|

) <

The University of Osaka
Institutional Knowledge Archive

T Role of heparan sulfate in vasculogenesis of
itle
dental pulp stem cells

Author(s) |[Li, Aonan

Citation |KFRKZ, 2023, EHIHX

Version Type|VoR

URL https://doi.org/10.18910/92995

rights

Note

The University of Osaka Institutional Knowledge Archive : OUKA

https://ir. library. osaka-u. ac. jp/

The University of Osaka



Role of heparan sulfate in vasculogenesis

of dental pulp stem cells

Osaka University Graduate School of Dentistry
Oral Science Course
Department of Dental Biomaterials

Supervisor: Professor Satoshi Imazato

Aonan Li



Acknowledgment

During the past four-year Ph.D. journey at Osaka University since 2019, |

have received innumerable assistance and support from many, many people.

| would like to express my deepest gratitude to my mentor, Professor

Satoshi Imazato, Chair of the Department of Dental Biomaterials, Osaka

University Graduate School of Dentistry, for accepting me and giving me this

opportunity to study abroad and gain research experience. He is such a

knowledgeable and warm person, who always generously encouraged and

motivated me. | learned a lot from him, not only in the field of scientific research

but also about his life attitude. | am so grateful to have such an intelligent and

approachable mentor during these four years.

| would like to give many thanks to my supervisor Associate Professor,

Jun-Ichi Sasaki for consistently providing me with invaluable advice and

tremendous support. Thank you so much for always offering me brilliant hints and

helping me expand my thinking, along with patience and kindness. Without his

kind assistance and encouragement, | could not be the person | am today. His

rigorous working attitude will benefit me throughout my life.

I would also like to acknowledge all the teachers and members of our



department, thank you for creating a comfortable and energetic academic

environment. You have made my life in Japan more enjoyable, and | will always

cherish the wonderful moments we shared together.

To my parents, thank you for always supporting me unconditionally, no

matter what decisions | have made. | hope | can make you proud of me with my

academic achievements and contributions to science.

To my beloved husband, best friend, and family, Li Jiannan, your selfless

love, comfort, and accompany are the source of my confidence and driving force

to overcome obstacles. | consider myself fortunate to have met you and | am

prepared to spend the rest of my life with you, whatever happens.

Finally, | appreciate the Chinese Scholarship Council, which financially

supported me in Japan.

Aonan Li



INDEX

[l {goY [UT o3 AT o] o [PV TT TR

Chapter 1: Vasculogenic behaviors of HS antagonist-treated DPSCs

ODJECHIVES +++ e e ettt e ettt
1. MAterialS ANd MENOOS -+« «««xxxrerenrerenmmtnananaeanaenetaeetreetaeneeeaenenens
1.1 HS @NEAQGONISE ««++rrerrerernrresrti it 6
1.2 Cll CUILUIE «++vv e eeeneeeneneneten e eet e et e et e e e et e e et e et enearenes 7
1.3 HS PrOQUCHION ««x e reeerereenerii ettt 7
1.4 Cell PrOlIFEIATION s rrrrrrrrtteaasiibi ettt 8
1.5 VaSCUIAr SPrOULING =+« reeerrrersrrrnriii 9
1.6 DeVitalization and reVitaliZAtION «««««««««««-rrererreremmrmmenneannenaenenaens 10
1.7 Cll VIAIITILY «+«vveeeeesmmmmmmnreeteee s 11
1.8 GENE EXPrESSIONS «+vxrerrrrrersrrrtsrrttie ittt 12
CRESUITS «++ v v+ v e e rme e et ettt ettt e 14
2.1 HS production in the presence of surfen «-«-oovovevn, 14
2.2 DPSC proliferation under surfen treatment -« «-«-vveveen. 14

2.3 Sprouting ability of DPSCs in presence of surfen ««-««-coovvvieiinnnn. 15



2.4 Devitalization and revitalization of sprouting ability -« -+« oveeeeeeennene. 15

2.5 Viability of DPSCs in presence of surfen -« oo, 16
2.6 Gene expressions of DPSCs upon exposure to surfen -« «-o«.ovoevevenn. 17
B DDISCUSSION + v v« e errmnrermneenee ettt ete sttt e aae ettt e e e e e annerneenns 17
A SUMIMIATY «cceteeessseenne ettt e ettt e ettt 21
Chapter 2: Vasculogenic behaviors of EXT1-silenced DPSCs.................... 23
ODJECHIVES ++ ettt 23
1. MaterialS And MENOGS -« -+« x«xrerenreenmmenmenetneneuaeneteneenetaeenaeeenenenns 23
1.1 Heparan SUIAe «-«« -« rreeeremrre e 23
1.2 EXTL SIHENCING -+ reerrerernrrenreineiiie i 23
1.3 HS PrOCUCHON «««+teesnrrennrretttaaaa ittt 26
1.4 Cell PrOlIFEIAtION -+ +rrrrrrrettaaaiiitit it 26
1.5 VaSCUIAr SPrOULING =+« -reeerrerssrrrnriiei 27
1.6 GENE EXPrESSIONS «wrxrrerrrrrersrrrtstrttir ittt 27
D RESUILS « - v v+ v e e emeeemee e ettt et et e e e ettt 29
2.1 EXT1 silencing and HS production of DPSCS:« -« rrerevriiieins. 29

2.2 Proliferative ability of EXT1-silenced DPSCS: -« evevererieeiiiiene. 30



2.3 Vasculogenic behavior of EXT1-silenced DPSCS in VitrQ -« -« -«xevneee 30

2.4 Gene expression in EXT1-silenced DPSCS -+« vrrvrrreriiiiiii, 31
B DDISCUSSION # v v v reerrmneernnrenee ettt ettt e e st s ane e rane e raneeans 33
A SUMIMIATY «cceteeessseenne ettt e ettt e ettt 38

Chapter 3: Impact of HS on vascular formation in Vivo ..........ccccccvvvvvenennnn. 39
ODJECHIVES + ettt 39
1. Materials and METHOOS «««««««xxerrrrrrenmmmenenenantnaeataeeereneranaeenenn 39

1.1 Cell-l0AdET SCATFOIT -+ +x v rrrrrrrrrnrnrenenarnenernetarneereteerenaaerarnenaananes 39

1.2 Subcutaneous implantation MOAE -+« «««««««treeerrrmmmmmiiiiiii 40

1.3 HistologiCal ODSEIVALION : «««««««rtreessrsntrrrriiitiaaiasiii e 41

1.3.1 Toluidine blue and HE StaiNing «+«««««««++++ssrerreerreriiiiiiiiiiiiii, 41
1.3.2 IMMUNOfIUOTESCENCE SLAINING -+ ++++++++rrreeeeeeraaaaaannnnanrnaniin, 43
D RESUILS « -+ v v+ v e e rmeermne e ettt et ettt e ettt e e 44

2.1 Toluidine blue and HE StaiNing-«««««++««rrrrreeeeannmmimiiiii 44

2.2 IMMUNOfIUOrESCENCE SLAINING «++++++++rrrrrrrrrreaannniinniiiieea e 44
3. DISCUSSION + e veereereneenenmnnenaenetenet et et e et et et eneaaeneeanens 45

4. Summary ................................................................................... 47



GENEI Al CONCIUSTON ittt et e e e e e e e e e e e e e eeens

References ............

Figures and tables



Introduction

Recovery from ischemic injury and survival of engineered tissues after

implantation rely on a stable blood supply and functional vasculature formation

[1,2]. Vascular endothelial cells line the inner surface of blood vessels, which are

stabilized by the surrounding basement membrane and pericytes [3,4]. With the

exception of a few poorly vascularized tissue such as the cornea and skin

epidermis, most metabolically active tissues can only reside within 200 ym of the

capillary network since the nutrient supply and oxygen diffusion through tissues

is limited to this distance, unveiling the indispensable role of vasculature

formation [5,6].

Throughout the process of blood vessel generation, neovascularization

plays a fundamental role in creating primitive vascular networks and subsequent

blood perfusion by the host vasculature [7,8]. Vasculogenesis, which refers to the

assembling of stem cells and endothelial progenitor cells into endothelium and

subsequent formation of nascent capillaries, contributes to adult

neovascularization [9,10]. Therefore, elucidation of vasculogenesis of stem cells

will facilitate control of neovascularization and further development of novel tissue

regenerative therapies.



Dental pulp stem cells (DPSCs), which are classified as mesenchymal

stem cells (MSCs), are highly proliferative and exhibit multipotent differentiation

into osteoblasts, chondrocytes, and adipocytes [11-13]. Notably, owing to the

constitutive expression of vascular endothelial growth factor (VEGF) receptor 1,

DPSCs more readily differentiate into vascular endothelial lineages compared

with other mesenchymal cells derived from bone marrow and adipose tissues

[14-16]. The excellent vasculogenic capacity of DPSCs is of great interest when

considering stem cell therapy involving dental pulp regeneration and/or vascular

regenerative medicine [17-19]. Recent research demonstrated that canonical

Wnt/B-catenin and p53/p21 signaling are required for vasculogenic differentiation

of DPSCs [20,21]. In addition, phosphorylation of mitogen-activated protein

kinase kinase 1 (MEK1l)/extracellular signal-regulated kinase (ERK) and

downstream E-26 transformation-specific-related gene (ERG) activation lead to

vascular endothelial (VE)-cadherin expression, which is highly involved in the

capillary sprouting of DPSCs and further anastomosis with the host vasculature

[22]. To date, focus has been placed on signaling pathways and molecular

regulation of vasculogenic processes in DPSCs, with limited knowledge

concerning the roles of the extracellular microenvironment.



Extracellular matrix (ECM) is the non-cellular three-dimensional (3D)

network structure present within all tissues and organs, surrounding cells with a

complex combination of proteoglycans, growth factors, and cytokines [23,24].

ECM provides not only structural integrity and support for cell survival, but it can

also determine cell behaviors by interacting with cells under physiological and

pathological conditions [25—-29]. Temporal and spatial control of ECM remodeling

during blood vessel formation enables changes in matrix deposition and

degradation, which in turn trigger cell migration and differentiation by releasing

angiogenic factors [30,31]. This subsequently contributes to the development of

nascent capillaries and vascular homeostasis. ECM-based biological materials

have been effectively applied for regeneration and reconstruction of ischemic

tissues [32-37].

Proteoglycans are widely distributed constituents of ECM in all mammalian

tissues, which are composed of glycosaminoglycan chains and covalently core

protein [38,39]. Based on the sulfation site and disaccharide structure,

glycosaminoglycans are classified into four groups; chondroitin sulfate, keratin

sulfate, hyaluronan, and heparan sulfate (HS) [40,41]. In particular, it is

considered that HS is more influential in regulating cellular functions than other



types of proteoglycans, in part because of the structural complexity of HS chains

exhibiting various sulfation patterns and conformational flexibility [40,42]. HS

could enhance the binding affinity between growth factors and related receptors

to modulate a variety of biological activities, including vascular formation and

tumor progression [43-45]. It was demonstrated that proliferation and

angiogenesis of VEGF-stimulated endothelial cell were dependent on HS, which

is also highly involved in the vascular permeability of blood vessels [46,47].

Furthermore, recent studies revealed that HS together with basic fibroblast

growth factor (bFGF) promoted ischemic heart repair after myocardial infarction,

and HS-bound VEGF16s enhanced functional recovery from cerebral ischemia

[48,49]. One of the earliest studies of HS showed that HS proteoglycans were

required for hematopoietic lineage differentiation, indicating a possible

relationship between HS and vasculogenic development [50]. In addition, HS has

been implicated in the differentiation of embryonic stem cells into endothelial cells

in vitro in mice embryoid bodies, which was further supported by an in vivo

zebrafish embryo model [51]. Despite these intriguing results obtained using

embryonic models, little is known about the role of HS in endothelial differentiation

and neovascularization of mesenchymal cells.



In this study, it was hypothesized that HS highly orchestrates endothelial

differentiation of DPSCs and their subsequent formation of nascent blood vessels.

To explore vasculogenic behaviors in DPSCs under HS deficiency, an HS

antagonist, surfen molecule [52], and silencing of exostosin 1 (EXT1), which

exerts a key function in regulating the initial process of HS biosynthesis [53], were

utilized. Moreover, the role of HS in vascular formation was investigated by

transplanting EXT1-silenced DPSCs into mice. The purpose of this study is to

elucidate the role of HS in endothelial differentiation and vasculogenesis of

DPSCs in detall.



Chapter 1: Vasculogenic behaviors of HS antagonist-treated

DPSCs

Objectives
e To assess DPSC proliferative and sprouting ability under exposure to the
HS antagonist (surfen).
e To evaluate the devitalization and revitalization of sprouting capacity of
surfen-exposed DPSCs.
e To determine endothelial and stemness-related gene expressions in

surfen treated DPSCs.

1. Materials and methods

1.1 HS antagonist

Surfen hydrate (bis-2-methyl-4-amino-quinolyl-6-carbamide) powder was
purchased from Sigma-Aldrich (MO, USA). The stock solution at 10 mM was
prepared with dimethyl sulfoxide (Nacalai Tesque, Kyoto, Japan) and stored in
the glass container at -20°C without light. The indicated working solutions at

different concentrations of surfen were prepared freshly as needed.



1.2 Cell culture

DPSCs isolated from human adult third molars (Lonza, Basel, Switzerland) were
cultured in Dulbecco’s Modified Eagle’s Medium (DMEM; Wako, Osaka, Japan)
containing 20% fetal bovine serum (Thermo Fisher Scientific, MA, USA) and 1%
penicillin/streptomycin (Sigma-Aldrich), which was designated as growth medium
(GM). To induce endothelial differentiation, DPSCs were cultured in an
endothelial differentiation medium (EM) consisting of EGM2-MV (Lonza)
supplemented with 50 ng/mL rhVEGF1es (R&D Systems, MN, USA). Cells were

incubated in a humidified atmosphere at 37°C with 5% CO..

1.3 HS production

DPSCs at an initial density of 500 cells/cm?were cultured in GM or EM containing
different concentrations (1, 5, 10 uM) of surfen for 7 days. Subsequently, cells
were washed twice with phosphate-buffered saline (PBS; Gibco, NY, USA), and
treated with ice-cold RIPA lysis buffer (Santa Cruz Biotechnology, CA, USA) for
10 min on ice. Cell lysate was collected by the disposable cell scraper and

transferred to a 1.5 mL Eppendorf tube, followed by centrifuging at 13,000 rpm



for 10 min at 4°C. Supernatant was then transferred to another 1.5 mL tube, and

HS production by DPSCs was quantified using the enzyme-linked

immunosorbent assay (ELISA) kit (MyBioSource, San Diego, USA) for general

HS, based on the principle of enzyme-substrate reaction, according to the

manufacturer’s instructions. Immunoenzymatic detection at a 450 nm wavelength

was measured by the iMark microplate reader (Bio-Rad, CA, USA). The

experiments were repeated four times. The data of HS production with surfen

treatment were analyzed by the one-way analysis of variance (ANOVA) and

Tukey’s Honestly Significant Difference (HSD) test with a significance level of P

< 0.05.

1.4 Cell proliferation

The proliferative ability of surfen-exposed DPSCs was evaluated using a water-

soluble tetrazolium-8 (WST-8) assay kit (Dojindo, Tokyo, Japan), based on the

mechanism that tetrazolium salt is cleaved into formazan dye by the metabolic

activity of living cells. The amount of formazan dye directly correlates with the

number of live cells.

DPSCs were seeded in 96-well culture plates at a density of 500 cells/well



to allow attachment overnight. The following day, cells were cultured with 100 uL
of GM or EM containing 1, 5, or 10 uM surfen. After culturing for 1, 3, or 5 days,
10 pL of WST-8 solution was added to each well, and plates were incubated for
an additional 2 h. The absorbance at 450 nm of each well was measured using
the iMark microplate reader (Bio-Rad). Additionally, the cell morphologies under
different treatments at each time point were observed by a light microscope
(CK40-F100; Olympus, Tokyo, Japan) equipped with a CCD camera. The
experiments were repeated four times. Relative cell numbers among all groups
were analyzed by the one-way ANOVA and Tukey’s HSD test with a significance

level of P < 0.05.

1.5 Vascular sprouting

A capillary-sprouting assay was carried out to quantify the sprouting ability and
reticular structure formation of DPSCs in three-dimensional (3D) culture,
according to a previous study [22]. First, 300 pL of Growth Factor-Reduced
Matrigel (Corning, NY, USA) was poured into 24-well culture plates and
polymerized at 37°C for 1 h. Then, 1 x 10* DPSCs were seeded onto Matrigel-

precoated plates and maintained in 1 mL of EM in the absence or presence of 1,



5, or 10 uM of surfen. After incubation for 1, 3, 7, and 14 days, images were
captured with the light microscope (CK40-F100) equipped with a CCD camera.
Four independent images from different views of each group were randomly
selected for further analysis.

Numbers and total length of branches were measured using ImageJ
software (National Institutes of Health, MD, USA). The images were imported into
the software and examined by the “Angiogenesis Analyzer’ plug-in. The
processed images were then created by clicking the “Analyze HUVEC Phase
Contrast’. The data were statistically analyzed by utilizing the one-way ANOVA

and Tukey’s HSD test with a significance level of P < 0.05.

1.6 Devitalization and revitalization

To evaluate the devitalization and revitalization of sprouting ability upon surfen
exposure, 1 x 10* DPSCs were seeded onto Matrigel-precoated 24-well culture
plates and divided into four groups. Devitalization of DPSC sprouting ability was
evaluated in groups 1 (G1) and 2 (G2), while revitalization was evaluated in
groups 3 (G3) and 4 (G4). The detailed information of each group were as follows;

G1: DPSCs were maintained in EM for the first 7 days, followed by EM containing

10



5 uM surfen for another 7 days. G2: DPSCs were maintained in EM for the first 7
days, followed by EM containing 10 uM surfen for another 7 days. G3: DPSCs
were cultured in EM containing 5 uM surfen for the first 7 days, followed by EM
without surfen for another 7 days. G4: DPSCs were cultured in EM containing 10
MM surfen for the first 7 days, followed by 1 mL of EM for another 7 days.

At the indicated time points, images were captured using the light
microscope (CK40-F100), and numbers and total lengths of branches were
determined by the ImageJ software, as described above. Four independent
images from different views of each group were randomly selected for statistical
analysis. The statistical data were analyzed by the one-way ANOVA and Tukey’s

HSD test with a significance level of P < 0.05.

1.7 Cell viability

Live/dead staining was performed to assess cell viability in 3D cultures. Briefly, 1
x 10* DPSCs were seeded onto Matrigel-precoated 24-well culture plates in EM
with surfen at concentrations of 1, 5, or 10 yM. DPSCs cultured without surfen
were used as a control. After 7 or 14 days, cells were stained with a LIVE/DEAD

Viability/Cytotoxicity Kit (Thermo Fisher Scientific) according to the

11



manufacturer’s instructions. The cells were gently washed with PBS twice, and

then living cells were stained with the 2 uM of esterase substrate calcein AM

working solution, whereas dead cells were stained with 4 yM of membrane-

impermeable DNA-binding dye ethidium homodimer 1. After incubating the cells

for 20 min at room temperature, stained areas were observed with a fluorescent

microscope (TE2000) at 475 nm and 559 nm for living cells and dead cells,

respectively.

1.8 Gene expressions

Messenger RNA (MRNA) expression of pro-angiogenic and stemness markers in

DPSCs were evaluated by real-time reverse transcription polymerase chain

reaction (PCR) with a TagMan Gene Expression Cells-to-Ct Kit (Ambion, TX,

USA).

Ten thousand DPSCs were seeded in a 60 mm culture dish and incubated

in 4 mL of EM without or with surfen (0, 1, 5, or 10 yM). The same number of

DPSCs cultured in 4 mL of GM without surfen was regarded as the control group.

After 7 days, the cells were washed twice with cold PBS and collected by the cell

scraper from the culture dish. Cell pellets were obtained by centrifugation at 1,000

12



rpm for 5 min and incubated with 50 pL of lysis solution at room temperature for
5 min. Then, 5 uL of stop solution was mixed into the lysate for 2 min to inactivate
the lysis reagents.

Ten pL of cell lysates were reverse transcribed to synthesize
complementary DNA (cDNA) by reacting with the pre-mixture of 25 uL of 2 x RT
Buffer, 2.5 pyL of 20 x RT Enzyme Mix, and 12.5 pyL of Nuclease-Free Water,
under the following conditions: 37°C for 60 min, then 95°C for 5 min.
Subsequently, 4.0 uL of cDNA, 10 uL of TagMan Gene Expression Master Mix,
5.0 uL of nuclease-free water, and 1.0 pyL of each primer [vascular endothelial
growth factor A (VEGFA), C-X-C motif chemokine ligand 1 (CXCL1), Nanog,
glyceraldehyde 3-phosphate dehydrogenase (GAPDH); Applied Biosystems]
were mixed up to conduct the PCR by the StepOne Real-time PCR System
(Applied Biosystems). The experiments were repeated four times. One of the
replicates from control was utilized to normalize all samples. Expression levels of
VEGFA, CXCL1, and Nanog were calculated relative to those of GAPDH using
the 2-22Ct method. Each gene expression level among all groups was analyzed
by the one-way ANOVA and Tukey’s HSD test with a significance level of P <

0.05.

13



2. Results

2.1 HS production in the presence of surfen

HS production of DPSCs in the presence or absence of surfen is shown in Figure

1. At 7 days of culture, HS concentration in DPSCs cultured in GM or EM without

surfen was 10.73 £ 1.03 and 11.86 + 1.46 ug/mL, respectively, and no significant

difference was observed. With increasing dosages of surfen, the yields of HS

gradually decreased in both media. HS production in the DPSCs treated with 10

MM of surfen was reduced by approximately half when compared with those

without surfen, demonstrating 5.86 £ 1.13 and 6.67 + 0.71 ug/mL for GM and EM,

respectively. These results indicated that surfen could act as an HS antagonist to

reduce HS production in DPSCs.

2.2 DPSC proliferation under surfen treatment

Morphological alteration from a spindle to irregular shape was observed in

DPSCs cultured with 10 yM surfen-containing EM, however no statistical

differences in cell numbers were observed among the experimental conditions at

day 1 (Figures 2 and 3). At 3 days of endothelial induction, a significant difference

14



in cell numbers was observed only between DPSCs alone and 10 uM surfen-

treated DPSCs; thereatfter, cell proliferation under EM culture was significantly

suppressed by increasing the concentrations of surfen. Notably, no significant

difference in cell proliferation was detected for cells cultured in GM at

corresponding observation times (Figure 3).

2.3 Sprouting ability of DPSCs in presence of surfen

DPSCs possessed great sprouting ability in the EM without surfen, and reticular

structures were gradually formed up to 14 days (Figure 4A). The sprouting ability

of DPSCs was suppressed by the addition of surfen. Cells cultured in surfen (10

MM)-containing EM displayed a few clusters with short sprouts that were

unconnected each other, even after 14 days of induction.

Image analyses revealed that the numbers and total lengths of sprouting

branches were significantly decreased in DPSCs cultured with increasing

dosages of surfen (Figure 4B, C).

2.4 Devitalization and revitalization of sprouting ability

The experimental design for sprouting devitalization was described in Figure 5A.

15



Reticular-like structures of DPSCs were formed during the first 7 days of

endothelial induction (Figure 5B(l, II)). It was shown that DPSCs arrested the

formation of capillary-like networks by surfen addition (Figure 5B(llI-IV)).

Statistically, DPSCs cultured with 10 yM of surfen formed significantly less and

shorter branches than the cells cultured with 5 uM surfen (Figure 5C, D).

The experimental design for sprouting revitalization was described in

Figure 6A. Although the formation of capillary sprouts was impaired upon

exposure to surfen during the first 7 days, both the number and total length of

branches significantly increased with the removal of surfen, indicating that

sprouting ability of DPSCs was revitalized (Figure 6(B-D)).

2.5 Viability of DPSCs in presence of surfen

Live/dead staining revealed that sprouting areas developed by living cells

gradually decreased with increasing surfen concentrations throughout the culture

period. Although dead cells increased with surfen stimulation, there were fewer

dead DPSCs compared with the areas occupied by living cells among all

conditions (Figure 7).

16



2.6 Gene expressions of DPSCs upon exposure to surfen

Figure 8 demonstrates the endothelial differentiation and stemness properties of

DPSCs in the presence of sufen, as determined by real-time PCR. Expression of

pro-angiogenic markers VEGFA and CXCL1 was significantly greater in DPSCs

cultured in EM compared with GM at day 7, with fold changes of VEGFA and

CXCL1 expressionin EM of 2.78 £ 0.71 and 7.17 £ 4.84, respectively. Significant

declines of pro-angiogenic markers were observed in response to increasing

dosages of surfen. The expression of stemness marker Nanog was reduced to

0.10 = 0.02 when the cells were cultured with EM, and surfen addition resulted in

an increase in Nanog expression.

3. Discussion

The biological function of HS is largely determined by HS chain interaction with

protein ligands [54]. Multiple agents for antagonizing HS-protein interactions have

been developed to inhibit tumor angiogenesis, including heparin mimetics [55,56],

sugar analogs [57], small molecule competitors that bind with HS [58], and novel

compounds that inhibit HS biosynthesis and sulfation [59]. In this research, surfen,

a small antagonist of HS, was utilized to inhibit the HS-protein interaction.

17



Surfen molecule was first described as an excipient of depot insulin

production, with the advantages of low toxicity and antibacterial properties [60].

It was demonstrated that surfen interferes with the binding of semen-derived

enhancer of viral infection (SEVI) to both target cells and human

immunodeficiency virus (HIV) type 1 virion, subsequently inhibiting SEVI-

mediated HIV type 1 infection [61]. In addition, surfen has been shown to reduce

inflammation and inhibit remyelination of multiple sclerosis by the murine model

[62]. Surfen also blocks C5a receptor binding and acts as the inhibitor of anthrax

lethal factor [63,64].

In 1961, it was first reported that surfen possesses the heparin-neutralizing

property by using oral administration in mice and rabbit models [65]. Recently, it

was demonstrated that positively charged surfen could bind to the negatively

charged heparin/HS by electronic interactions [52]. Structurally, the

aminoquinolin moieties of surfen and carboxylate or sulfate groups of heparin/HS

glycosaminoglycan constitute the key binding interactions [58,66]. Surfen

occupied the binding site between heparin/HS and growth factors, subsequently

altering various cellular biological activities dependent on heparin/HS [58] (Figure

9). Tube formation of primary murine endothelial cells induced by bFGF or VEGF

18



was reportedly blocked in response to surfen [52]. Moreover, FGF signaling,

which is responsible for regulating angiogenesis, was blocked by both surfen and

its analogs through antagonism of HS-protein interactions in mouse embryonic

fibroblasts [58]. Therefore, in this study, surfen was used to determine the DPSC

vasculogenic property under endothelial induction.

It was previously reported that surfen suppressed bFGF binding in wild-

type Chinese hamster ovary cells in a dose-dependent manner, with half maximal

inhibitor concentration (ICso) at 5 uM and with 95% inhibition at 10 uM. However,

20 uM of surfen resulted in reduced inhibitory function [52]. Consequently, 10 uM

was selected as the highest concentration of surfen to explore its impact on

DPSC proliferation and vasculogenesis.

The numbers of DPSCs with endothelial induction were greater than those

cultured with GM. This finding could be explained by the supplementary growth

factors (e.g., FGF, VEGF) included in EM, which offer adequate nutrients for cell

proliferation. However, cell proliferation undergoing endothelial differentiation

was remarkably suppressed by surfen addition. In contrast, no significant

difference was observed in cells cultured in GM. This result might be attributed to

the competitive binding of surfen to HS, which reduces the availability of binding

19



sites for pro-angiogenic factors (e.g., FGF and VEGF) included in EM. Thus, ECM

interactions were impeded by surfen such that cells could not sufficiently exploit

pro-angiogenic factors. However, few growth factors were included in GM,

suggesting that cell proliferation in GM was unaffected even in the presence of

10 uM surfen.

Matrigel is composed of solubilized basement membrane matrix extracted

from Engelbreth-Holm-Swarm mouse sarcoma cells, which could mimic the

native ECM by replicating cell-ECM interaction [67]. Matrigel has been widely

used in stem cell culture because it can create a 3D suitable cellular

microenvironment for the maintenance of cell self-renewal and pluripotency

[68,69]. Cells seeded on Matrigel are capable to grow, differentiate in response

to the media, and migrate by secreting various matrix metalloproteinases under

external stimulation. It was previously reported that DPSCs under endothelial

induction displayed the sprouting capacity by migrating and inserting the

branches into the Matrigel layer for up to 50 ym thickness [22]. Therefore,

“number of branches” and “total branching length” were selected to describe the

sprouting capacity of endothelial differentiated DPSCs in this study. It was

observed that the formation of reticular-like structures by DPSCs was suppressed

20



by the addition of surfen without affecting cell viability. Noticeably, the

deactivation of sprouting ability was recovered with the removal of surfen. These

results demonstrated that the functional inhibition of HS by surfen addition

hampered the capillary sprouting of DPSCs.

Genetically, it was revealed that expression of endothelial-related markers

(e.g., VEGFA and CXCL1) was significantly upregulated in DPSCs cultured with

EM than the cells with GM, indicating DPSCs possessed great endothelial

differentiation potential. However, surfen addition resulted in the downregulation

of pro-angiogenic marker expression and upregulation of stemness-related

marker expression (e.g., Nanog). These results suggested that endothelial

differentiation of DPSCs was impeded and stemness property of DPSCs was

maintained by using surfen. More detailed signaling mechanisms by which the

vasculogenic potential of DPSCs was suppressed by surfen remain to be

investigated.

4. Summary

Surfen, an HS antagonist, suppressed the cell proliferation and sprouting

capacity without affecting the cell viability of DPSCs undergoing endothelial
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differentiation. Expression of pro-angiogenic markers significantly declined with

increasing dosages of the HS antagonist; in contrast, the expression of stemness

marker increased.

22



Chapter 2: Vasculogenic behaviors of EXT1-silenced DPSCs

Objectives
e To assess the HS production after EXT1 silencing in DPSCs.
e To determine proliferative and vasculogenic behaviors of EXT1-silenced
DPSCs in vitro.

e To evaluate gene expression patterns in EXT1-silenced DPSCs.

1. Materials and methods

1.1 Heparan sulfate

Aqueous stock solution of heparan sulfate (10 mg/mL) was prepared by
dissolving 10 mg of heparan sulfate powder (MedChemExpress, NJ, USA) in 1
mL of ultrapure water. The stock solution was kept at -20°C and working solution

was freshly prepared based on the stock concentration.

1.2 EXT1 silencing
The expression of EXT1 was silenced by using lentiviral short hairpin RNA

(shRNA). DPSC suspension at 1 x 10° cells/mL was prepared with GM and then
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mixed up with lentiviral particles (108 TU/mL, Sigma-Alidrich) to silence EXT1 in
DPSCs. Meanwhile, lentiviral particles with scramble sequence control with green
fluorescent protein (GFP; Sigma-Aldrich) were transfected to establish the sh-
control DPSCs. Both cells were incubated at 37°C for 30 min, and then seeded
in the 60 mm culture dish. Following 2 days of culture, transduced cells were
selected with 2 ug/mL of puromycin (Invitrogen) for 1 week.

EXT1-silenced and sh-control DPSCs at a density of 500 cells/cm? were
seeded in a 60 mm culture dish and cultured with EM. Following incubation for 7
and 14 days, gene silencing efficiency was evaluated by real-time PCR using
EXT1 specific primer (Applied Biosystems), as described in 1.8 of Chapter 1. The
experiments were repeated four times. One of the replicates from sh-control
DPSCs was set as “1” and utilized to normalize all samples. The expression level
of EXT1 was calculated relative to those of the reference gene GAPDH using the
2-25Ct method. The data of EXT1 expressions between two groups were analyzed
by the Student’s t-test with a significance level of P < 0.05.

EXT1 silencing efficiency was also evaluated by western blotting assay.
EXT1-silenced and sh-control DPSCs at a density of 500 cells/cm? were seeded

in @ 60 mm culture dish. After culturing with EM for 7 and 14 days, cell protein
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lysates were obtained by treating with RIPA lysis buffer, as described in 1.3 of

Chapter 1. The concentration of each protein sample was measured using Bio-

Rad protein assay dye reagent concentrate (Bio-Rad). The mixture of 15 ug of

each protein lysate, 4 uL of NuPAGE (Invitrogen), and 1.6 uL of dithiothreitol

(DTT, 0.5 M) was boiled at 95°C for 5 min to allow protein denaturation, and then

these specimens were kept at -80°C for further use.

The mixture containing an equal amount of protein (15 ug), NuPAGE, and

DTT was loaded into the designated well created by a 1 mm 12-well comb (Novex,

CA, USA), and separated using 9% SDS-PAGE gel at 130 V for 90 min to conduct

electrophoresis. The loaded protein on the gel was transferred to a

poly(vinylidene fluoride) membrane (Bio-Rad) at 200 mA for 2 h under cooling

condition. After blocking with 5% non-fat milk (Morinaga, Tokyo, Japan) for 30

min, the membrane was incubated with mouse monoclonal primary antibody

against human EXT1 (1:500; Santa Cruz Biotechnology) and mouse monoclonal

primary antibody against human [-actin (1:4000; Proteintech, CA, USA)

overnight at 4°C. The following day, membrane was incubated with the

horseradish peroxidase-conjugated goat anti-mouse secondary antibody (1:5000;

GE Healthcare, Buckinghamshire, UK) for 1 h at room temperature with gentle
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shaking. Finally, immunoreactive proteins were visualized by Gene Gnome5

chemiluminescent imaging system (Syngene, Cambridge, UK) using the Chemi-

Lumi One L kit (Nacalai Tesque).

1.3 HS production

EXT1-silenced and sh-control DPSCs at an initial density of 500 cells/cm? were

cultured with EM for 7 and 14 days. Subsequently, both cells were lysed in RIPA

buffer and HS production was quantified by ELISA, as mentioned in 1.3 of

Chapter 1. The experiments were repeated four times. The data of HS production

with EXT1 silencing were analyzed by the Student’s t-test with a significance level

of P <0.05.

1.4 Cell proliferation

The proliferative ability of transduced DPSCs was evaluated using a WST-8

assay kit (Dojindo). EXT1-silenced DPSCs were seeded in 96-well plates at a

density of 500 cells/well and maintained in GM or EM. After 1, 3, or 5 days of

culture, 10 pL of WST-8 solution was added to each well, and plates were

incubated for an additional 2 h. The absorbance of each well at 450 nm was
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measured using a microplate reader (Bio-Rad). The experiments were repeated
four times. Relative cell numbers among groups were analyzed by the one-way
ANOVA and Tukey’s HSD test with a significance level of P < 0.05. In addition,
transduced cells were observed by the light microscope (CK40-F100) at

corresponding time points.

1.5 Vascular sprouting

EXT1-silenced DPSCs were seeded on the Matrigel-precoated 24-well plates at
the density of 1 x 10* cells/well and maintained in EM with or without 168 uM (100
pg/mL) of HS. The sh-control DPSCs at the same density were also cultured on
the Matrigel-precoated plates by using EM. Reticular-like structure formed by the
cells was observed using the light microscopy (CK40-F100) at 1, 3, 7, and 14
days of culture. Four independent images from different views of each group were
randomly selected and the number and total length of branches were counted by
ImageJ. The obtained data were statistically analyzed by utilizing the one-way

ANOVA and Tukey’s HSD test with a significance level of P < 0.05.

1.6 Gene expressions

27



The gene expression profile of EXT1-silenced DPSCs was examined by RNA
sequencing according to the manufacturer’s instructions. EXT1-silenced and sh-
control DPSCs at the density of 500 cells/cm? were seeded in a 60 mm culture
dish. After 14 days of endothelial induction, cells were rinsed twice with PBS to
remove the dead cells and debris. Then, the cells were treated with 1 mL of TRIzol
reagent (Thermo Fisher Scientific) for 5 min, and cell lysates were transferred to
a 1.5 mL Eppendorf tube. The lysate was mixed with 200 uL of chloroform
(Sigma-Aldrich), and centrifuged at 12,000 rpm for 15 min at 4°C. The
supernatant was transferred to a 1.5 mL RNase-free tube (Thermo Fisher
Scientific) and mixed with an equal volume of 70% ethanol (Kanto Chemical,
Tokyo, Japan). Total RNA was extracted with an RNeasy Mini Kit (Qiagen, CA,
USA), according to the manufacturer's instruction. RNA sequencing was
performed using a sequencing system (Novaseq 6000; lllumina, CA, USA). The
biological significance of differentially expressed genes (DEGSs) was explored by
volcano plot and gene ontology (GO) enrichment analysis using DESeq2.
Expression of pro-angiogenic and stemness markers in DPSCs was
further evaluated by real-time PCR. Transfected cells were seeded in 60 mm

culture dish at the same density as the cells for the RNA sequencing experiment.
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Following endothelial induction for 7 or 14 days, these cells were evaluated on
MRNA expression levels of VEGFA, CXCL1, Nanog, and GAPDH using a
TagMan Gene Expression Cells-to-Ct Kit (Ambion). Expression levels of VEGFA,
CXCL1, and Nanog were calculated relative to those of GAPDH using the 2-24Ct
method. One of the replicates from sh-control DPSCs was utilized to normalize
all samples. The experiments were repeated four times. The statistical data of
each expression between two groups were analyzed by the Student’s t-test with

a significance level of P < 0.05.

2. Results

2.1 EXT1 silencing and HS production of DPSCs

The mRNA expression of EXT1 was significantly decreased in EXT1-silenced
DPSCs, with fold changes of 0.31 + 0.05 and 0.45 £ 0.07 at 7 and 14 days of
endothelial induction, respectively (Figure 10A). Western blotting assay
demonstrated that EXT1 protein expressions decreased in EXT1-silenced
DPSCs compared with the sh-control cells (Figure 10B). These results indicated
that EXT1 was successfully downregulated in both mRNA and protein levels by

lentivirus ShRNA. Additionally, it was found that EXT1 silencing in DPSCs led to
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lower production of HS compared with sh-control cells for up to 14 days of

induction (Figure 11).

2.2 Proliferative ability of EXT1-silenced DPSCs

The morphology and proliferation of EXT1-silenced and sh-control DPSCs are

shown in Figure 12. There was no difference in cell morphology among all groups

for up to 3 days. The sh-control DPSCs in EM altered their polygonal morphology

into small round shape at day 5 (Figure 12A). There was no significant difference

in the cell numbers at 1 day between two types of cells; thereafter, the numbers

of EXT1-silenced DPSCs were significantly lower when compared with sh-control

transduced cells cultured in EM. The numbers of both cells cultured with EM were

significanly greater than those cultured with GM at 5 days (Figure 12B).

2.3 Vasculogenic behavior of EXT1-silenced DPSCs in vitro

There is no difference in the cell sprouting among EXT1-silenced DPSCs with or

without exogenous HS, as well as sh-control DPSCs at 1 and 3 days (Figure 13A).

After 7 and 14 days of culture, EXT1-silenced DPSCs formed fewer capillary-like

structures compared with sh-control DPSCs. The addition of exogenous HS
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ameliorated the sprouting capacity of EXT1-silenced DPSCs. Quantitative

analyses demonstrated that no significant difference in the number and total

length of branches was found after 1 and 3 days of induction (Figure 13B, C).

Thereafter, EXT1-silenced DPSCs developed fewer and shorter branches than

those of sh-control cells; however, HS supplementation resulted in significant

recovery of both numbers and total lengths of branches in EXT1-silenced DPSCs

to levels comparable with sh-control cells.

2.4 Gene expression in EXT1-silenced DPSCs

Heatmap data based on hierarchical clustering displayed the difference in gene

expression patterns between EXT1-silenced DPSCs and sh-control DPSCs

(Figure 14). Furthermore, volcano plot analysis summarized significantly

upregulated and downregulated genes (p adjust < 0.05, |fold change| > 2) in

EXT1-silenced DPSCs (Figure 15). In particular, several downregulated genes

involved in angiogenic processes (e.g., VCAM1, APOE, and LEP) and HS

sulfation modification (e.g., SULF1) were detected and highlighted in Figure 15.

A detailed list of downregulated genes related to angiogenesis and HS

biosynthesis is shown in Table 1. The result of GO analysis shown in Figure 16
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revealed that gene expressions associated with ECM organization and cell

adhesion decreased in EXT1-silenced DPSCs. In addition, several biological

processes, including angiogenesis and response to hypoxia, were significantly

downregulated, suggesting a potential role of HS in regulating vascular formation

of DPSCs. Conversely, silencing of EXT1 resulted in the upregulation of several

genes responsible for degradation of ECM (e.g., MMP1, MMP3, and PFN1), and

cell activities involved in the proteasome-mediated catabolic process and

mitochondrial translational termination were significantly activated in EXT1-

silenced DPSCs (Figures 15 and 16).

When expression of genes specifically related to endothelial

differentiation and stemness properties were evaluated by real-time PCR (Figure

17), fold changes of VEGFA and CXCL1 expression at day 7 in EXT1-silenced

DPSCs were 0.66 £ 0.06 and 0.31 = 0.08, respectively. Further, significant

differences were detected after 14 days of induction (0.39 + 0.07 and 0.07 £ 0.04)

in these angiogenic gene expressions. Conversely, the fold change of Nanog

expression in EXT1-silenced cells was significantly greater than that of sh-control

cells throughout the culture period, demonstrating 1.44 + 0.16 and 1.43 + 0.19 at

7 and 14 days, respectively.
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3. Discussion

Heparan sulfate biosynthesis is conducted through a complicated process

composed of chain polymerization and modification [70]. Chain polymerization

involves the formation of an initial polysaccharide backbone structure, consisting

of repeating glucuronic acid and N-acetylglucosamine disaccharide units. As the

chain is growing up, a series of chain modifications include the N-sulfation of

glucosamine units and the epimerization of glucuronic acid to iduronic acid,

followed by various sulfation extents at different positions with 2-O-, 6-O-, and 3-

O-sulfotransferase [42,71,72].

EXT1/EXT2 heterooligomeric complex is known to be a rate-limiting

glycosyltransferase during HS polymerization, which is responsible for initiating

the addition of disaccharide units to the linkage region of HS [73-75]. Without

EXT1 and EXT2 enzymes, the subsequent modifications are unable to progress,

leading to alteration in the final HS structure. Specifically, it was demonstrated

that EXT1 encodes the disaccharide units for the elongation of HS backbone

structure, whereas EXT2 might only have the N-acetylglucosamine transferase

activity [76-78].
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Early studies demonstrated that mutation of EXT1 may result in hereditary

multiple exostoses in human, an autosomal dominant inherited genetic disorder

characterized by multiple osteochondromas and limb bone deformity [73].

Notably, recent research reported that the endothelial cell-specific EXT1-

knockout mice exhibited reduced HS expression in the brain vascular

endothelium and suppressed glioblastoma growth, unveiling a possible role of

EXT1 in modulating HS expression of vascular endothelial cells [79]. In this study,

EXT1-silenced DPSCs were established to further confirm the impact of HS on

endothelial differentiation and vasculogenic processes. Here, despite the fact that

the lack of EXT1 resulted in a significant decrease in HS quantitation of DPSCs

in vitro, EXT1-silenced DPSCs could still produce a certain amount of HS

compared with sh-control cells. It was reported that both the mouse fibroblast

mutant cell and human promyelocytic leukemia cell lines defective in EXT1

expression could still produce small and short HS chains [80], which was

consistent with the findings obtained in this study. EXT1 silencing was expected

to prevent the EXT1 and EXT1/EXT2 complex formation, although EXT2 alone

might still produce a few amounts of unfunctional fragments of HS. Further

investigations are required to determine the specific components and structures
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of HS formed by EXT1-silenced DPSCs.

The numbers of EXT1-silenced and sh-control DPSCs with endothelial

induction were greater than those cultured with GM. This result might be

explained by the supplementary growth factors (e.g., FGF, VEGF) included in EM,

which provide sufficient nutrients for cell survival and proliferation. In addition, the

cell numbers of EXT1-silenced DPSCs were significantly smaller than sh-control

cells both in GM and EM, suggesting that EXT1 deficiency led to lower

proliferative capacity of DPSCs. Furthermore, EXT1-silenced DPSCs formed less

capillary-like structures compared with sh-control transduced DPSCs, which

could be rescued by the addition of 168 uM (100 pug/mL) of exogenous HS. This

concentration was substantially greater than the endogenous HS produced by

both the sh-control and EXT1-silenced DPSCs (20.43 + 4.46 and 15.5 + 1.46

pg/mL, respectively), since only the greater concentration could more effectively

ameliorate the sprouting ability of EXT1-silenced DPSCs. Exogenous 100 ug/mL

HS was previously reported to enhance the chondrogenesis and cartilage nodule

formation of bone marrow-derived stem cells (BMSCs) in vitro, which also belong

to MSCs and share a similar multipotent characteristic with DPSCs [81,82]. The

underlying mechanism behind the regulation of external HS on the DPSC
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sprouting ability was required, which might reveal other processes distinct from

endogenous HS function. These findings demonstrated that EXT1 acts as a key

regulator of sprouting and capillary network formation by DPSCs.

Genetically, reduced pro-angiogenic gene expression and increased

expression of stemness markers were detected in EXT1-silenced cells compared

with sh-control DPSCs. This result indicated that a lack of HS inhibited endothelial

differentiation potential and, at least in part, maintained the stemness property of

DPSCs. The fold change of Nanog expression of EXT1-silenced DPSCswas 1.44

+ 0.16 and 1.43 + 0.19 at 7 and 14 days of endothelial induction compared with

sh-control cells, whereas 10 uM surfen stimulation led to a substantial increase

of Nanog expression when compared with DPSCs maintained in GM, with the

fold change of 56.42 + 10.50. This discrepancy might be attributed to the fact that

DPSCs could differentiate into odontoblast or fibroblast lineages even in GM,

which reduced its stemness property to some extent [83]. Furthermore, a high

concentration (10 uM) of surfen could effectively bind with HS chains and occupy

the binding sites between HS and growth factors, subsequently leading to the

maintenance of cell stemness.

Matrix metalloproteinases (MMPSs) are involved in the breakdown of ECM
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during physiological and pathological processes including tissue repair and

remodeling [84]. In this study, it was revealed that HS disruption resulted in the

upregulation of MMP1 and MMP3. A previous study reported that sulfated HS

glycosaminoglycans could provide anchoring sites for the MMPs, and HS

breakdown led to the release of MMPs into the external microenvironment [85].

However, Agere et al. [86] demonstrated that HS degradation by digestive

enzymes caused a reduction in MMP1 and MMP13 expressions in human

rheumatoid arthritis synovial fibroblast cells. The controversial results might be

attributed to the upregulation of MMPs in current study was achieved by silencing

EXTL1, rather than enzymatic digestion of HS. These findings call for more in-

depth investigation of the relationship between HS and MMP, which may reveal

other underlying mechanisms independent of binding efficiency.

EXT1 knockdown was previously reported to induce chemosensitivity in

melanoma cells by activating c-Jun N-terminal kinase (JNK) and MEK/ERK

signaling [87]. In addition, EXT1 was proved to affect the chondrogenic

differentiation of ATDC5 cells via the canonical Wnt/B-catenin signaling [88]. The

underlying signaling transduction by which EXT1 regulates the vasculogenic

behavior of DPSCs requires further exploration.
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4. Summary

Silencing of EXT1 expression in DPSCs by using a short hairpin RNA significantly

altered their gene expression profile. In addition, EXT1-silenced DPSCs

expressed lower levels of endothelial differentiation markers and displayed a

reduced vascular formation capacity compared with sh-control DPSCs

transduced with scrambled sequences. The sprouting ability of EXT1-silenced

DPSCs was rescued by the supplementation of exogenous HS. All these results

demonstrated that a lack of HS by silencing EXT1 suppressed vasculogenic

properties of DPSCs.
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Chapter 3: Impact of HS on vascular formation in vivo

Objectives
e To investigate vasculogenesis of DPSCs using the mouse subcutaneous
implantation model.

e To evaluate the vascular formation ability of EXT1-silenced DPSCs in vivo.

1. Materials and methods

The protocol of animal experiments is illustrated in Figure 18.

1.1 Cell-loaded scaffold

Cell-loaded scaffolds were prepared by modification of the method previously
described [89-91]. Poly-L-lactic acid (PLLA) particles (Polysciences, Warrington,
PA) were dissolved by 5% solution in chloroform (Wako). Then, sodium chloride
(Wako) ranging from 250 to 425 ym in diameter was mixed with PLLA solution
and cast within a polytetrafluoroethylene (PTFE) tube (PTC68; AS-ONE, Osaka,
Japan) with an 8 mm internal diameter and 1 mm thickness. After 24 h, sodium
chloride was leached away by using distilled water. The PLLA scaffold prepared

was dried and then kept in a 50 mL centrifuge tube for further use.
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The day before surgery, PLLA scaffold was sterilized and hydrophilized
with a sequence of 99.5%, 90%, and 70% ethanol followed by washing three
times with sterilized PBS. On a surgery day, 1 x 10% EXT1-silenced or sh-control
DPSCs were resuspended in the 40 pyL mixture at the ratio of 1:1 of Matrigel and
GM. The cell-containing mixture was then seeded into the sterilized porous PLLA
scaffold, incubating at 37°C for 30 min to allow cell attachment and Matrigel

polymerization.

1.2 Subcutaneous implantation model
All animal experiments followed ARRIVE (Animal Research: Reporting of In Vivo
Experiments) guidelines and a strict protocol was approved by the Animal
Experiments Committee of Osaka University Graduate School of Dentistry
(Approval No. 26-021-0). Five 6-week-old male immunodeficient mice (CB.17.
SCID; CLEA Japan, Tokyo, Japan) weighing 18 - 22 g were used in the
experiments. Animals were kept in a specific pathogen-free environment with
barriers and a controlled light cycle, providing sterile food and water ad libitum.
For the surgical procedure, SCID mice were anesthetized intraperitoneally

by a mixture of 0.3 mg/kg of medetomidine (Domitor; Nippon Zenyaku Kogyo,
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Tokyo, Japan), 4.0 mg/kg of midazolam (Dormicum; Maruishi Pharmaceutical,
Osaka, Japan), and 5.0 mg/kg of butorphanol (Vetorphale; Meiji Seika Kaisha,
Tokyo, Japan) ). After anesthesia, the dorsal hair was shaved off, and a 15 mm
of subcutaneous incision was created with a disposable scalpel (No. 15; Feather
Safety Razor, Osaka, Japan). Subsequently, EXT1-silenced or sh-control
DPSCs-loaded scaffolds were transplanted into the subcutaneous space
bilaterally of mice, and incisional wound was closed with an absorbable suture

(Nescosuture 4-0; Alfresa Pharma, Osaka, Japan).

1.3 Histological observation

After 5 weeks, specimens were harvested and then fixed with 10% buffered
formalin phosphate (Wako) for 48 h. The PLLA scaffold was retrieved from the
PTFE tube and embedded in paraffin by using the Cell & Tissue Processor CT-
Pro20 (Genostaff, Tokyo, Japan) for 24 h. Paraffin sections of 5 ym thickness
were prepared by using a microtome (2125RT; Leica, Wetzlar, Germany) and

placed on glass slides (Matsunami, Osaka, Japan).

1.3.1 Toluidine blue and HE staining
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The sulfated glycosaminoglycans in tissue section were visualized by toluidine

blue staining. Toluidine blue is a basic thiazine metachromatic dye that has a high

affinity for acidic tissue components, such as sulfate groups. The sections were

deparaffinized by lemosol (Wako), rehydrated using a sequence of phased

dilutions of ethanol. The rehydrated sections were then stained with 0.05%

toluidine blue solution (Wako) for 5 min. After rinsing with the distilled water for 5

min, stained sections were hydrated and covered with the MGK-S mounting

solution (Matsunami). Images were captured with a CCD camera (DS-Fi2; Nikon,

Tokyo, Japan) attached to a light microscope (ECLIPSE Ci-L; Nikon).

For hematoxylin and eosin (HE) staining, rehydrated sections were stained

with hematoxylin (Wako) for 5 min, rinsed with flowing water for 5 min, and then

stained with 0.5% eosin Y (Wako) for 5 min. Stained sections were observed with

a light microscope (ECLIPSE Ci-L) equipped with a CCD camera. Five

independent views were randomly selected for each group, and the number of

blood-containing vessels per unit area was measured. The results for EXT1-

silenced and sh-control cell-seeded specimens were analyzed by the Student’s

t-test with a significance level of P < 0.05.
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1.3.2 Immunofluorescence staining

Immunofluorescence staining was conducted to observe the DPSC-derived

vasculature. Rehydrated sections underwent epitope retrieval with 1 mg/mL of

trypsin from porcine pancreas (Sigma-Aldrich) for 1 h in a 37°C incubator. After

blocking with PBS containing 0.3% Triton X-100 (Alfa Aesar, Lancashire, UK) and

0.1% w/v bovine serum albumin (Sigma-Aldrich) for 30 min, sections were

incubated with mouse monoclonal primary antibodies against human HS (10E4

epitope; 1:100; US Biological Life Sciences, CA, USA), CD31 (1:50; Dako, CA,

USA), von Willebrand factor (vWF, 1:200; Proteintech), and a rabbit polyclonal

antibody against GFP (1:200; Invitrogen) for overnight at 4°C. Immunoreactive

proteins were visualized by using Alexa Fluor 488 goat anti-mouse IgG (1:250;

Invitrogen), Alexa Fluor 568 goat anti-mouse IgG (1:200; Invitrogen), and Alexa

Fluor 594 goat anti-rabbit IgG (1:250; Invitrogen) for 1 h without the light at room

temperature. All antibodies utilized in this experiment were diluted by the

Antibody Diluent (Agilent, CA, USA). Nuclear staining was performed by Hoechst

33342 (1:1000; Invitrogen) for 5 min. After sealing with the VECTASHIELD

Mounting Medium (Funakoshi, Tokyo, Japan), the stained sections were

observed with a fluorescence microscope (TE2000) coupled with a CCD camera.
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2. Results

2.1 Toluidine blue and HE staining

Stained intensity by the toluidine blue was lower in the specimens loaded with

EXT1-silenced DPSCs than that with sh-control cells (Figure 19A), indicating that

the polysaccharide produced by EXT1-silenced DPSCs was less than sh-control

DPSCs. The numbers of blood-containing vessels for the scaffolds seeded with

EXT1-silenced DPSCs was 14.6 £ 5.68 per unit area, and significantly smaller

compared with specimens loaded with sh-control DPSCs which showed 26.4 +

8.20 per unit area (Figure 19B, C).

2.2 Immunofluorescence staining

Immunofluorescence staining demonstrated that HS was distributed around the

human-specific CD31-positive blood vessels in the DPSCs-loaded scaffold

(Figure 20). In addition, GFP-transduced DPSCs formed blood cell-containing

vessels and these vessels were positive for human-specific CD31 and vWF

(Figure 21).
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3. Discussion

The tooth slice/scaffold of dental pulp tissue engineering model has been

developed as a research method for investigating neovascularization and

dentinogenesis of dental stem cells [89,92,93]. It was reported that the pulp

viability and vasculature were successfully maintained after transplanting the

human tooth slice in the immunodeficient mice subcutaneously for 7 days [92].

Additionally, blood cell-containing vascular structures were observed within the

stem cells from human exfoliated deciduous teeth (SHED) loaded-tooth slice after

14 days of implantation, indicating that the blood vessels within the specimen

were anastomosed with the host vasculature [94]. Furthermore, reparative

dentin-like tissues were deposited around the dentin layer when the human

DPSC/dentin complex was transplanted into the immunodeficient mice [95]. All

these previous data demonstrated that functional dental pulp-like tissue was

formed in the tooth slice/scaffold model. In this study, the tooth slice/scaffold

model was modified and the undegradable PTFE tube was utilized as the

container of the cell-loaded scaffold, because the current study aimed to elucidate

the DPSC vasculogenic process regulated by HS in vivo. Furthermore, the

conventional tooth slice was obtained from the cervical area of healthy wisdom
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teeth, reaching the volume of 29 - 43 mm? of slice model with 1 mm thickness
[89, 93]. As a result, the internal diameter of 8 mm with 1-mm-thick ring was
selected, which could create a similar space as a tooth slice. Considering the
biocompatibility and undegradability, it was believed that PTFE rings could be an
alternative to tooth slice to investigate the vascularization of the DPSC-loaded
specimens [96,97].

In the mice model, EXT1-silenced DPSCs formed less polysaccharide and
fewer functional microvessels exhibiting host blood cells inside, when compared
with those of sh-control DPSCs. Colocalization of human-specific HS and CD31
expression was detected in the sample loaded with GFP-transduced DPSCs.
This result implicated that DPSC vasculature formation was regulated by HS in
vivo. Although it was difficult to determine the precise ratio of blood vessels
formed by human-derived GFP-transduced DPSCs, colocalization of blood-
containing vascular-like structures positive for the human-specific pro-angiogenic
proteins (e.g., CD31 and VWF) and GFP expression in microvessels could be
observed in specimens seeded with sh-control DPSCs. These results
demonstrated that vascular endothelial cells originating from DPSCs formed

nascent blood vessels and anastomosed with the host vasculature. Taken
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together, these data demonstrate that EXT1 plays an important role in vascular
formation originating from DPSCs, and HS is essential for modulating

vasculogenic processes of DPSCs in vivo.

4. Summary

EXT1-silenced DPSCs produced fewer amounts of polysaccharides and formed
fewer functional vessels than sh-control DPSCs in the SCID mice model. HS
localization and CD31 expression were observed in the specimen loaded with
GFP-transduced DPSCs, and lumen-like structures positive for human CD31 and
VWF were formed by GFP—-transduced DPSCs. All the data demonstrated that
HS supported the development of functional microvessels derived from DPSCs

in vivo.
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General conclusion

DPSCs were recently reported to be capable of differentiating into vascular

endothelial lineages. During this process, DPSC responses to the extracellular

microenvironment and cell-ECM interaction are critical in regulating their ultimate

cell fate. In this study, HS glycosaminoglycan, an integral component of ECM and

key regulator of various biological activities, was focused, to explore its

significance to endothelial differentiation and vasculogenesis of DPSCs.

The vasculogenic property of DPSCs was inhibited by using an HS

inhibitor (surfen) and by genetic silence of EXT1 responsible for HS biosynthesis.

The mice model further confirmed that HS is essential for functional microvessel

formation originating from DPSCs in vivo. Future investigations are necessary to

ascertain whether EXT1/HS regulates the vasculogenesis of other MSC types,

such as bone marrow- and adipose-derived cells. Moreover, further investigation

Is required to determine the mechanisms by which HS glycosaminoglycan

mediates the vasculogenic behavior of DPSCs. Nevertheless, considering the

complex structure and various sulfation extent of HS, future studies are warranted

to explore the specific component and sequence of HS chains that can control

the vasculogenic process.

48



Collectively, the present study demonstrates that HS is required for the

regulation of endothelial differentiation and vasculogenesis of DPSCs, thus

opening new perspectives for applications of HS glycosaminoglycan to tissue

engineering and dental pulp regeneration.
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Figure 1. HS production under GM or EM induction with surfen
stimulation.

HS: heparan sulfate; GM: growth medium; EM: endothelial differentiation
medium. Different letters indicate significant differences among groups. *P <

0.05, ANOVA and Tukey’s HSD test, n = 4.
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Figure 2. Photomicrographs of DPSCs grown in GM or EM containing
surfen.

Scale bars: 200 pym.
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Figure 3. DPSCs proliferation in the presence of GM or EM containing
surfen.
Different letters indicate significant differences among groups. *P < 0.05,

ANOVA and Tukey’s HSD test, n = 4.
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Figure 4. Sprouting behaviors of DPSCs under exposure to surfen.

(A) Representative bright-field images of DPSCs with sprouting formations
induced by EM containing 1, 5, or 10 yM surfen. Scale bars: 200 um. (B, C)
Quantification of numbers of branches and total lengths of sprouts at
corresponding time points. n.s., no significant difference. *P < 0.05, ANOVA and

Tukey’s HSD test, n = 4.
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Figure 5. Devitalization of the sprouting ability of DPSCs.

(A) Experimental design for sprouting devitalization and detailed group
information. (B) Photomicrographs of DPSCs seeded onto Matrigel at day O (I)
and maintained in endothelial differentiation medium (EM) for the first 7 days
(). Photomicrographs of DPSCs cultured with EM containing 5 and 10 uM
surfen for another 7 days were depicted in (Ill) and (V). (C, D) Quantification of
numbers of branches and total lengths for both groups after 14 days of culture.

Scale bar: 200 ym. *P < 0.05, ANOVA and Tukey’s HSD test, n = 4.
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Figure 6. Revitalization of the sprouting ability of DPSCs.

7 days

EM+5 EM+10 EM EM (uM)

14 days

o
i

IN
1

N
1

0
EM+5 EM+10 EM EM (uM)

7 days

14 days

(A) Experimental design for sprouting revitalization. (B) Photomicrographs of

DPSCs cultured with EM containing 5 yM surfen for the first 7 days (1) and then

maintained in EM without surfen for another 7 days (Il). Photomicrographs of

DPSCs cultured with EM containing 10 uM surfen for the first 7 days (lll) and

then maintained in EM without surfen for another 7 days (1V). (C, D)

Quantification of number of branches and total length for both groups after 14

days of culture. Scale bars: 200 ym. *P < 0.05, ANOVA and Tukey’s HSD test,

n=4.
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Figure 7. Viability of DPSCs under endothelial induction with surfen.

Live and dead cells were stained with green and red color, respectively. Scale

bars: 500 uym.
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Figure 8. Endothelial and stemness-related gene expression in DPSCs
cultured with GM or surfen-containing EM.

Gene expressions of vascular endothelial growth factor A (VEGFA), C-X-C motif
chemokine ligand 1 (CXCL1), and Nanog after 7 days of incubation were
evaluated by real-time PCR. Expression of glyceraldehyde 3-phosphate
dehydrogenase (GAPDH) was used as a reference gene. One of the GM
replicates was used to normalize all samples. Different letters indicate
significant differences among groups. ND, not detected. *P < 0.05, ANOVA and

Tukey’s HSD test, n = 4.

67



I
Without surfen : With surfen
I
I
I
o eFe
Core protein I Surfen (+)
I
HS chain (-) | . O .
‘o o~ l S
- O GF (] | A
<O : AN .".»’ HS chain (-)
SOg SOg
— GRJreceptor
GF receptor , P

signaling

Vasculogenesis

I

I

I

| / .
_______ 1----__\(/ No signaling

I

|

I

| .

| Vasculogenesis $§

|

Figure 9. Possible mechanism of the suppressed vasculogenesis of
DPSCs by surfen stimulation.

Surfen binds to HS by electronic interaction, which interferes the combination
between HS and growth factors (GFs), subsequently inhibiting cellular activities

dependent on HS, including vasculogenesis.
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Figure 10. EXT1 expressions in EXT1-silenced (sh-EXT1) and sh-control
DPSCs.

The mRNA and protein levels of EXT1 were evaluated by real-time PCR (A)
and western blotting assay (B), respectively. sh-control: scrambled sequence-

transduced DPSCs. *P < 0.05, Student’s t-test, n = 4.
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Figure 11. HS production after EXT1 silencing in DPSCs.
sh-EXT1: EXT1-silenced DPSCs; sh-control: scrambled sequence-transduced

DPSCs. *P < 0.05, Student’s t-test, n = 4.
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Figure 12. Proliferation of EXT1-silenced (sh-EXT1) and sh-control DPSCs
in vitro.

(A) Photomicrographs of DPSCs cultured with sh-EXT1 or sh-control in GM or
EM for 5 days. (B) Graph depicting cell numbers of sh-EXT1 and sh-control
DPSCs at 1, 3, and 5 days. Different letters represent significant differences
among groups. Scale bars: 200 um. *P < 0.05, ANOVA and Tukey’s HSD test, n

=4,
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Figure 13. Sprouting ability of EXT1-silenced (sh-EXT1) DPSCs with
exogenous HS.

(A) Representative bright-field images of capillary spouts of DPSCs cultured
with sh-control, sh-EXT1, or sh-EXT1 supplemented with 100 pg/ml of HS (sh-
EXT1+HS). Scale bars: 200 ym. (B,C) Quantification of numbers of branches
and total length of sprouts at indicated time points. *P < 0.05, ANOVA and

Tukey’s HSD test, n = 5.
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Figure 14. Hierarchical clustering heatmap after silencing EXT1 in DPSCs.
Heatmap displays standardized gene expression values ranging from -1.5to 1.5
with a mean of 0 for sh-EXT1 and sh-control. Red color represents genes with
high expression levels, whereas blue color indicates genes with low expression
levels. sh-EXT1: EXT1-silenced DPSCs; sh-control: scrambled sequence-

transduced DPSCs.
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Figure 15. Volcano plot visualization of genes upregulated or
downregulated in EXT1-silenced DPSCs.

Gene values with [log2FC| > 1 and p adj < 0.05 were considered differentially
expressed genes (DEGSs). Red dots represent upregulated genes, while blue
dots represent downregulated genes. Gray represents non-significant DEGs

(non-DEGS).
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Table 1. List of downregulated genes from DEG analysis (sh-EXT1/sh-
control).
DEG.: differentially expressed genes. sh-EXT1: EXT1-silenced DPSCs; sh-

control: scrambled sequence-transduced DPSCs.

Symbol Full name Gene ID Fold change P adjust
ACVRL1 Activin A Receptor Like Type 1 ENSG00000139567 0.323466047 3.37E-05
APOE Apolipoprotein ENSG00000130203 0.002788866 1.62E-163
CcCL2 C-C Motif Chemokine Ligand 2 ENSG00000108691 0.20221355 1.73E-08
CXCL1 Chemokine (C-X-C motif) Ligand 1 ENSG00000163739 0.175588416 0.012385732
CXCL8 Chemokine (C-X-C motif) Ligand 8 ENSG00000169429 0.017468381 6.93239E-06
CYP1B1 Cytochrome P450 1B1 ENSG00000138061 0.153179096 1.73772E-74
EFNA1 Ephrin A1 ENSG00000169242 0.240782923 0.002105027
EGR3 Early Growth Response Protein 3 ENSG00000179388 0.012084205 0.004840124
ENPEP Glutamyl Aminopeptidase ENSG00000138792 0.137617766 3.29264E-08
Ectonucleotide
ENPP2 ENSG00000136960 0.191139471 4.05562E-20

Pyrophosphatase/Phosphodiesterase 2

EPHB4 Ephrin Type-B Receptor 4 ENSG00000196411 0.138317753 9.02E-23
EXT1 Exostosin 1 ENSG00000182197 0.354570305 6.63189E-34
HIF3A Hypoxia Inducible Factor 3 Subunit Alpha ENSG00000124440 0.389412554 0.000146836

LEP Leptin ENSG00000174697 0.306880265 2.98764E-08
LEPR Leptin Receptor ENSG00000116678 0.007286223 1.98001E-67

MMRN2 Multimerin 2 ENSG00000173269 0.002373975 0.00619099
NOS3 Nitric Oxide Synthase 3 ENSG00000164867 0.202244431 0.005024969

PLCD1 Phospholipase C Delta 1 ENSG00000187091 0.048116378 1.77449E-10

PLXDC1 Plexin Domain Containing 1 ENSG00000161381 0.097335651 0.006481624
PLXND1 Plexin D1 ENSG00000004399 0.099315275 1.53946E-46
PRKX Protein Kinase X-Linked ENSG00000183943 0.126540581 1.63479E-07
PTEN Phosphatase and Tensin Homolog ENSG00000171862 0.425982243 4.72476E-44
TGFB1 Transforming Growth Factor 8 1 ENSG00000120708 0.479778591 2.86981E-52
TMEM100 Transmembrane Protein 100 ENSG00000166292 0.148238098 0.001471164
TYMP Thymidine Phosphorylase ENSG00000025708 0.299123152 0.008552182

VASH1 Vasohibin 1 ENSG00000071246 0.410622842 2.28376E-09

VCAM1 Vascular Cell Adhesion Protein 1 ENSG00000162692 0.40803335 9.44447E-41

VEGFA Vascular Endothelial Growth Factor A ENSG00000112715 0.179172096 1.56914E-41

VEGFB Vascular Endothelial Growth Factor B ENSG00000173511 0.039145952 3.0764E-18
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p adjust

Cell adhesion _ 0.001

Extracellular matrix organization _ 0.002

Angiogenesis _ 0.010

Chemotaxis - 0.010

Inflammatory response _ 0.071

Response to hypoxia - 0.071

Cell-cell signaling _ 0.069
Proteasome-mediated ubiquitin-

dependent protein catabolic process - [ Down-regulated 0.048

Mitochondrial translational termination . - Up-regulated 0.120
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Figure 16. GO enrichment analysis of DEGs related to angiogenic or HS-
associated biological processes in EXT1-silenced DPSCs.

Red column represents upregulated genes, while blue column represents
downregulated genes. GO: gene ontology; DEGs: differentially expressed

genes.
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Figure 17. Gene expressions of endothelial differentiation and stemness-
related marker in the EXT1-silenced (sh-EXT1) and sh-control DPSCs.
Expression of VEGFA, CXCL1, and Nanog after 7 and 14 days of differentiation
was determined by real-time PCR. The expression of GAPDH was used as an

internal control. *P < 0.05, Student’s t-test, n = 4.
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Figure 18. Fabrication of PLLA scaffold and implantation into the
immunodeficient mice model.

PTFE: polytetrafluoroethylene; PLLA: poly-L-lactide acid; sh-EXT1: EXT1-
silenced DPSCs; sh-control: scrambled sequence-transduced DPSCs; GFP:

green fluorescent protein; VWF: von Willebrand factor.
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Figure 19. Polysaccharide and blood-containing vessels formed by EXT1-
silenced DPSCs in vivo.

(A) Toluidine blue staining and (B) hematoxylin and eosin (HE) staining of the
specimen loaded with sh-control and sh-EXT1 DPSCs. White arrows indicate
blood-containing vessels. Scale bars: 200 um. (C) Quantitative analysis of
blood-containing vessels formed within the scaffolds. *P < 0.05, Student’s t-test,

n=>5.
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Nucleus HS

CD31

Figure 20. HS and CD31 expressions in the specimen loaded with GFP-
transduced DPSCs.
White arrows indicate CD31-positive lumen-like structures supported by HS.

Scale bar: 20 pym.
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Figure 21. Vasculogenesis of GFP-transduced DPSCs in vivo.
Immunofluorescence staining of microvessels positive for (A) CD31 or (B) von
Willebrand factor (VWF), and GFP-positive DPSCs. Cell nuclei are stained in
blue. Red arrows indicate CD31 or vVWF-positive lumen-like structures
originating from GFP-transduced DPSCs. White arrows indicate circulating

blood cells inside microvessels formed by DPSCs. Scale bars: 20 um.
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