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Hataichanok Charoenpong 2566: Expression of NOTCH mRNA in human dental pulp cells
subjected to mechanical compressive force College of Dental Medicine Rangsit University

53 Pages

Dental pulp cells encounter compressive force in various situations. Mechanical force can
produce various effects on dental pulp cells but the mechanisms underlying dental pulp response to
mechanical force are still unclear. In this study, we investigated mRNA expression of Notch target
genes, HES] and HEY1, as well as Notch receptors, NOTCHI, NOTCH2, NOTCH3 and NOTCH4, in
human dental pulp cells (HDPCs) subjected to mechanical compressive force. We utilized two in vitro

compressive force application models, direct compression and hydrostatic compression.

The results showed that there was an upregulation of Notch target gene, HESI, in HDPCs
subjected to compressive force generated by both models for 2 hours. Hydrostatic compression also
upregulated HESI and HEYI mRNA expression following 6 hours of force application. However, at
24 of force application, no upregulation of Notch target was observed. NOTCH?2 was the only Notch
receptor found to be upregulated in HDPCs following compressive force application in which the
upregulation was observed at 6 hours after hydrostatic compression. In conclusion, compressive force
can upregulate the mRNA expression of Notch target gene, HES!, in HDPCs. Hydrostatic compression
also upregulated HEY1 and NOTCH?2. However, upregulation of mRNA of Notch targets was transient,

although prolong compressive force was delivered to HDPCs.

Key words: Dental pulp cells; mechanical force; compressive force; Notch signaling
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Chapter 1

Introduction

Rationale and background

Dental pulp cells can be subjected to mechanical force in many situations. Since dental pulp is
a soft tissue surrounded by hard tissue of the teeth, when the teeth are displaced such as during
mastication or orthodontic treatment, mechanical force can be generated to dental pulp cells due to the
compression of dentin wall onto pulp tissue. Fluid movement in dental pulp following tooth movement
can also produce mechanical shear force to dental pulp cells (Koolstra, 2002; Su et al., 2014).
Furthermore, dental pulp cells can subject mechanical force during pulpal inflammation. Because of
physical constraint of dental pulp, it was reported that intrapulpal pressure of inflamed pulp is
approximately 3 times higher that of normal pulp (Heyeraas & Berggreen, 1999). Tooth preparation,
orthodontic force, dental caries, trauma and parafunctional habits can induce pulpal inflammation, thus,

can generate mechanical stress to dental pulp cells.

Mechanical stress was reported to have various effect on dental pulp cells including cell
proliferation, osteogenic and odontogenic differentiation (Marrelli et al., 2018). It was also reported
that mechanical force reduced survival and adhesion of dental pulp cells (Marrelli et al., 2018; Yu et
al., 2009). In addition, some studies have demonstrated the possible relationship between mechanical
stress-induced dental pulp cells and subsequent stimulation of osteoclasts (Charoenpong & Ritprajak,

2021; Wang et al., 2017) which might be the mechanisms underlying root resorption.

Notch signaling is the evolutionarily conserved pathway that involve in various biological
processes during prenatal and postnatal development as well as in adult tissues. Notch receptors, Notch

ligands and Notch target genes were expressed in dental pulp and were upregulated following pulpal



injuries (Lovschall et al., 2005; Mitsiadis et al., 1999). Notch signaling was also reported to invlove in
proliferation and osteogenic/odontoblasitc differentiation of dental pulp cells (Hansamuit et al., 2020;

He et al., 2009; Sun et al., 2010; Wang et al., 2011).

The association between Notch signaling and mechanical force was reported in many previous
studies. It has been reported that shear stress can induce expression of various Notch signaling
components in endothelial cells and limbal epithelial stem cells (Jahnsen et al., 2015; Kang et al., 2014;
Mack et al., 2017; Masumura et al., 2009). Mechanical strain was reported to affect notch signaling
components in vascular smooth muscle cells and umbilical vein endothelial cells (Loerakker et al.,
2018; Morrow et al., 2007; Morrow et al., 2005). Compressive force was found to up-regulate NOTCH
mRNA expression in human deciduous dental pulp cells (Peetiakarawach et al., 2015). However, in
adult dental pulp cells, the relationship between notch signaling and mechanical force is still lacking.
Therefore, this study aimed to investigate expression of Notch signaling components in human dental

pulp cells in response to mechanical force.

Objectives

This study aimed to investigate the effect of mechanical compressive force on mRNA

expression of Notch target genes and Notch receptors in human dental pulp cells.

Research question

1. Does compressive affect Notch target genes mRNA expression of in human dental pulp
cells?

2. Does compressive affect Notch receptors mRNA expression of in human dental pulp cells?

Research hypothesis



H,: Mean fold change in mRNA expression of HES!/ in human dental pulp cells receiving
mechanical compressive force is not different from that of control cell without force
application.

H,: Mean fold change in mRNA expression of HES!/ in human dental pulp cells receiving
mechanical compressive force is different from that of control cell without force application.
H,: Mean fold change in mRNA expression of HEYI in human dental pulp cells receiving
mechanical compressive force is not different from that of control cell without force
application.

H,: Mean fold change in mRNA expression of HEY/ in human dental pulp cells receiving
mechanical compressive force is different from that of control cell without force application.
H,: Mean fold change in mRNA expression of NOTCH]I in human dental pulp cells receiving
mechanical compressive force is not different from that of control cell without force
application.

H,: Mean fold change in mRNA expression of NOTCH]I in human dental pulp cells receiving
mechanical compressive force is different from that of control cell without force application.
H,: Mean fold change in mRNA expression of NOTCH?2 in human dental pulp cells receiving
mechanical compressive force is not different from that of control cell without force
application.

H,: Mean fold change in mRNA expression of NOTCH?2 in human dental pulp cells receiving
mechanical compressive force is different from that of control cell without force application.
H,: Mean fold change in mRNA expression of NOTCH3 in human dental pulp cells receiving
mechanical compressive force is not different from that of control cell without force

application.



H,: Mean fold change in mRNA expression of NOTCH3 in human dental pulp cells receiving
mechanical compressive force is different from that of control cell without force application.
H,: Mean fold change in mRNA expression of NOTCH4 in human dental pulp cells receiving
mechanical compressive force is not different from that of control cell without force
application.

H,: Mean fold change in mRNA expression of NOTCH4 in human dental pulp cells receiving

mechanical compressive force is different from that of control cell without force application.



Chapter 2

Review literatures

Dental pulp tissue

Dental pulp is a soft tissue residing within pulp cavity of the tooth (Figure 1). Dental pulp
derives from mesenchymal origin. It is a highly vascularized tissue with high sensory innervation.
Dental pulp is composed of collagenous and argyrophilic fibers, gelatinous ground substance, blood

vessels, nerve and cellular components (Mjor & Heyeraas, 2008).

Figure 1 Dental pulp tissue (Picture from Mjor & Heyeraas, 2008)

Various cell types can be found in dental pulp including odontoblasts, the dentin forming cells.
Odontoblasts are tall columnar cells lying adjacent to dentin wall (Figure 2) (Arana-Chavez & Massa,
2004; Dabas & Dabas, 2007; Kawashima & Okiji, 2016; Mjor & Heyeraas, 2008; Yu & Abbott, 2007).
Beside from odontoblasts, the majority of the cells in dental pulp are pulpal fibroblasts and

undifferentiated cells (Dabas & Dabas, 2007; Mjor & Heyeraas, 2008; Yu & Abbott, 2007).



Occasionally, macrophage, dendritic cells and mast cells also present in dental pulp (Dabas & Dabas,

2007; Mjor & Heyeraas, 2008).

Figure 2 Odontoblasts, the dentin forming cells. (Picture from Kawashima & Okiji, 2016)

Pulpal fibroblast and undifferentiated cells are stellate shape with large nuclei and little
cytoplasm (Figure 3). Because of the similarity in morphology, pulpal fibroblast and undifferentiated
cells are difficult the distinguish from each other (Dabas & Dabas, 2007). However, the undifferentiated
cells have the ability to develop into many cell types including odontoblasts, fibroblasts, adipocytes

and neural-like cells (Dabas & Dabas, 2007; Gronthos et al., 2002; Nakashima et al., 2013).

Figure 3 Mesenchymal cells of dental pulp. Left: explant stage, right: confluence stage. (Picture from

Shekar & Ranganathan, 2012)



In vitro isolation of dental pulp cells by explant method gives rise to the mixed population of
dental pulp stem cells. These cells are highly proliferative. They exhibit self-renewal potential and

have the ability to differentiate various cell types (Nakashima et al., 2013).

Histomorphologically, dental pulp can be divided into 4 zones (Dabas & Dabas, 2007; Mjor &
Heyeraas, 2008) (Figure 4). The first zone adjacent to dentin is odontoblastic zone which contains the
single layer of odontoblasts. Nerve fiber and some dendritic cells may also present within odontoblastic
layer. Adjacent to odontoblastic layer into pulpal side is the cell poor zone which is a narrow zone with
approximately 40 um width. This zone is relatively cell-free and may not be apparent in some pulps.
Cell rich zone locates pulpally to cell free zone. It is composed of mainly of pulpal fibroblasts although
some immune cells can also be found. The innermost of the pulp is pulp proper. This zone has large
blood vessels and nerves supply and also contains many cells (Dabas & Dabas, 2007; Mjor & Heyeraas,

2008) (Figure 4).

Figure 4 Four zones of dental pulp. O=odontoblasts, CF=cell-free zone, CR=cell rich zone,

BV=blood vessel (picture from Dabas & Dabas, 2007)



Notch signaling

Notch signaling pathway is a highly conserved pathway first discovered a century ago
(Borggrefe & Oswald, 2009). Notch signaling provide a simple cell-cell communication that plays
important roles during development and throughout life to maintain tissue homeostasis (Bi & Kuang,
2015). Notch signaling regulates cellular response in highly context specific (Bi & Kuang, 2015;
Henrique & Schweisguth, 2019). It was reported to involve in a wide range of biological response
including cell fate determination, cell proliferation, cell survival, cell differentiation and maintaining

stemness of cells (Bi & Kuang, 2015; Henrique & Schweisguth, 2019).

Notch signaling mainly consists of Notch receptors, Notch ligands and intracellular proteins
that convey the signal into nucleus (Bi & Kuang, 2015). In mammals, four Notch receptors and five
Notch ligands have been identified. NOTCH1, NOTCH2, NOTCH3 and NOTCH4 are the known
Notch receptors. They are single-pass transmembrane proteins composed of Notch extracellular domain
(NECD), transmembrane domain (TM), and Notch intracellular domain (NICD) (Figure 5). Five Notch
ligands identified in human are also single pass transmembrane proteins that are in DSL
(Delta/Serrate/LAG-2) family proteins. The know Notch ligands are Delta-like (DLL) 1, DLL3, DLL4

and Jagged (JAG) 1, JAG2.

A
LT T TP AT TTTE

Extracellular domain Intracellular
domain

Figure 5 Diagram illustrating structure of Notch receptor (picture from Stephenson & Avis, 2012)



Notch signaling is activated in juxtacrine manner upon binding of Notch ligand to its receptor
on neighboring cell. Binding of Notch ligand to its receptor leads to conformation changes of Notch
receptor unfolding the juxtamembrane negative control region (NRR) (Kopan, 2012) (Figure 5). This
allows ADAMI10, an ADAM family metalloprotease, to cleave Notch receptor at S2 cleavage site
releasing Notch extracellular domain (Bi & Kuang, 2015; Henrique & Schweisguth, 2019; Kopan,
2012) (Figure 5 and 6). Following S2 cleavage by ADAMI10, Y-secretase then cleaves NOTCH at S3
cleavage site within its transmembrane domain resulting in the release of Notch intracellular domain
(Henrique & Schweisguth, 2019; Kopan, 2012) (Figure 5 and 6). Notch intracellular domain then
translocates into nucleus where it binds to DNA binding protein, RBPJ (recombination signal binding
protein for immunoglobulin kappa j region, also known as CSL in mammals), and recruits other factors
to form a transcriptional complex that activate transcription of Notch targets genes including
Hairy/enhancer-of-split (HES) and Hes related with YRPW motif protein (HEY) family genes (Bi &

Kuang, 2015; Henrique & Schweisguth, 2019; Wang et al., 2015) (Figure 6).
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Figure 6 Notch signaling pathway (picture from Kopan, 2012)

Notch signaling in dental pulp

Mitsiadis et al. (1999) studied in 12-month-old male Wistar rats and reported that Notchl,

Notch2 and Notch3 cannot be detected in normal pulp. However, when there is an injury, Notch
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expression was upregulated. Expression of Notchl expression was weak and restricted to few pulpal
cells close to injury site while Notch2 and Notch3 expressed more intensely in injured dental pulp.
Expression of Notch2 after injury was found in mesenchymal cells of the pulp close to and also at a
distance from injury sites. Notch3 expression was observed mainly along with vascular structures.
While all of Notch receptors investigated were not observed in odontoblastic cells, expression of Notch

ligand, Deltal, was found to upregulate in odontoblasts of injured teeth and also in vascular structures.

Lovschall et al. (2005) studied Notch signaling components in dental pulp of adult rat molars
after pulp capping with calcium hydroxide. Expression of Notchl increased at the area close to injury
site, in sub-odontoblast zone and in a few perivascular cells. Notch2 expression increased in pulpal
stroma inside coronal odontoblasts and in the whole root pulp. Increase expression of Notch3 was found
mainly in perivascular cell groups and some expression was observed in the stroma adjacent to injury
site. All Notch receptors were rarely detected in odontoblast layer along the dentin wall. Expression of
Notch ligands, Deltal and Jagged1 was very low in dental pulp. Slightly increase in expression of these
Notch ligands was observed following pulpal injury. Notch target gene, Hes1, was expressed close to
the lesion and along the adjacent dentin walls. Hes5 was not observed in dental pulp. Expression of all
the Notch receptors, ligands and target genes, Hesl, were increased on day 1 after pulp injury and

tended to decrease on day 3.

Sun et al. (2010) found that primary rat dental pulp cells expressed Notch receptors, Notchl,
Notch2 and Notch3 but not Notch 4. Notch target genes, Hesl and Heyl were also found to express in
rat dental pulp cells. When inducing these cells to differentiate into odontoblasts, it was found that
Heyl was significantly down-regulated during odontoblastic differentiation indicating that Heyl may

be the negative regulator in odontoblastic differentiation of dental pulp cells.
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X. Wang et al. (2011) showed that Deltal was expressed in human dental pulp cells. This study
also investigated the effect of Deltal on proliferation and differentiation of human dental pulp cells by
knocking down Deltal using lentivirus-mediated Deltal-RNAi. The results showed that cell
proliferation was significantly suppressed in Deltal knocked-down dental pulp cells. Odontoblastic

differentiation, on the other hand, was enhanced in Deltal knocked-down dental pulp cells.

Hansamuit et al. (2020) reported that human dental pulp cells significantly upregulated Notch
target genes, HES1 and HEY1 when seeded on Jaggedl immobilization surface. Dental pulp cells
seeded on Jagged] immobilization surface and maintained in osteogenic induction medium for 14 days
showed an increase in mineral deposition comparing to dental pulp cells seeded on hFc immobilized
control surface. These results indicated that Jagged 1 increase notch signaling and promote osteogenic

differentiation of human dental pulp cells.

He et al. (2009) found that Notch receptor, NOTCHI1 and NOTCH2 as Notch ligand, Deltal,
were expressed in human dental pulp cells throughout the process of cellular proliferation and
differentiation. Expression of NOTCH1, NOTCH2 and Deltal were located in cell membrane and/or
in nucleus. By overexpression of Deltal, it was found that Deltal could significantly enhance
proliferation and odontoblastic: differentiation of human dental pulp cells. It was also found that

overexpression of Deltal led to an increase in Notch target gene, HES1, expression but not Deltex.

Notch signaling and mechanical force

Many studies reported the association between Notch signaling and cellular response to
mechanical force. Obi et al. (2009) found that endothelial progenitor cells (EPCs) derived from
human peripheral blood upregulated NOTCH1/3, HEY1/2 mRNA expression when exposing to shear

stress produced by flow-loading device for 6 and 24 hours.
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Jahnsen et al. (2015) studied using the lamina flow to create shear stress to human abdominal
aortic endothelial cells (HAAEC). It was found that low level of shear stress induced expression of
NOTCHI1 while high level of shear stress (more than 10 dynes/cm2) did not. Low level of shear stress
also induced expression of DLL1, DLL4, JAGI and HEY1 but not HEY2 and NOTCH4 in these cells.
Furthermore, by knocking down of NOTCHI, the results indicated that flow-induced expression of
DLL4 and HEY1 as well as Nrpl and EphB4, the arterial and venous marker genes, depended on

NOTCHI.

The study by Kang et al. (2014) in limbal epithelial stem cells (LESCs) subjected to flow-
induced shear stress found that there was a transient upregulation of Notch-1 (and p63) gene expression
in response to intermittent flow. Steady flow, however, did not produce changes in expression of this
gene. The upregulation of Notch-1 in response to intermittent flow was transient; the significant
upregulation of the gene was observed shortly (2 days) after application of shear force but decreased

thereafter (4 days later).

Mack et al. (2017) studied in human aortic endothelial cells (HAECs) and reported that
NOTCHI] transcript increased significantly after 12 hours exposing to shear stress. Notch1 target genes,
HES1, NRARP, and FABP4 transcript level also increased in response to shear stress. Blocking
NOTCHI1 blocked the increase in NOTCHI1 and its target genes. NOTCH1 protein expression was also
significantly increased after 24 hours exposing to shear stress. Furthermore, it was found that NOTCH1
is essential for endothelial cells response to shear stress which affect cell—cell junctions, cell polarity,

and cell proliferation.

The study in murine embryonic stem cells (ES) cell-derived VEGFR2+ cells by Masumura et
al. (2009) found that Notch receptors, Notchl and Notch4, as well as Notch ligand, D114, Jaggedl and

Jagged 2, increased in response to mechanical shear stress (10 dynes/cm2) in both mRNA and protein
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level. Nuclear translocation of Notch intracellular domain also increased in time-dependent manner
when these cells were exposed to shear stress. This activation of notch signaling was required to induce

expression of arterial cells marker gene, ephrineB2, in response to shear stress.

Peetiakarawach et al. (2015) studied using computerized cell compressive force loading
apparatus to apply compressive force to human deciduous dental pulp cells. NOTCH1 mRNA
expression was significantly upregulated in human deciduous dental pulp cells exposing to mechanical

compressive for of 2 g/cm2 for 2 hours compared to control without force application.

Loerakker et al. (2018) investigated Notch receptors, Notch ligand and Notch target genes
mRNA expression in vascular smooth muscle cells (VSMCs) exposing to mechanical strain produced
by cyclically stretching on flexible membranes for 24 hours. This study found that among Notch
receptors and Notch ligands investigated, Notch3 and Jagged I mRNA expression was down-regulated
with the increasing degree of mechanical strain. For notch target genes, it was found that all Notch
target genes investigated which were HES, HEY'1, and HEY2 were down-regulated in response to

mechanical strain.

Morrow et al. (2005) studied in rat vascular smooth muscle cells (SMCs) and found that Notch
receptor, Notch1 and Notch3, Notch ligands, Jagged 1, and Notch target genes, hrt-1, hrt-2, hrt-3, hes-
1, and hes-5 mRNA expression decreased with cyclin strain applied. Cyclic strain also caused
suppression of proliferation and stimulation of cell apoptosis which can be reversed by overexpression
of Notch 3 receptor suggesting that Notch signaling involve in regulation of mechanical strain-induced

changes in cell proliferation and apoptosis.

Morrow et al. (2007) studied in human umbilical vein endothelial cells (HUVECS) subjected
to cyclic mechanical strain. This study found that there was a maximal increase in mRNA expression

of NOTCHI, Notch4 and Notch target gene, HRT at 4 hours after receiving mechanical strain then
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mRNA expression of these genes declined. NOTCH1 and NOTCH4 intracellular protein level was
significantly increased at 2 and 4 hours respectively after cells exposing to mechanical strain and
declined thereafter. In addition, by knocking down NOTCH1 and NOTCH4 using siRNA and blocking
Notch mediated CBF-1/RBP-Jk regulated gene expression, it was found that notch signaling can

regulate angiogenesis in response to mechanical strain.
Conceptual framework
Figure 7 illustrates conceptual framework of this study

Mechanical
compressive
force
<@
\2\ .

ERN MRNA expression

hDPC | - »  of Notchsignaling
components

Figure 7 Conceptual framework
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Chapter 3

Materials and Method

RNA samples

Stock RNA samples from previous study will be used in this study. The procedure to obtain

mRNA sample was as followed.

1. HDPCs were obtained from caries-free lower third molars using explant method. The cells
were expanded until the 3 to the 6" passage before used for compressive force application
experiments.

2. Mechanical compressive force was generated by two compressive force application models.

a. Hydrostatic compression model. This model utilized a computerized compressive
force application apparatus as shown in Figure 8. This force application apparatus
generates the determined level of compressive force onto 6-well cell culture plate.
This compressive force application model was described in detail in previous study of
Manokawinchoke et al. (2015).

b. Direct compression model. This model used a metal weight containing-plastic
cylinders that were fit into the wells of 6-well plate to deliver compressive force onto
the cells (Figure 9). This model of compressive force application was used in many
previous studies (Charoenpong & Ritprajak, 2021; Govitvattana et al., 2013;
Satrawaha et al., 2011).

3. HDPCs were plated in 6-well plates at the density of 300,000 cells/well overnight. Two hours
prior to force application cells were starved in serum-free media. The media were changed
again prior to force application. The cells were then subjected to mechanical force of either 1

or2 g/cm2 for 2, 6 or 24 hours as indicated in result section. HDPCs culture in the same manner
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without force application were served as control. The experimental design is illustrated in

Figure 10

4. Immediately after force application, mRNA sample were extracted using TRIzol™

(Invitrogen, ThermoFisher Scientific) reagent. The amount of RNA obtained was measured

using a spectrophotometer (NanoDrop2000, Thermo Scientific). RNA samples were kept in -

80°C and will be used in this study. RNA samples of at 3 lines of HDPCs will be used.

PESTLE |
CYLINDER i~

CULTURE :
PLATE \ -

BALANCE ~_ <
T

B

PESTLE

CYLINDER
e

CULTURE

A. Unloaded

B. Loaded

Figure 8 Hydrostatic compression model (A) The compressive force apparatus with 6-well plate. (B)

The unloaded and loaded pestle and cylinder. (Picture from Manokawinchoke et al. (2015)

\/
WEIGHT

cCe>Ce>C e > 0>

Figure 9 Direct compression model



0 g/cm? 1 g/lcm? 2 g/lcm?

(control)
2h
mRNA collection
6h
) mRNA collection
24h

Figure 10 The design of compressive force application experiments

Synthesis of complementary DNA (cDNA)

Instruments and materials

1. iScript™ Reverse Transcription Supermix for RT-qPCR (Bio-RAD, CA, USA)
2. Nuclease free water

3. PCR tubes

4. Pipettes

5. Pipette tips

6. Autoclave chamber

7. PCR tube centrifuge

8. Thermocycler (PCR GeneAmp 9700; Applied Biosystems)

Methods

1. Add varying amount of RNA samples that contain 1 pg into PCR tube

2. Add nuclease free water to make up the volume of 16 pl

18
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3. Add4 pl of iScript RT Supermix which will make the total reaction mix of 20 pl

4. Mix thoroughly and briefly centrifuge to collect all the components

5. Incubate reaction mix in thermocycler with the temperature setting at 25°C for 5 minutes, 46°C
for 20 minutes and 95°C for 1 minutes.

6. Keep cDNA samples obtained at -20°C until used

Quantification of mRNA by real-time polymerase chain reaction (PCR)

Instruments and materials

1. PCR plate

2. PCR cabinet

3. PCR cooling block
4. Pipettes

5. Pipette tips

6. Centrifuge tubes

7. Autoclave chamber
8. iTaq™ Universal SYBR" Green Supermix
9. Nuclease free water
10. Gene primers

11. Microplate spinner

12. Real-time PCR machine, LightCycler® 480 II (Roche, Basel, Switzerland)
Methods

The primers sequences of are prepared as reported from GenBank which are listed in Table 1.

mRNA expression of Notch receptors: NOTCHI, NOTCH2, NOTHC3 and NOTCH4 will be
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investigated together with Notch target genes HESI and HEYI. GAPDH gene was used as internal

control to normalize target gene expression

Table 1 The list of primers used in this study

Primer Sequences (5’ to 3°) Accession
Gene name
Number
Forward- CACTGCCAACGTGTCAGTGGTG
GAPDH NM_002046.6
Reverse- GTAGCCCAGGATGCCCTTGAG-R
Forward -GCCGCCTTTGTGCTTCTGTTC
NOTCHI NM 017617.5
Reverse-CCGGTGGTCTGTCTGGTCGTC
Forward -CCAGAATGGAGGTTCCTGTA
NOTCH2 NM _024408.4
Reverse-GTACCCAGGCCATCAACACA
Forward -TCTTGCTGCTGGTCATTCTC
NOTCH3 NM _000435.3
Reverse-TGCCTCATCCTCTTCAGTTG
Forward ~AGCCGATAAAGATGCCCA
NOTCH4 NM _004557.4
Reverse-ACCACAGTCAAGTTGAGG
Forward ~-AGGCGGACATTCTGGAAATG
HES] NM _005524.4
Reverse-CGGTACTTCCCCAGCACACTT
Forward -CTGCAGATGACCGTGGATCA
HEY] NM 012258.4

Reverse-CCAAACTCCGATAGTCCATAGCA

1. Prepare each primer at the concentration of 100 uM and stock at -20°C

2. Dilute the primer to 10 uM for use

3. Prepare mastermix for PCR reaction for all reactions in which each reaction contains
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a. 5 pulofiTaq™ Universal SYBR" Green Supermix
b. 0.5 pul of 10 uM forward primer
c. 0.5 plof 10 uM reverse primer
d. Water to make up the volume of 8 ul
4. Add 8 ul of PCR mastermix into each wells of PCR plate
5. Add 2 pl of diluted cDNA which will make up the total volume of 10 ul
6. Briefly spin the PCR plate to collect all content
7. Eachreaction volume will be prepared with 5 pl of iTag™ Universal SYBR" Green Supermix,
0.5 pl of 10 uM forward primer, 0.5 pl of 10 uM reverse primer and 4 pl of cDNA in water to
make up the total volume of 10 pl.
8. Place PCR plate in real-time PCR machine in which the cycling temperature is set at 95°C for
5 min for pre-incubation, followed by 40 cycles at 95°C for 10 s, 60°C for 10 s and 72°C for

30s.
Statistical analysis

Level of mRNA expression of each gene was calculated as fold change compared to mRNA
expression of that gene in control cells from the same donor. Statistically analyses were performed
using IBM SPSS Statistic 21. Normality test was performed with Shapiro-Wilk test. ANOVA was
performed to compare mean fold change of mRNA among 3 groups of data. The least significance
difference (LSD) post hoc test was performed following any significance indicated by ANOVA.
Independent t-test and Mann-Whitney U test were used to compared mean fold change of mRNA

between two groups of data with normal and non-normal distribution respectively.
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Chapter 4

Results

Effect of force magnitude on Notch target genes activation

To determine the effect of compressive force magnitude on Notch target genes activation,
compressive force of 1 g/cm2 and 2 g/cm2 was applied to HDPCs for 2 hours and mRNA expression of
Notch target genes was investigated. After applying hydrostatic compressive force of 1 g/cm2 and 2
g/cm2 to HDPCs for 2 hours, HEST mRNA expression was increased to 1.74+-0.19 and1.37+-0.21. fold
respectively compared to control cells not receiving force (Figure 11). Statistical analysis (ANOVA
followed by LSD post hoc test) revealed a significant increase in HES1 mRNA expression between
control cells and cells received hydrostatic compressive force of 1 g/crn2 and 2 g/cm2 (P<0.01 and
P<0.05 respectively). However, HEY] mRNA expression were 1.12+-0.55. and 1.43+-1.36 fold
following application of hydrostatic force of 1 g/cm2 and 2 g/cm2 respectively in which no statistical

significance was observe (Figure 11).

Direct compression also showed an increase in HES1 mRNA expression with mean fold
change of HEY 1 mRNA expression 2.72+- and 0.96 fold in cells receiving force of 1 g/cm2 and 2 g/cm2
respectively (Figure 12). Statistical analysis (ANOVA followed by LSD post hoc test) revealed also
indicated a significant increase in HEST mRNA expression between control cells and cells received
direct compressive force of 1 g/crn2 and 2 g/cm2 (P<0.05). HEY1 mRNA expression change were
0.73+-0.30 and 0.94+-0.32 fold following application of direct compressive force of 1 g/cm2 and 2

g/em’ which was not statistically significant. (Figure 12)
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Figure 11: Fold changes of Notch target genes, HES] and HEYI mRNA expression following

hydrostatic compressive force application in HDPCs for 2 hours. Data are presented in

mean£SD (n=3), *P < 0.05, **P <0.01
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Figure 12: Fold changes of Notch target genes, HESI and HEYI mRNA expression following direction

compressive force application in HDPCs for 2 hours. Data are presented in mean£SD (n=3),

*P <0.05.
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Effect of force duration on Notch target genes activation

The lightest force that can trigger Notch target gene expression which was 1 g/cm2 were chosen
for further experiments to determine the effect of force duration on mRNA expression of Notch target
genes. The effect of force duration on mRNA expression of Notch target genes was investigated by
applying compressive force of 1 g/crn2 to HDPCs for varying durations and determined the mRNA

expression of Notch target genes.

It was found that HEST mRNA expression in HDPCs subjected to hydrostatic compressive
force for 2, 6 and 24 hours were 1.74+0.19 , 1.84+0.07 and 1.14+0.08 respectively (Figure 13). Student
t-test and Mann-Whitney U test revealed statistically significant change in HEST mRNA expression at
2 and 6 hours respectively (P<0.05). At 24 hours of hydrostatic compressive force application, no
significant difference was observed in HEST mRNA expression between control cells and cells
receiving force indicated by Student t-test (Figure 13). The change in HEY1 mRNA expression
following application of hydrostatic force were 1.16+0.55, 1.24+0.09 and 1.43+1.36 fold after 2, 6 and
24 hours of force application respectively (Figure 13). Student-t-test indicated the statistically
significant upregulation of HEY1 mRNA expression only at 6 hours of hydrostatic force application

(P<0.01).

Compressive force from direct compression models induced an increase in HES! mRNA
expression only at 2 hours of force application in which the expression was 2.72+0.96 fold of control
(Figure 14). This increase was statistically significance (P<0.05) indicated by Student t-test (P<0.05).
At 6 and 24 hours of direct compressive force application, HES! mRNA expression were decreased to
0.64+0.54 and 0.58+0.42 fold of control respectively but no statistical significance was observed as
indicated by student t-test (Figure 14). HEY! mRNA expression was downregulated to 0.73+0.30,

0.56+0.28 and 0.52+0.21 fold after applying direct compressive force to HDPCs for 2, 6 and 24 hours
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respectively (Figure 14). However, Student t-test indicated only significant reduction in mRNA

expression of HEYI only at 24 hours of direct compressive force application (P < 0.05).

HES1 HEY!
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= * * =
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Figure 13: Fold changes of HESI and HEY] mRNA expression following hydrostatic compressive

force application in HDPCs for 2, 6 and 24 hours. Data are presented in mean£SD (n=3),

*P <0.05, **P <0.01
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Figure 14: Fold changes of HES! and HEY] mRNA expression following direct compressive force

application in HDPCs for 2, 6 and 24 hours. Data are presented in mean£SD (n=3), *P <

0.05.
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Effect of compressive force on mRNA expression of NOTCH receptors

Hydrostatic compression model

Since the results showed that Notch target genes was upregulated at 2 and 6 hour following
compressive force application by hydrostatic model and at 2 hours following direct compression, the
expression of NOTCH receptors was also carried out corresponding to these durations with the force

of 1 g/cmz.

NOTCHI mRNA expression in HDPCs receiving hydrostatic compressive force for 2 and 6
hours were 1.03+0.23 and 0.90+0.66 fold compared to control cells without force application
respectively (Figure 15). No statistically difference was observed for NOTCH1 mRNA expression
between HDPCs receiving direct compressive force and control cell not receiving force at both 2 hours
and 6 hours following force application indicated by Student t-test and Mann-Whitney U test

respectively.

NOTCH2 mRNA expression was 0.96+0.21 and 1.42+0.18 fold in hDPCs subjected to
hydrostatic compressive force compared to control for 2 and 6 hours respectively (Figure 15). Student
T-test showed significant difference in NOTCH2 expression at following 6 hours of force application

(P<0.05) while at 2 hours of force application no significant difference was observed.

mRNA expression of NOTCH3 in HDPCs receiving mechanical compressive force was
0.93+0.08 and 1.12+0.42 compared to control cells after 2 and 6 h of force application respectively
(Figure 15). Student t-test analysis revealed no significant difference in NOTCH3 mRNA expression
in hDPCs subjected to hydrostatic and compressive force compared to in both 2 and 6 hours of force

application.
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NOTCH4 mRNA expression at 2 and 6 of hydrostatic compressive force application were
0.87+0.37 and 0.94+0.20 fold in HDPCs subjected to mechanical force compared to control (Figure
15). There was no difference in NOTCH4 expression between HDPCs subjected to hydrostatic

compressive force and control HDPCs in both 2 and 6 hours of force application indicated by Student

t-test.
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Figure 15: Fold changes of mRNA expression of Notch receptors following compressive force

application by hydrostatic compression model for 2 and 6 hours. Data are presented in

mean+SD (n=3), *P < 0.05

Direct compression model

For direct compression, we investigated mRNA expression of Notch receptors at 2 hours of
force application which corresponded to the time point that we observed the upregulation of HES].

mRNA expression of NOTCHI, NOTCH2, NOTCH3 and NOTCH4 were 0.97+0.47, 0.79+0.30,
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0.55+0.50 and 0.67+0.51 fold of control respectively (Figure 16). Student T-test indicated that there
was no significant change in mRNA expression of all Notch receptors in HDPCs receiving direct

compressive force compared to control.

¥ [ Control (0 g/em?)
0.5 S
0

NOTCHI  NOTCH2 NOTCH3 NOTCH4
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Figure 16: Fold changes of mRNA expression of Notch receptors following compressive force

application by direct compression model for 2 hours. Data are presented in mean£SD (n=3)
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Chapter 5

Discussion

The cells used in this study were human dental pulp cells derived by an explant method.
HDPCs derived by this method were previously characterized by flow cytometry and were found to be
highly positive for the fibroblast markers, CD44, CD90, and CD105 while negative the immune
progenitors (CD34) and leukocytes markers (CD45) (Charoenpong et al., 2019). In this study, human
dental pulp cells were subjected to mechanical compressive force from 2-24 hours and mRNA
expression of Notch target gene HES1 and HEY1 as well as mRNA of Notch receptors was investigated

to clarify the relationship between Notch signaling and dental pulp cell response to mechanical force.

Compressive force was applied to HDPCs by two different models. Both models of
compressive force application can trigger an upregulation mRNA of Notch target genes in HDPCs,
suggesting that Notch signaling could be one of the targets of compressive force in HDPCs. However,
compressive force from direct compression model produced shorter activation of mRNA of Notch
target genes compared to hydrostatic compression model. This may be due to some differences in
characteristics of force generated by these two models (Natenstedt et al., 2015; Salinas et al., 2018).
Hydrostatic compression model produces more harmonious load in which the force comes from all
direction throughout the force application period while in direct compression model, the force was
generated only from the top so that it can cause more deformation of cell shape (Natenstedt et al., 2015;

Salinas et al., 2018).

The association between Notch signaling and mechanical force has also been demonstrated in
previous studies in endothelial cells, in which an increase in expression of some Notch target genes, as
well as Notch receptors, Notch 1, Notch 3 and Notch 4, was observed in relation to shear force

application (Jahnsen et al., 2015; Mack et al., 2017; Masumura et al., 2009). Mechanical compressive
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force was also reported to significantly upregulate NOTCHI mRNA expression in human deciduous
dental pulp cells (Peetiakarawach et al., 2015). In contrast, the decrease in Notch target genes, Notchl
and Notch3 expression following application of cyclic strain was observed in vascular smooth muscle
cells (Loerakker et al., 2018; Morrow et al., 2005). In this study, we observed the upregulation of
mRNA of notch target genes and NOTCH?2 in HDPCs receiving mechanical compressive force. Our
results together with the results from previous studies suggest that Notch signaling associates with
cellular response to mechanical force in various cell types including HDPCs. However, the differences

in response could be observed depending on cell types and type of mechanical force applied.

The results from our study were in concordant with the results from previous in vivo studies,
that found Notch receptors, ligands and target genes were upregulated following pulpal injuries
(Lovschall et al., 2005; Mitsiadis et al., 1999; Mitsiadis et al., 2003). The upregulation of NOTCH?2,
among all Notch receptors, observed in our study also corresponds with previous report in rats and
human teeth, that found Notch2 being the most prominent Notch receptors upregulated following pulpal
injuries (Mitsiadis et al., 1999; Mitsiadis et al., 2003). Upregulation of Notch2 following pulpal injury
was previously observed mainly in undifferentiated cells that were likely to differentiate into
odontoblasts (Cai et al., 2011; Mitsiadis et al., 1999; Mitsiadis et al., 2003). In vitro study also reported
that, Notch 2 involved in osteogenic differentiation of dental pulp and PDL cells (Manokawinchoke et
al., 2017; Manokawinchoke et al., 2020). In addition, it was also reported that, compressive force
enhanced odontogenic differentiation of dental pulp dells (Miyashita et al., 2017; Rad et al., 2021; Yu
et al., 2009). Therefore, it is possible that upregulation of NOTCH?2 and Notch target genes in HDPCs
following mechanical compressive force application in our study, may be related to odontogenic

differentiation these cells. However, further investigation is required to confirm this speculation.

Activation of Notch signaling was reported to be a mechanosensitive process. Mechanical

force generated from ligand endocytosis after binding of Notch ligand to its receptor, exposes S2
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cleavage site on negative regulatory region (NRR) of Notch (DuFort et al., 2011; Langridge & Struhl,
2017; Meloty-Kapella et al., 2012). This allows Notch cleavage and releasing of NICD to activate
Notch target genes. Previous studies reported that external mechanical force applied to ligand-bound
Notch receptor or Notch receptor alone, can increase the cleavage at this S2 site (Gordon et al., 2015;
Stephenson & Avis, 2012). Therefore, it is possible that mechanical force given to HDPCs in this study
enhanced the mechanical force required to trigger Notch cleavage. This may explain our results that
found an upregulation of Notch target gene, HES/, as early as 2 hours of compressive force application
although no upregulation of Notch receptors was observed at this time point. In addition, since Notch
signaling is activated in juxtacrine manner, it was found that the amount of Notch signaling correlated
with contact area between cells (Sestan et al., 1999; Shaya et al., 2017). Extrinsic mechanical force can
affect cell shape and orientation which affect cell-cell contact area (Matamoro-Vidal & Levayer, 2019;
Sumi et al., 2018). Therefore, it is also possible that compressive force given to HDPCs increased
cellular contact so that Notch signaling was enhanced. On the contrary, mechanical strain which
stretches the cells, was found to decrease Notch target genes in vascular smooth muscle cells (Loerakker

et al., 2018; Morrow et al., 2005).

Although we observed the upregulation of mRNA of notch target gene, HESI, as early as 2
hours after compressive force application by both models, upregulation of HEY! can be observed only
at 6 hours following hydrostatic compression. The upregulation of HEY! was concomitant with the
upregulation of NOTCH?2. This implicated an association between NOTCH2 and HEYI in HDPCs
which was agreed with previous study that found a significant downregulation of HEYI mRNA
expression in shNOTCH2-HDPCs while HESI expression was not affected in these cells
(Manokawinchoke et al., 2017). The association between Notch2 and Heyl was also reported in
previous study in chick heart, that found Notch2 can specifically induce Hey1 but not Hey2 (Rutenberg

et al., 2006).
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The increase in Notch signaling, observed in our study, was transient. Upregulation of Notch
target genes in HDPCs receiving mechanical compressive force was observed up to 2 and 6 hours in
direct and hydrostatic compression model respectively. At longer duration, there was a tendency
towards reduction in Notch signaling. The transient activation of Notch signaling, observed in our
study, could result from the fact that Notch signaling is direct without signal amplification, and one
Notch receptor can be used only once per one signaling activation, since it is targeted cleavage and
degradation shortly thereafter (Bi & Kuang, 2015; Henrique & Schweisguth, 2019). In direct
compression, we did not observe any upregulation of Notch receptors. Therefore, it is possible that after
initial activation at 2 hours, mechanical compressive force given to HDPCs could not further activate
Notch signaling due to the lack of Notch receptors to replace those used. For hydrostatic compression,
more prolonged activation of Notch signaling may result from an upregulation of NOTCH?2 at 6 hours

which increase the availability of Notch receptors for longer activation of Notch signaling.

The temporal upregulation Notch receptors and Notch target genes following mechanical force
application was also observed in previous study in human umbilical vein endothelial cells, in which
Notch 1, Notch 4 and Notch target gene hrt-1 were upregulated at 4-8 h following application cyclic
mechanical strain, then the expression level declined (Morrow et al., 2007). Kang et al., 2014 also
observed temporal increase in Notchl expression at day 2 after application of intermittent flow in limbal
epithelial stem cells which decreased 4 days later. In dental pulp, Lovschall et al., 2005 studied Notch
signaling components in adult rat molars after pulp capping with calcium hydroxide and found that
expression of all the Notch receptors, ligands and target genes, Hes1, were increased in dental pulp on

day 1 after injury and tended to decrease on day 3.

Since dental pulp cells can be subjected to other types of force such as shear force, the effect
of other types of mechanical force should be further investigated. Mechanism underlying mechanical

force enhancing Notch signaling in HDPC and the protein level should also be investigated.
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Conclusion

Both hydrostatic compressive force and direct compressive force application induced mRNA
expression of Notch target genes. Hydrostatic compression triggered more prolonged activation of
Notch target genes up to 6 hours of force application. Increase in mRNA expression of Notch receptors
was observed for only NOTCH? following 6 hours of hydrostatic force application. Notch activation in
HDPCs by mechanical compressive force was transient since no upregulation in target genes was

observed following 24 hours of force application.
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Appendix
Statistical test for Figure 11
HESI1
Tests of Normality®
Kulmnguru'u'--‘amirnn'u'b Shapiro-Wilk
MachineFaorce2h Statistic df 5|£| Statistic df S|g
FoldChange 1 361 3 806 3 A30
2 N 3 Gaa 3 825
a. FoldChange is constant when MachineForce2h =0, It has heen omitted.
b, Lilliefors Significance Correction
Test of Homogeneity of Variances
FoldChange
Levene
Statistic df1 df2 Sig.
3478 2 £ 085
ANOVA
FoldChange
Sum of
Squares df Mean Square F Sig.
Between Groups 831 2 A15 15742 004
Within Groups A58 i 026
Total Refoe 2
Multiple Comparisons
Dependent Yariahle: FoldChange
~ Mean 95% Confidence Interval
Difference (-
() MachineForce2h  (J) MachineForce2h J) Std. Error Sig. Lower Bound | Upper Bound
LsD 0 1 - 74423 13260 oot -1.0687 -4108
2 -37061" 13260 03 -.6A51 -.0462
1 0 74423 13260 oo 4198 1.0687
2 37363 13260 030 .0432 Bag
2 0 37061 13260 031 0462 Bas1
1 -37363 13260 030 -.6a81 -.0442

* The mean difference is significant at the 0.05 level.




HEY1

Tests of Normality®
KDIr‘anDrD\-‘-Smiranh Shapiro-Wilk
MachineFaorce2h Statistic df Sig. Statistic df Sig.
FoldChange 1 289 3 . 828 480
2 280 3 . 837 A17
a. FoldChange is constant when MachineForce2Zh=0. It has heen omitted.
h. Lilliefors Significance Correction
ANOVA
FoldChange
Sum of
Snquares df Mean Square F Sig.
Between Groups 287 2 148 206 820
Within Groups 4326 G 459 1
Total 4623 g
Statistical test for Figure 12
HESI1
Tests of Normality®
Knlmngurnu—Smirnnvb Shapiro-Wilk
MachineForce2h | Statistic df Sig. Statistic df Sig.
FoldChange 1 361 3 . 806 30
2 AT 3 . 1.000 871

a. FoldChange is constant when MachineForce2h = 0. It has been omitted.
b. Lilliefors Significance Correction

Test of Homogeneity of Variances

FaoldChange
Levene
Statistic df1 df2 Sig.
2937 2 f 1249
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ANOVA
FaoldChange
Sum of
Sguares df Mean Square F Sig.
Between Groups i 2 458 6.871 028
Within Groups 400 f 067
Total 1317 a8
Multiple Comparisons
DependentVariable: FoldChange
~ Mean 95% Confidence Interval
Difference (-
() MachineForce2h  (J) MachineForce2h J) _ Std. Error Sig. Lower Bound | Upper Bound
LSD 0 1 74423 21087 012 -1.2602 -.2282
2 - 16502 21087 464 -B810 3510
1 0 74423 21087 012 2282 1.2602
2 A7021° 21087 033 0632 1.0952
2 0 16502 21087 464 -.3810 6810
1 -57921" 21087 033 -1.0852 -.0832
* The mean difference is significant at the 0.05 level.
HEY1
Tests of Normality®
KcnImng'n'u'-!%lﬂirnnvh Shapiro-Wilk
MachineFarce2h Statistic df 3i0. Statistic df Sig.
FoldChange 1 2849 3 828 3 480
2 280 3 ; A37 A7
a. FoldChange is constant when MachineForce2h = 0. It has been omitted.
. Lilliefors Significance Correction
ANOVA
FoldChange
Sum of
Squares df Mean Square F Sig.
Between Groups 287 148 206 820
Within Groups 4 326 21
Total 4623
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HES]
Tests of Normality®
Kulmngurw—Smirnuvh Shapiro-Wilk
MachineTimelqg | Statistic df Sig. Statistic df Sig.
FoldChange 2 361 3 . B0A 130
] .3B4a 3 ) 7a0 3 000
24 286 3 ) 530 480
a. FoldChange is constant when MachineTime1g= 0. It has been omitted.
. Lilliefars Significance Correction
2h
Independent Samples Test
Levene's Test for Equality of
‘vana&es | i Hestror Equality of Means
95% Confidence Intzrval oftha
Mean Std. Ermor Difference
F Sig. 1 df Sig. (2-failed) Difference Difference Lowszr Upper
FeldGrange  Edua varanzos 15350 07| 5813 ' 002 -74423 10824 104753 -44094
Eg:lﬁn';-‘f:'lian:es not -G.813 2.000 021 -74413 10924 -1.21425 -27422
6h
Test Statistics™
FoldChange
Mann-Whitney 1J 000
Wilcoxon W 6.000
Z 212
Asymp. Sig. (2-tailed) 034
Exact Sig. [2*(1-tailed b
Sig)] 100

a. Grouping Variahle:
MachineTime1q

. Mot corrected for ties.
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24h
Independent Samples Test
Levene's Test for Equality of
varnances Hestror Equality of Means
95% Confidence Intzrval ofthe
Mean Std. Erar Difference
F Sig. t df Sig. (2-failed) Difference Difference Lowszr Upper
FeldGrange  Equalvarianzes 0878 035 | 2999 ' 04D -14008 04671 - 26873 -01038
Eg;lil::;ianl:es ot -2.998 2.000 LS -.14008 04671 -.34108 06091
HEYI
Tests of Normality®
KulmDgn:u|'|:ru'-!:_imi|'n|:ru't' Shapiro-Wilk
MachineTimelqg | Statistic df Sia. Statistic df Sig.
FoldChange 2 284 k| G2a 480
B ATT 3 1.000 862
24 27T 3 R ) 530

a. FoldChange is constantwhen MachineTime1g= 0.1t has bean omitted.

b. Lilliefors Significance Correction

Independent Samples Test
Levene's Test for Equality of
vanances y | B Y HESTTOr Equallty 0T Means
95% Confidence Intarval oftha
Mean Std. Enar Difference
F Sig. 1 df Sig. (2-1ailed) Difference Difference Lowszr Upper
FoldChange  Equalvariances _— . o -
assumed 10.044 034 -.36 4 .132 -11625 31634 -.99456 TE206
Enualvariances not . , . R § . .,
assumed -.38 2.000 748 - 11625 31634 -1 47737 1.24487
Independent Samples Test
Levene's Test for Equality of
varances Hestior Equality of Means
95% Confidence Intarval oftha
Mean Std. Erar Difference
F Sig. t df Sig. (2-failed) Difference Difference Lowszr Upper
FoldChange  Equalvariances _ . )
assumed 4287 107 -4 86T 4 008 -24169 04966 -.37953 -103%1
Equalvariances not . . .
2ssumed -4 86T 2.000 .n4an -.24168 04566 - 45537 -021802
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24h
Independent Samples Test
Levene's Test for Equality of
Vanances +esttor Equality of Means
95% Confidence Intzrval ofthe
Mean Std. Erar Difference
F Sig. t df Sig. (2-failed) Difference Difference Lowszr Upper
FeldGrange  Equalvarianzes 0252 03 | 2400 ' 074 27128 11288 -04243 59502
Egsil:’:;ianl:es ot 2401 2.000 138 27138 1288 -. 21488 TET4T
Statistic test for Figure 14
HES]
Tests of Normality®
Knlnmgnrnv—amirnwb Shapiro-Wilk
MachineTime1q Statistic df Sia. Statistic df Sig.
FoldChange 2 182 3 a9 K| 835
] ATE 3 1.000 096
24 351 3 827 182

a. FoldChange is constantwhen MachineTime1g= 0. It has heen omitted.

b. Lilliefors Significance Correction

2h

Independent Samples Test

Levene's Test for Equality of
var a_nces

Hesttor Equality of Means

95% Confidence Intzrval ofthe
Mean Std. Enar Difference
F Sig. 1 df Sig. (2-failed) Difference Difference Lowszr Upper
FaldCh: Equalvariances Fy | i N o
Sl hange 4501 A01 | 3108 4 03 171715 55291 -3.25218 -18193
Ecualvariances not — , [ — ., .,
assumed -3.105 2.000 .00 -1.7170s 55291 -4.09603 BE193
Independent Samples Test
Levene's Test for Equality of
vanances ttestfor Equallty of Means
95% Confidence Intzrval ofthe
Mean Std. Erar Difference
F Sig. t df Sig. (2-failed) Difference Difference Lowszr Upper
FoldChange  Equalvariances R N N
assumed 4.030 15 1.144 4 Al 38517 .30994 -.50537 1.218M
Equalvariances not L . . . .
2ssumed 1.1468 2.000 370 38517 30994 - 8784 1.68875




48

24h
Independent Samples Test
Levene's Test for Equality of
vanances Hestior Equallly o Means
95% Confidence Intarval oftha
Mean Std. Error Differance
F Sig. t df Sig. (2-failed) Difference Difference Lowszr Upper
FeldGrange  Equalvarianzes 14784 018 | 1747 ' 155 42084 24080 - 24730 108978
Eg:al_::;iances not 1.747 2.000 223 42084 24090 -.61557 145745
HEYI
Tests of Normality®
KulmDgn:u|'|:ru'-!:_imi|'n|:ru't' Shapiro-Wilk
MachineTime1 q Statistic df Sig. Statistic df Sig.
FoldChange 2 367 k| T84 100
i 330 3 BET 286
24 212 3 8490 B13

a. FoldChange is constantwhen MachineTime1g = 0. It has been omitted.

hb. Lilliefors Significance Correction

2h

Independent Samples Test

Levene's Test for Equality of

varances 5 . AN FiESTTON Equallty of Means
95% Confidence Intzrval ofthe
Mean Std. Enar Difference
F Sig. 1 df Sig. (2-1ailed) Difference Difference Lowszr Upper
FoldChange  Equalvariances S o v ok _ - -
assumed 168.61 017 1.548 4 195 26882 AT367 -.21326 75110
Equalvariances not . ) - S ; 10
assumed 1.548 2.00D0 262 26852 AT36T - 47832 1.01615
Independent Samples Test
Levene's Test for Equality of
vanances ttestfor Equallty of Means
95% Confidence Intzrval ofthe
Mean Std. Erar Difference
F Sig. t df Sig. (2-failed) Difference Difference Lowszr Upper
FoldChange  Equalvariances - o . -
assumed 13285 022 2.688 4 055 ANTT7 16432 -.01445 .89800
Equalvariances not ; . P -
2ssumed 2.688 2.000 115 ANTT 16432 -.2B525 1.14878
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24h
Independent Samples Test
Levene's Test for Equality of
varnances Hestror Equality of Means
95% Confidence Intzrval ofthe
Mean Std. Error Difference
F Sig. t df Sig. (2-failed) Difference Difference Lowszr Upper
FeldGrange  Equalvarianzes £614 077 | 3908 ' 017 48273 12352 13079 82566
Eg:il:’:;ianl:es ot 3.908 2.000 .nen AB273 12352 -.04872 1.01418
Statistic test for Figure 15
NOTCHI
Tests of Normality®
Knlmngnrnv—Smirnnvb Shapiro-Willk
MachineTimelq Statistic df Sig. Statistic df Sig.
FoldChange 2 340 3 8443 236
i aTe 3 TG4 031

a. FoldChanoe is constant when MachineTime1g = 0. It has been omitted.

h. Lilliefors Significance Correction

2h

Independent Samples Test

Levene's Test for Equality of
‘vEH_CES_ o | W N _1-I_E'SITD[ Equality of Means
95% Confidence Intarval oftha
Mean Std. Ermor Difference
F Sig. 1 df Sig. (2-1ailed) Difference Difference Lowszr Upper
FeldGrange  Edua varanzos 14018 020 | -186 ' 861 -02508 13468 -38898 34887
Eg:ﬁnfﬂ:ameg not - 186 2.000 870 -025068 13468 -.60453 55441
6h
Test Statistics™
FaoldChange
Mann-Whitney L 3.000
Wilcoxon W 8.000
Z -.649a
Asymp. Sig. (2-tailed) 487
Exact Sig. [2*(1-tailed 700t
Sig.] '

a. Grouping Yariable:
MachineTime1lg

b. Mot corrected for ties.
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NOTCH2
Tests of Normality®
Knlmngnrnv—Smirnnvb Shapiro-Wilk
MachineTIME1 G | Stafistic df Sig. Statistic df Sig.
FoldChange 2 211 3 9491 816
5] 31T 3 .8849 350

a. FoldChange is constant when MachineTIME1G = 0. It has heen omitted.

h. Lilliefors Significance Correction

Independent Samples Test
Levene's Test for Equality of
varances I 1 1 s +testfor Equality of Means
95% Confidence Intzrval ofthe
| Mean Std. Enar Difference
F Sig. | t df Sig. (2-1ailed) Difference Difference Lowear Upper
FaldCh: Equalvariances o = [ M -
Sl hange 5583 LI 4 740 04349 12204 -29534 38232
Equalvariances not
sgqun:;rl 356 2.000 .T50 04349 12204 - 48160 B6BST

Independent Samples Test

Levene's Test for Equality of

iz Vana@s y - 9 __I—IESITDI_I:JLIGIIW of Means
95% Confidence Intzrval ofthe
Mean Std. Ermor Difference
F Sig. t df Sig. (2-failed) Difference Difference Lowear Upper
FoldChange  Eaul wirlincrs 12218 025 | 4473 ' 014 -42418 A7 -70683 -14208
Eg:llc:nr';al'lian:es . -4.173 2.000 053 -.42448 017 -.86213 01315
NOTCH3
Tests of Normality®
Knlmngnrnv—Smirnnvb Shapiro-Willk
MachineTimelg | Statistic df Sig. Statistic df Sig.
FoldChange 2 a3 3 864 .280
i 278 3 940 526

a. FoldChange is constant when MachineTime1g= 0. It has been omitted.

k. Lilliefors Significance Correction
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Independent Samples Test
Levene's Test for Equality of
varances Hestior Equality of Means
95% Confidence Intarval oftha
Mean Std. Erar Difference
F Sig. t df Sig. (2-failed) Difference Difference Lowszr Upper
FoldChange  Equalvariances .

assumed 13383 022 1.440 4 223 DE626 04600 -.06147 18389

Equalvariances not

agsumed 1.440 2.000 280 DEBI6 04600 -131688 26420

Independent Samples Test

Levene's Test for Equality of |

Vanances

+esttor Equality of Means

"4 r % 95% Confidence Intzrval ofthe
Mean Std. Ermor Difference
F Sig. t df Sig. (2-failed) Difference Difference Lowszr Upper
FeldGrange  Edua varanzos 0308 038 | -401 ' 549 -11796 24011 -78162 54871
Eg:lﬁnr'f:'lianles ot | -.491 2.000 AT2 - 11756 24011 -1.15108 218517
NOTCH 4
Tests of Normality®
Knlnmgnrm‘-Bmirnu:ru'b Shapiro-Willk
MachineTimelq Statistic df Sig. Statistic df Sig.
FoldChange 2 a4 3 844 365
i 345 3 840 213

a. FoldChanoe is constantwhen MachineTime1g= 0. It has been omitted.

h. Lilliefors Significance Correction

Independent Samples Test
Levene's Test for Equality of
varances Hestior Equality of Means
95% Confidence Intarval oftha
Mean Std. Erar Difference
F Sig. t df Sig. (2-failed) Difference Difference Lowszr Upper
FoldChange  Equalvariances _ . . g
assumed 11.966 026 620 4 (569 13358 215633 -46423 TI45
Equalvariances not . . .
2ssumed 620 2.000 5498 13358 21533 -.79283 1.06010
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6h
Independent Samples Test
Levene's Test for Equality of
vanances FEstTon Equallly 0T Means
95% Confidence Intzrval ofthe
Mean Std. Erar Difference
F Sig. t df Sig. (2-failed) Difference Difference Lowszr Upper
FeldGrange  Equalvarianzes 14380 019 | 4@ ' 548 05618 1413 -26070 37308
Eg:al_::;iances ot 492 2.000 671 05618 413 -.43489 54724
Statistic test for Figure 16
NOTCHI
Tests of Mormality®
V--I:I|r'l"lD!:II:II'EI"."-SI'I"Iirl'll:l"\ll'tl ShEIFIIFEI-WIH{
CoinForee2h | Statistic df Sig. Statistic df Sig.
FoldChange 1 327 3 872 3 302

a. FoldChange is constantwhen CoinForceZh =0, It has been omitted.

b. Lilliefors Significance Caorrection

Independent Samples Test

Levene's Test for Equality of
vanances | A B % Hestfor Equallty of Means
95% Confidence Intzrval ofthe
Mean Std. Enar Difference
F Sig. t df Sig. (2-failed) Difference Difference Lowszr Upper

FeldGrange  Edua varanzos 13028 23] 136 ' 898 02812 20608 -54398 60021

Eggﬁn:';al'lian:es et 136 2.000 904 02812 .20605 -.B5843 91468
NOTCH?2

Tests of Mormality™
Kolmogorov-Smirnoy® Shapira-Wilk
CoinForce2h | Statistic cf Sig. Statistic df Sig.
FoldChange 1 236 3 877 3 .Fos

a. FoldChange is constantwhen CoinForce2h =0 It has heen omitted.

b. Lilliefors Significance Caorrection
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Independent Samples Test
Levene's Test for Equality of
vanances FestTor Equallty of Means
95% Confidence Intzrval ofthe
Mean Std. Erar Difference

F Sig. t df Sig. (2-failed) Difference Difference Lowszr Upper
FeldGrange  Equalvarianzes 6768 080 | 1208 ' 201 20848 47258 - 27080 68756
Eg:sl::;iances ot 1.208 2.000 350 20848 17255 -.53395 95091

NOTCH3
Tests of Mormality®
HD|mDE|D|'E|"."-Sﬂ'IiI'I'I I:I"."tl Shaper—Wlll{
CoinFaorce2h Statistic df 5|g Statistic df S|g
FoldChange 1 257 3 961 3 622

a. FoldChange is constantwhen CoinForce2h =0 It has bheen omitted.

b. Lilliefors Significance Caorrection

Independent Samples Test

Levene's Test for Equality of
vanances il _ Htestfor Equally of Means
95% Confidence Intzrval ofthe
Mean Std. Enar Difference

F Sig. 1 df Sig. (2-failed) Difference Difference Lowszr Upper
FeldGrange  Edua varanzos 7.898 048 | 1557 ' 185 44854 28684 - 34887 124295
Eg:llamr';a;ian:es et .65 2.000 260 44654 28684 - 78765 168073

NOTCH4
Tests of Mormality™
l"-ll:l|r'|"ll:'gI:II'I:I'I."-E'ST'I'Iil'l'll:l"."tl ShaﬂllD-W”k
CoinFarce2h |/ Statistic df Sig. Statistic df Sig.
FoldChange 1 Ll 3 HE2 3 627

a FoldChange is constantwhen CoinForce2h =10, It has heen omitted.

b, Lilliefors Significance Correction

Independent Samples Test
Levene's Test for Equality of
varances Hestior Equality of Means
95% Confidence Intarval oftha
Mean Std. Erar Difference
F Sig. t df Sig. (2-failed) Difference Difference Lowszr Upper
FoldChange  Equalvariances - - - - -
assumed 7.820 049 1.098 4 334 32543 20646 - 49766 1.14852
Equalvariances not ; . ; ;
2ssumed 1.098 2.000 387 32543 29646 -.95012 1.60087
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