesting point in neural differentiation which can be developing to be more effective

tools in advance.

3.4 Conclusion

In this study, it was proved that CBP, “SWELYYPLRANL” E-/N-cadherin binding sequence, has
neural conversion activity similar to their natural counterpart, N-cadherin. It is suggested that CBP can
function as an N-cadherin mimicking peptide for neuro-conversion. The engineered proteins constructed in
this study for regulating cellular functions would be useful biomaterials for various applications such as

regenerative medicine.

Neurosphere = Neurons

RhoA Racl
g °
E12: ‘(APGVGV)1) Signaling pathway
Elastin-like polypeptide
CBP: ‘SWELYYPLRANL' B ® N-cadherin
E-/N-cadherin binding receptor

CBP

| E12 |
| hydrophobic plate surface |

Figure 11: Schematic drawing of designed ECM. Hydrophobic elastin-like polypeptide (E12)
were fused with N-cadherin binding peptide (CBP) to construct design biomaterial E-CBP. E-
CBP has effect in neural differentiation on EBs-derived mouse iPS cells as N-cadherin.
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4.1 Introduction

In the present, regenerative central nervous system (CNS) is concerned to be challenged and
overcome the limited in regeneration after injury in adult'. An understanding of factors which influence
neurite outgrowth is critical for the development of therapeutics to promote CNS regeneration. In the past,
researches were biased in neural, but recently the important role from astrocyte in CNS was shown?.
Astrocytes are abundant cell types in CNS and play important roles in many essential complex functions,
such as maintain cellular homeostasis, supplies energy to neurons, and involving in neural synapse
formation, in the healthy CNS2. Therefore, understanding the functional roles of astrocyte in CNS in
normal and abnormal conditions could be the useful for understating more in brain function, promoting

neural regeneration, and modulating disease processes.

In chapter 3, the effects of our designed ECM (E-CBP) for neural differentiation from mouse iPS
cells were evaluated compared to N-cadherin and laminin. Addition to these results, we found interesting
result from real-time PCR. EBs on laminin showed the similar effects in neural differentiation on N-
cadherin, however EBs on laminin showed higher GFAP (astrocyte marker) expression compared to EBs
on N-cadherin (Fig 1). Therefore, laminin was expected to be suitable substrate for astrocyte
differentiation compared to N-cadherin. Moreover, other research also showed that laminin has ability to
enhance neurite outgrowth and migration* 5. However, the bioavailability of laminin is limited according
batch-batch composition variation and cause in irreproducible result. Thus, the application of synthetic

peptide mimic natural extracellular matrix offers several advantages for construction of biomaterials®.

Various cell adhesion molecules (CAMS) derived from laminin are known for their ability to bind
and induce differentiation of stem cells towards neural lineages’. Among these laminin-derived CAMs
sequence, pentapeptides, ‘IKVAV’ (Ile-Lys-Val-Ala-Val) found in laminin a-chain® ® and ‘YIGSR’ (Try-
lle-Gly-Ser-Arg)*? found in laminin B1-chain, were focused because of their activities for cell adhesion via

integrin, cell migration and enhancement of neural lineage.
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Figure 1: Real-time PCR analysis of differentiation to neural lineage. After 5 days culture in suspension plate for EB
formation, EBs were transferred onto material-coated plate. EBs were culture in NDM medium without addition
growth factors for 10 days. Then the result was evaluated by real-time PCR using GFAP marker. Statistically
significant differences were indicated for P < 0.005 (***).

In this study, designed ECM proteins containing laminin-derived CAMSs sequences, IKVAV and
YIGSR, were constructed for induction of astrocyte differentiation. The designed ECM consisted of
functional units; elastin-derived unit, (APGVGV)12 (E), as a stable structural unit and laminin-derived
CAMs, IKVAV (1) or/fand YIGSR (Y) sequence, as active functional units. Therefore, the designed ECM

proteins, El, EY, and EIEY, were hypothesized to recapitulate the complicated biological effects as natural

laminin.

Here, the substrate properties in cell adhesive activity of designed ECMs (El, EY, and EIEY) and

effects on astrocyte differentiation from mouse iPS cells were evaluated.

4.2 Materials and Methods

4.2.1 Plasmid construction

Four different plasmids, pET32c-NHis-E12, pET32c-NHis-E12-IKVAV, pET32¢c-NHis-E12-
YIGSR, pET32c-NHis-E12-IKVAV-E12-YIGSR, were used in this experiment. Each plasmids were
constructed for expression of designed ECM proteins, E12, El, EY, and EIEY, respectively. Plasmid
construction protocols for pET32c-NHis-E12 and pET32c-NHis-E12-IKVAV have been described

elsewhere!l 12,
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For construction of pET32c-NHis -YIGSR, the synthetic oligonucleotide encoding YIGSR (Table 1) was
introduced to the 3’ end of E12 sequence in pET32c-NHis-E12, by digested with EcoR | (Takara) and Bgl
Il (Takara). Then YIGSR encoding DNA fragment containing BamH | and EcoR 1 sites were ligated with

digested pET32¢c-NHis-E12-YIGSR.

For construction of pET32¢c-NHis-E12-IKVAV-E12-YIGSR plasmid, first pET32c-NHis-E12-
IKVAYV plasmid was digested with EcoR | and Bgl 1. Then, the E12-YIGSR insert was digested from
PET32c-NHis-E12-YIGSR with BamH | and EcoR 1. Finally, the E12-YIGSR fragment was ligated with

digested pET32c-NHis-E12-IKVAV plasmid.

Table 1: Oligomer sequences used for construction of EY plasmid

Plasmid Sequence (5°-3”)
Forward
GATCCTAGATCCTGGCTACATAGGTTCGCGAAAGATCTTGTG
oligomer
EY
Reverse
AATTCACAAGATCTTTCGCGAACCTATGTAGCCAGGATCTAG
oligomer

4.2.2 Protein expression and purification

The constructed four plasmids, pET32c-NHis-E12, pET32c-NHis-E12-IKVAV, pET32c-NHis-
E12-YIGSR, pET32c-NHis-E12-IKVAV-E12-YIGSR were transfected into E.coli BL21(DE3) competent
cells for expression of proteins. Transformed E.coli cells were culture Luria-Bertani (LB) medium
containing 50 pg/ml ampicillin and incubated at 37°C until OD reach at 0.6. Protein expression was
induced by addition of 1 mM isopropyl B-D-1-thiogalactopyranoside (IPTG). Cells were cultured
overnight at 30°C and harvested by centrifugation and resuspended in BugBuster Reagent (Novagen) with
Benzonase Nuclease (Sigma-Aldrich). After 30 min rotation at room temperature, the sample was
sonicated for 20 min at 4°C. Then, the sample was separated between supernatant (soluble fraction) and
inclusion bodies (insoluble fraction) by centrifugation and supernatant was collected. The supernatant was

applied to His-Select Nickel Affinity Gel (Sigma-Aldrich) followed by incubation at 4°C for 1 h. After
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washing with phosphate buffer (50 mM sodium phosphate, 300 mM NaCl, pH 8.0), proteins were eluted
by phosphate buffer with 200 nM imidazole. The resultant protein solution was dialyzed using Slide-A-
Lyzer Dialysis Cassettes (Pierce) against phosphate-buffered saline (PBS). The concentrations of the
purified proteins were measured using BCA assay (Thermo Scientific) according to the manufacturer’s

instruction.

4.2.3 Adsorption of constructed proteins on hydrophobic plates

These four types of protein, E12, El, EY, and EIEY, consisted of E12 motif which had a
highly hydrophobic property allowing these targeted proteins adsorb onto the hydrophobic surface of the
plate. From this property, these proteins were added to 96-well suspension culture plate (Sumilon, MS-
8096R) in varied concentrations from 0 mM to 1000 mM and incubated for 1 h at 37°C. Plates were
washed with PBS including 0.05% Tween 20 (PBS-T) followed by addition of Blocking One reagent
(Nacalai Tesque, Inc.) overnight at 4°C. After washing with PBS-T, anti-polyhistidine antibody (Sigma-
Aldrich) was added to the plate and incubated for 1 h at 37°C followed by washing with PBS-T again.
Then, anti-mouse IgG peroxidase conjugate (Sigma-Aldrich) was added and incubated for 1h at 37°C.
After washing with PBS-T, TMB peroxidase substrate (KPL, Inc.) was added to the plate. Finally, 1 M

HCI was added to stop the reaction and the absorbance at 450 nm was measured by a microplate reader.

4.2.4 mouse iPS cell culture

Standard mouse iPSC line APS0002-iPS-MEF-Ng-178B-5 obtained from RIKEN BRC was used
in this experiment. The culture media was composed of DMEM (Wako) supplemented with 15% fetal
bovine serum (Hyclone, Thermo Scientific), 1% nonessential amino acids (NEAA, Gibco), 0.1 mM 2-
mercaptoethanol (Sigma), 1000 U/mL penicillin and 100 pg/mL streptomycin (Gibco), and 1000 U/mL

Leukemia inhibitory factor (LIF) (Wako).

Mouse iPS cells were cultured on MMC treated STO cells as feeder cells. Before culturing miPS

cells, MMC treated STO cells were prepared as follows. The SNL76/7 (STO) cells were cultured on
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gelatin coated dishes and when cells reached around 90% confluency, cells were treated with 10 pg/mL of
mitomycin C contained in DMEM. After treatment for 3-4 h, plates were washed with PBS and the MMC
treated STO cells were trypsinized and collected. MMC treated STO cells were cultured on gelatin coated
60 mm dish at a density 10° cells/plate. One day after MMC treated STO cells culture, 10* cells of miPS
cells were seeded to the plates and the medium was changed to the culture medium for miPS cells. Cells
were cultured in a humidified incubator with 5% CO, at 37°C for 3-4 days on feeder cells before further

passage.

4.2.5 Induction of Astrocyte differentiation from miPS cells

miPS cells were cultured in suspension plate with basal differentiation medium (BDM) in the

absence of anti-differentiation factors such as LIF and feeder cells to form Embryoid bodies (EBs). EB is
the multicellular three-dimension structure which mimic post-implantation embryonic tissues and has the
ability to differentiate into all three germ layers; ectoderm, mesoderm, endoderm 415, EBs were formed by
culturing miPS cells at 5x10* cells/well in 6-well suspension culture plate using basal differentiation media
(BDM). BDM was composed of Glassgow Minimum Essential Medium (GMEM, Wako), supplemented
with 10% KSR (Gibco), 1 mM sodium pyruvate (Gibco), 1% nonessential amino acids (Gibco), 0.1 mM 2-
mercaptoethanol (Sigma), 1000 U/mL penicillin and 100 pg/mL streptomycin (Gibco) and 0.5 pM
Retinoic acid. Suspension plate was shaken with shaker in “T-motion’ to control cell shape and size. BDM

media was changed at day 3 of EBs formation.

After 5 days of EBs formation, EBs were transferred to non-treated 24-well plate (Iwaki) coated
with designed proteins. To prepare protein-coated plate, non-treated 24 well plate was coated with each
protein, 1000 nM EI, 1000 nM EY and 1000 nM EIEY (250 pl/well) and incubated at 37°C for 1h. After
incubation, protein-coated wells were washed with PBS before addition of cells. EBs were transferred to
protein-coated well (approximately 50 EBs per well) and cultured in Astrocyte differentiation medium
(ADM) which composed of Neurobasal® medium (NB, Gibco), 1% B-27® supplement minus vitamin A

(Gibco)and 1% GlutaMAX™ supplement (Gibco) supplemented with 10 ng/ml bFGF, 10 ng/ml EGF, and
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10 ng/ml CNTF. After 10 days of culture, medium was changed to ADM supplemented with only 10 ng/ml

CNTF and culture for more 10 days. Medium was changed every 3 days.

4.2.6 Immunostaining

Cells were fixed with 4% paraformaldehyde for 15 min at room temperature and then washed with
1% PBS 3 times followed by incubation with PBS including 0.2% Triton X for 3 min. After washed with
PBS 2 times, 1% bovine serum albumin (BSA) was added and incubated for 1 h. Then primary antibody
was added to samples. In this experiment, monoclonal GFAP (GAS5) antibody produced in mouse (Cell
Signaling Technology) for glial fibrillary acidic protein (GFAP) was used. Primary antibody was diluted in
PBS including 1% BSA in 1:500 ratio and incubated for 1 h. After washed with PBS 3 times, secondary
antibody, Rabbit anti-mouse 1gG Alexa Flour 568 (1:500, diluted in PBS including 1% BSA) and Hoechst
33258 solution (1:2000, diluted in PBS including 1 % BSA) were added and incubated for 1 h, then

washed with PBS 2 times. Finally, samples were observed by using fluorescence microscopy.

4.2.7 Quantitative PCR Analysis

Total RNA was extracted using the RNeasy Mini kit (Qiagen, Valencia, CA) according to the
manufacturer’s instruction. Using 2.5 pg of total RNA in 20 pl reaction buffer, cDNA was synthesized by
using SuperScript™ Il Reverse Transcriptase (Thermo Fisher) primed with oligo-dT according to the
manufacturer’s instruction. Quantitative real-time PCR was performed with the FastStart essential DNA
green master (Roche), which consisted of FastStart Taq DNA polymerase and double-stranded DNA
specific SYBR green | dye by using LightCycler® Nano instrument (Roche) and the data were analyzed by
its software. The expression of astrocyte-related markers (S100p and GFAP) were normalized against
expression of GAPDH in same sample. All reactions were done in duplicate. The primers used in this

experiment was listed in Table 2.
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Table 2: List of primers using in quantitative PCR.

Primers Sequence (5°-3)
Forward ATCTTCTTGTGCAGTGCCAGCCSTCGTCCCG
GAPDH
Reverse AGTTGAGGTCAATGAAGGGGTCGTTGATGG
Forward CTGGAGAAGGCCATGGTTGC
S100p
Reverse CTCCAGGAAGTGAGAGAGCT
Forward GGAGAGGGACAACTTTGCAC
GFAP
Reverse GCTCTAGGGACTCGTTCGTG

4.2.8 Statistical Analysis

Values are given as mean value + standard deviation. Statistical analysis was performed by
independent two-sample t-test with equal valiances. Values of P < 0.05 were considered to be statistically

significant.

4.3. Result and discussion

4.3.1. Design and expression of El, EY, and EIEY

Four different plasmids, pET32c-NHis-E12, pET32c-NHis-E12-IKVAV, pET32¢c-NHis-E12-
YIGSR, and pT32c-NHis-E12-IKVAV-E12-YIGSR, were used for protein expression (Fig 2). Expressed

proteins were named E12, El, EY, and EIEY , respectively.

\er2/ \2)
N 2N A YA Y

E] T7 promotor I:l E12 : (APGVGV)1 : Elastin-like polypeptide
D His-Tag D | : IKVAV : Integrin binding peptide
|:| Amp' |:| Y : YIGSR : Integrin binding peptide

Figure 2: Plasmid construction. pET-32c-NHis-E12, pET32c-NHis-El, pET32¢c-NHis-EY, and pET32c-NHis-
EIEY. The fusion proteins were under T7 promotor and for purification processes His-Tag region was fused
before the position of protein of interest.
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Expressed proteins were purified by nickel affinity gel using His-Tag. All proteins were purified
from soluble fraction. The size of designed proteins were confirmed by SDS-PAGE (15% acrylamide)
which shown in Fig 2. The calculated molecular weight of E12, El, EY, and EIEY proteins were 8.2 kDa,
9.9 kDa, 9.4 kDa, and 17.3 kDa respectively. However, the band of our design proteins appeared slightly
above the expected molecular weight. It is suggested that the physicochemical characteristics of the ELPs

presence self assembling hydrophobic region during SDS-PAGE process.

E12 M E12 El EY EIEY

El ESESEE -
20
= 15
EY [ His [E2] v | =3
10 ——
eey [ Hs [E2[ 1 Jene ] v ] ® ¢

[[] His-Tag []1:kvav

[[] e12: (apGvav)e [] v:viesr

Fig. 2: Protein expression and purification. SDS-PAGE analysis of purified proteins was used
to confirm the molecular weight of expressed proteins: E12 (8.2 kDa), El (9.89 kDa), EY (9.41
kDa), and EIEY (17.3 kDa). Lane M is molecular weight marker (kDa).

4.3.2 Adsorption of constructed protein on the hydrophobic surface of plate

These four-types of protein, E12, El, EY, and EIEY consisted of E12 (12 repeat of APGVGV
sequence) motif which has a highly hydrophobic property allowing these proteins absorbed on
hydrophobic surface!’. These proteins were fused to His-tag at C-terminal of proteins therefore the
saturated concentration of each protein adsorbed on hydrophobic surface could be detected by ELISA
using anti-polyhistidine antibody. The saturated concentration of each proteins was used for coating
hydrophobic plate. As shown in Figure 3, the saturation concentration of El, EY, and EIEY proteins
adsorbed on hydrophobic plate surface were all 1000 nM. These were same as the saturation concentration
of E12 protein shown in chapter 2. The result showed the same saturation concentration for all proteins,
however each protein showed the different amount of adsorbed proteins. These results could be explained

due to the different types of peptide sequences.
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Fig. 3: Adsorption of El, EY, and EIEY on the hydrophobic surface of plate. Various concentration
of proteins were coated on the surface of suspension culture plate, then the saturated-protein
adsorbed on surface was detected by ELISA.

4.3.3 Astrocyte differentiation on designed ECMs-coated plate from mouse iPS cells

Next, we tested whether our designed ECM proteins, El, EY, and EIEY, have same effects on cell

binding and differentiation as laminin.
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Figure 4: protocol for Astrocyte differentiation. EBs were formed by culturing in suspension
plate and shaken plate in ‘T-motion’ for 5 days. Then EBs were transfered to protein-coated
plate and cultured for 10 days in NDM medium supplemented with bFGF, EGF, CNTF.
Then, medium was changed to NDM medium supplemented with CNTF and EBs were
cultured for more 10 days. Totally, cells were cultured for 25 days to induce astrocyte
differentiation.

For astrocyte differentiation from miPS cells, EBs were formed to prepared neural progenitor
cells. The size of EBs formed in suspension plate for 5 days were controlled around 150-250 um (Fig 5).
After transfer of EBs onto El, EY and EIEY-coated 24-well plates, EBs were cultured in NDM medium

supplemented with bFGF, EGF, and CNTF. After 10 days, medium was changed to NDM medium
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supplemented with only CNTF for more 10 days. Finally, astrocyte differentiation from EBs was evaluated

by real-time PCR and immunostaining.

Figure 5: The images of EBs formed by culturing in suspension plate with shake for 5 days. The
size of EBs were controlled around 150-250 um. From these images, 169 um EB (Left) and 195 um
EB (right).

4.3.3.1 EBs-derived miPS cell adhesion activity on design ECMs-coated plate

After 2 days of EBs transfer onto protein coated-plate, binding EBs on these proteins were
evaluated. To calculate the binding EBs ratio, the number of binding EBs and total EBs were counted
respectively. E12 and Laminin coated plates were used as negative and positive control. As shown in
figure 6, the binding percentage of EBs on E12 showed the lowest binding ratio. The ratio was 5 times
smaller than positive control. It was suggested EBs could bind non-specifically on E12, but not significant.
Compared to E12, EI showed higher ration of EBs binding and it was almost same as that of Laminin (Fig
5). On the other hand, EBs binding on EY and EIEY showed lower binding ratio than Laminin. From these
result, El is suitable for EBs culture compared to EY or EIEY. Therefore, El was chosen for next

experiment.
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Figure 6: EB binding percentage. After EB was transferred onto protein coated plate (E12, El, EY, EIEY)
and culture for 2 days, binding EBs was counted compared to total EBs. Laminin (LN) coated plate was used
as positive control. Statistically significant differences were indicated for P < 0.05 (*) and P < 0.005 (***).

4.3.3.2 Astrocyte differentiation in various protocol

In the present, various astrocyte differentiation protocols were reported® 17- 18 however the
effective protocol has been still developed. Our purpose in this study is to test the effect of laminin-derived
sequence, IKVAV and YIGSR, in our designed ECM proteins for astrocyte differentiation. In here, three
different protocols (Fig 7) were selected from various research and tested whether which protocol was

suitable for induction of astrocyte differentiation on the designed ECM proteins.
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Figure 7: Various astrocyte differentiation protocol was tested with our design ECMs (El, EY and EIEY).

To clarify the best protocol among three, EBs on EI coated plates were culture in 3 different protocols.
After transfer of EBs onto El coated plate, EBs were cultured in each protocol for 15 days. Astrocyte
differentiation was evaluated by real-time PCR. Total RNA was extracted from EBs after cultured on El in
various astrocyte differentiation protocol for 15 days. The expression of various astrocyte-related marker,
S100p (astroglial progenitor marker) and GFAP (glail fibrillary acidic protein; astrocyte marker), and
GAPDH for normalization of amount of cDNA were evaluated. For S100f expression, EBs on EI cultured
in each protocol showed similar expression, however GFAP expression of culture with protocol 1 showed
the highest expression among three different protocols. Taken together, protocol 1 was selected as suitable

astrocyte differentiation protocol for evaluation of designed ECMs.
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4.3.3.3 Astrocyte differentiation on design ECM-coated plate

As mentioned above, protocol 1 was selected for evaluation of astrocyte differentiation from EBs
cultured on various designed ECMs. Briefly, mouse iPS cells were cultured in suspension plate for
formation of EBs before transfer on designed ECMs-coated plate, EI, EY, EIEY and laminin (as positive
control). EBs were culture in NDM medium supplemented with bFGF, EGF and CNTF growth factors for
10 days. Later, NDM medium supplemented with only CNTF was used to cultur for more 10 days (Fig 4).

Finally, astrocyte differentiation from EBs was evaluated by real-time PCR.

S100B8 GFAP

0.012 - 0.0001 A
— 001 - I
T __ 0.00008 A
> (]
2 G
< 0.008 - =
= < 0.00006 1
z 2
€ 0.006 -
o £
2 < 0.00004 -
T 0.004 - = =
& 2

0.00002 -
0.002 A
0 0 r r r
Protocol 1 Protocol 2 Protocol 3 Protocol 1 Protocol 2 Protocol 3

Figure 8: Astrocyte differentiation from various culture protocol. EBs was transferred onto El coated

hydrophobic plate and culture in various protocol for 15 days. The result was analyzed using astrocyte-related
marker in real-time PCR.
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Figure 9: Astrocyte differentiation analysis of EBs cultured on designed ECMs. Real-time PCR analysis of S1008
and GFAP expression after 20 days culture on designed ECMs coated plate. Statistically significant differences were
indicated for P < 0.05 (*) and P < 0.005 (***). Not sianificant (NS).

After transfer of EBs onto various designed ECMs (EI, EY, and EIEY) coated plate, EBs were
cultured for 20 days followed by evaluation of the expression of astrocyte-related marker. As shown in
figure 9, EBs cultured on EI showed the highest expression in both S100p and GFAP expression,
compared to EY and EIEY. However, the GFAP expression from EBs on EI was little bit lower than EBs
on laminin. From these results, it was clarified that El has the particular effects on astrocyte differentiation

almost same as laminin.

4.3.3.4 Evaluation the effect of CNTF o astrocyte differentiation

In most of astrocyte differentiation protocols, ciliary neurotrophic factor (CNTF) was added to
induce astrocyte differentiation. Therefore, this experiment was done to determine whether the addition of
ciliary neurotrophic factor (CNTF) had the effect on astrocyte differentiation from mouse iPS cells,

additionally to confirmed the effect in astrocyte differentiation from design ECM (EI).

Experiment design was similar to protocol shown in figure 4, but with and without CNTF was
tested. Mouse iPS cells was cultured in suspension plate for formation of EBs before transfer on designed
protein-coated plate. After 5 days cultured in suspension plate for EB formation, EBs were transferred onto

El and laminin (as positive control). EBs were cultured in NDM medium supplemented with bFGF, EGF
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and with or without CNTF for first 10 days. Then, EBs were cultured in NDM medium supplemented with

or without CNTF. Finally, astrocyte differentiation from EBs was evaluated by immunostaining.

For result analysis using immunostaining, cells were fixed and stained with GFAP and B-I11 tubulin
antibody after cultured on EI and laminin using medium with or without CNTF for 20 days (Fig 10). To
compared between EBs cultured in medium with CNTF and without CNTF, EBs cultured in medium with
CNTF showed higher GFAP positive cells than cultured in medium without CNTF on both EI and laminin
coated plate. In contrast to B-III tubulin, EBs cultured in medium with CNTF showed rarely number of B-
111 tubulin positive cells. From the result of immunostaining, it was clarified that our design protein, El
showed the similar effect as laminin. EI and laminin could induce differentiation to neural lineage from
EBs-derived mouse iPS cells, whereas addition of CNTF enhanced astrocyte differentiation. For further
characterized of astrocyte differentiation, real-time PCR using astrocyte and neural-related marker have to
be analyzed. Looking ahead, it will be interesting to coupled growth factors, bFGF, EGF, and CNTF, into

more complex extracellular matrix that may induce astrocyte differentiation spontaneously.
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Figure 10: Immunostaining assay. After EBs was cultured for 20 days in medium with or without
CNTF, the result was analyzed by immunostaining. GFAP and BIII-tubulin were used to detected
astrocyte and neural cells, respectively. Scale bar 200 pm.
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4.4 Conclusion

In this study, it was proved that ‘IKVAV’, laminin o chain-derived CAMs sequence, has EBs
adhesion activity and show the effect on cell culture protocol for astrocyte similar as laminin. However, to
construct more favorable material outcome is likely to be achieved by combining ‘IKVAV’ with other
laminin-functional domain and coupled with growth factors in order to better recapitulate the multiplicity
of biologic information encoded within the natural extracellular matrix. Thus, the concept of biomaterials
created from engineered proteins provide various useful applications such as regenerative medicine and

tissue engineering.

CNTF
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EGF R Astrocyte differentiation ¢—* ' bFGF
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Figure 11: Schematic drawing of El as our designed ECM. Cell adhesion activity occurred via
IKVAV, laminin-derived sequence, binding to integrin receptor. Soluble growth factors (bFGF, EGF,
and CNTF) was added to induced astrocyte differentiation from mouse iPS cells.
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Conclusions:

In the present, tissue engineering techniques have been developed and require effective materials.
One perspective for constructing biomimetic materials are multi-functional designs to create a natural
niche-like cellular microenvironment where cell interact with other cells, extracellular matrix, and
signaling molecules. Mimicking these interactions, which is similar to natural extracellular matrix, in

designed biomaterials can facilitate the desired regulation.

The aim of this thesis is to generate multi-functional ECMs providing proper environments for cell

differentiation and maintenance to be grown and functionalized.

In the present study, designed ECM proteins which have similar abilities in purpose to natural
ECMs were developed. The main strategy for designing ECM proteins relies on the combination of 2 units;
a stable structural unit and an active functional unit. Elastin-like polypeptide, (APGVGV)12, (E), which can
bind to hydrophobic surfaces was used as stable structural unit @ in all of my experiments. Various kinds
of active functional units that regulate cellular functions were fused to structural units (Fig.1).
Furthermore, growth factors were tethered to the ECM proteins for induction of proliferation and
differentiation of cells without addition of any soluble growth factors. This combination is expected to be a

strategy for the construction of efficient multi-functional ECMs.

Functional | signal

Highlylhydrophobic Cell adhesive sequence
- RGD: Integrin binding peptide
Absorb onto hydrophobic surface - SWELYYPLRANL: E-/N- cadherin binding
peptide

- IKVAV: Integrin binding peptide
- YIGSR: Integrin binding peptide

Figure 1: Schematic representation of designed extracellular matrix (ECM)

In chapter 2, immobilized growth factor into ECMs was proposed to achieved multi-functional

material and also controllable release of growth factor. Here, bFGF-tethered ECM protein via electrostatic
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interaction was constructed. When the soluble growth factors were applied, it was difficult to control their
local concentrations due to diffusion, cell uptake, and degradation. To overcome such problems, the
strategy of tethering growth factors to designed ECMs was applied. bFGF has a highly basic amino acid
domain in its heparin binding region, so | focused on this property of bFGF for tethering to the designed
ECM (ERE-D20). For tethering bFGF, a polyaspartic domain (D20), 5 repeats of 4 aspartic acids and
serine, was introduced to designed ECM, ERE, which consists of elastin-like polypeptide (E) as a
structural unit and cell adhesive RGD sequence as an active functional unit (Fig 2). Cells cultured on
bFGF-tethered ERE-D20 were well attached and grown without addition of soluble bFGF. Addition of
bFGF inhibitor proved that bFGF tethered to ERE-D20 induced cell proliferation. From these results,
bFGF-tethered designed ECM via electrostatic interaction, could be an alternative method to construct

efficient multi-functional ECMs.

Proliferation FGFR
signal o
fibroblast cell —

AdhesionT
signal
& B integrin D20
RGD & acid-side
I E [ | E |

hydrophobic plate surface

Figure 2: Schematic drawing of bFGF-tethered design ECM, ERE-20, through electrostatic
interaction. Cell adhesion activity occurs via the interaction of RGD (R) sequence to integrin receptor
on cell surface. bFGF-tethered ERE-D20 also remain its ability to induce fibroblast cell proliferation
via FGF receptor.

In chapter 3, N-cadherin which is well studied in neural cell-cell adhesion activity and have ability
in induction of neurite outgrowth, was focused for induction of neural differentiation from mouse iPS cells.

N-cadherin binding peptide was expected to enhance neural differentiation due to the down regulation of
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Rho/ROCK signaling. Due to this property, N-cadherin binding peptide was fused to the structural unit,

E12, for construction of neural inductive designed ECM protein.

The designed ECM protein (E-CBP) that contains elastin-derived unit (E), (APGVGV)1y, as a
stable structural unit and E-/N- cadherin binding peptide (CBP), SWELYYPLRANL @, as an active
functional unit was developed (Fig 3). As it is known that N-cadherin induces neural differentiation from
miPSCs @), here CBPs have been characterized for their capability to mimic N-cadherin in the neural
differentiation. The designed ECM protein consisting of E-CBP was shown to promote the neural
differentiation of miPSCs without exogenous neuro-inductive signals. Embryoid bodies (EB) of miPSCs
were transferred onto E-CBP coated plates and 10 days later the samples were analyzed. From these
results, it was proved that CBP has neural conversion activity similar to their natural counterpart, N-

cadherin. It is suggested that CBP can function as an N-cadherin mimicking peptide for neuro-conversion

Neurosphere = Neurons

RhoA Racl

|

E12: ‘(APGVGV)1’ Signaling pathway
Elastin-like polypeptide

@ ® N-cadherin
CBP: ‘SWELYYPLRANL’

E-/N-cadherin binding CBP

receptor

| E |
| hydrophobic plate surface |

Figure 3: Schematic drawing of designed ECM. Hydrophobic elastin-like polypeptide (E12)
were fused with N-cadherin binding peptide (CBP) to construct design biomaterial E-CBP. E-
CBP has effect in neural differentiation on EBs-derived mouse iPS cells as N-cadherin.

Finally, the designed ECM proteins for astrocyte differentiation from miPSCs were constructed.
The designed ECM proteins (El, EY, and EIEY) that contain stable structural unit (E) and active functional
units, IKVAV (1)® and YIGSR (Y)®), were constructed. EBs were transferred onto El, EY, and EIEY

coated plates and soluble CNTF and bFGF were added to culture medium. After 20 days culture,
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inductions of astrocyte differentiation were evaluated by immunostaining. From these results, combination
of the designed ECM protein and CNTF acts instructively for differentiation of miPSCs to an astrocyte
fate. Therefore, CNTF-tethered designed ECM protein can be expected to be an efficient multi-functional

ECM for astrocyte differentiation.

CNTF
E12: ‘(APGVGV)1?’
Elastin-like polypeptide e
EGF Astrocyte differentiation —i : bFGF
Adhesion signal ®

f ! via integrin

Laminin a chain-derived

sequence a B

[ E e
| hydrophobic plate surface |

Figure 4: Schematic drawing of EI as our designed ECM. Cell adhesion activity occurred via
IKVAV, laminin-derived sequence, binding to integrin receptor. Soluble growth factors (bFGF, EGF,
and CNTF) was added to induced astrocyte differentiation from mouse iPS cells.

In conclusion from above experiments, the engineered proteins constructed in this study for
regulating cellular functions would be useful biomaterials for various applications such as regenerative

medicine.

In the future perspectives, more complex multi-functional ECMs can be developed for example,
combining various synthetic CAMs sequence in material construction and also coupling of growth factors.
These various combinations of CAMSs sequence and growth factors within same ECMS can be proposed

the effective materials for tissue engineering (Fig 5).
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miPS cells = Neural differentiation

q B . O
Neural differentiation —m G
/ T \ )
Adhesion signal via integrin receptor
o B a B a B o
‘ D20 ¢
e Y T A E

Figure 5: Schematic drawing of complex designed ECMs to construct multi-functional ECM
which can recapitulate the multiplicity of biological information mimic natural extracellular
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List of Abbreviations

Abbreviated form Elaborated form
APGVGV Arginine-proline-glycine-valine-glycine-valine
BDM Basal differentiation medium
bFGF Basic fibroblast growth factor
CAM Cell adhesion molecule
CCK Cell Counting Kit
cDNA Complementary DNA
CNTF Ciliary neurotrophic factor
CNS Central nervous system
D20 5 repeats of 4 aspartic acids and serine
DAPI 4" 6-diamidino-2-phenylindole
DMEM Dulbecco’s Modified Eagle’s Medium
DNA Deoxyribonucleic acid
EB Embryoid body
ECM Extracellular matrix
EGF Epidermal growth factor
ELISA Enzyme-linked immunosorbent assay
ELP Elastin-like polypeptide
ESC Embryonic stem cell
FBS Fetal bovine serum
FGFR Fibroblast growth factor receptor
GFAP Glial fibrillary acidic protein
GMEM Glasgow Minimum Essential Medium
HRP Horseradish peroxidase
IKVAV Isoleucine-lysine-valine-alanine-valine
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iPSC Induced pluripotent stem cell
IPTG Isopropyl B-D-1-thiogalactopyranoside
kDa Kilo Dalton
KSR Knockout serum replacement
LB Luria-Bertani
LIF Leukemia inhibitory factor
MAP2 Microtubule-associated protein 2
MEF Mouse embryonic fibroblast
MMC Mitomycin C
NCAM Neural cell adhesion molecule
NEAA Non-essential amino acid
NPC Neural progenitor cell
NS Neurosphere
PBS Phosphate buffer saline
PCR Polymerase chain reaction
PNS Peripheral nervous system
gRT-PCR Quantitative real time polymerase chain reaction
RA Retinoic acid
RGD Arginine-glycine-aspartic acid
RNA Ribonucleic acid
STO Sandos inbred mice Thioguanine/Ouabain
S1008 S100 calcium-binding protein B
Tuj B-111 tubulin
YIGSR Tyrosine-isoleucine-glycine-serine-arginine
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