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Abstract

Radiotherapy is a standard and efficacious treatment that uses ionizing radiation (IR) to treat
various cancers. Although the therapeutic efficacy of radiotherapy has significantly improved,
several patients suffer from local recurrence and distant metastasis after treatment. IR-induced
invasiveness in IR-surviving cells is believed to be a factor that contributes to distant metastasis
in radiotherapy patients. To overcome this problem, finding new adjuvant therapies that could
suppress IR-induced invasiveness while increasing radiosensitization is a promising strategy.
To further improve the therapeutic efficacy of radiotherapy by enhancing cancer cell death and
suppressing IR-induced invasiveness, we studied two adjuvants, RGD peptide-conjugated gold
nanoparticles (AuNPSs) and a-carrageenan (CGN), to improve radiotherapy.

Chapter 1. RGD peptide-conjugated gold nanoparticles suppress IR-
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[Background]

Gold nanoparticles have recently attracted attention as radiosensitizers that can increase the
therapeutic efficacy of radiotherapy. We therefore produced arginine—glycine—aspartic acid
(RGD)-conjugated AuNPs to specifically target integrin-expressing cancer cells. RGD is a
peptide that specifically binds to integrin, a cell surface receptor that is overexpressed in highly
invasive cancer cells. In this chapter, we describe how we validated the therapeutic efficacy of
RGD-conjugated AuNPs by determining the extent of radiosensitization and invasiveness after

RGD-conjugated AuNPs treatment in the targeted cancer cells.
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[Methods & Results]

1)

@)

3)

4)

()

(6)

We produced polyethylene-glycolylated AuNPs (P-AuNPs) to stabilize the AuNPs and
then conjugated them with RGD peptides to produce RGD/P-AuNPs. RGD/P-AuNPs were
then characterized in terms of size variations, hydrodynamic diameter, and zeta potential.
The expression levels of RGD-binding integrins in different breast cancer cell lines were
measured. RGD/P-AuNPs were efficiently internalized by integrin-overexpressing cell
lines but not by low integrin-overexpressing cell lines.

By immunofluorescent imaging, RGD/P-AuNPs were found to colocalize with integrins
in the late endosomes and lysosomes in these cells.

Cell viability was measured by Cell Counting Kit-8 (CCK-8). DNA damage was measured
by counting o-H2AX foci. A combination of RGD/P-AuNPs and IR treatment reduced cell
viability and increased DNA damage compared to IR alone in the targeted cells.

The invasiveness of cancer cells was measured by the Matrigel chemoinvasion assay. The
IR-induced invasiveness of the breast cancer cell lines was significantly inhibited by
RGD/P-AuNP treatment.

We performed gene expression microarray analysis to elucidate molecular mechanism
underlying the abovementioned effects. Our analysis revealed that the expression levels of
fibronectin (FN) and its downstream signaling, the extracellular signal-regulated kinase

(ERK) pathway, in irradiated cells were suppressed by RGD/P-AuNPs.

[Discussion]

In this chapter, we reveal that RGD/P-AuNPs could improve the therapeutic efficacy of

radiotherapy by increasing the cytotoxic effect of IR and suppressing IR-induced invasiveness

in integrin-overexpressing cancer cells.

1)

@)

RGD/P-AuNPs showed specific targeting to integrin-overexpressing cancer cells. Further
evaluation of the therapeutic efficacy of RGD/P-AuNPs and IR in animal models should
be performed.

We found that RGD/P-AuNPs suppressed IR-induced invasiveness, which may be caused
by the suppression of the FN-ERK pathway. Further research on the relationship between
this pathway and IR-induced invasiveness is recommended.



Chapter 2. Adjuvant of Lambda-carrageenan suppresses radiation-induced
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Fig. 2 Schematic representation of chapter 2.

[Background]

Lambda-carrageenan, a sulfated polysaccharide used as a daily food additive, has been recently
found to exhibit anti-tumorigenic activities. In this chapter, we describe the evaluation of the
therapeutic benefit of CGN in enhancing the efficacy of IR treatment and investigate its

underlying molecular mechanism.

[Methods & Results]

(1) We determined the therapeutic efficacy of IR coupled with CGN treatment in human breast
cancer cell line, head and neck cancer cell line, and pancreatic cancer cell line. We found
that CGN treatment increases cytotoxic efficacy and apoptosis in irradiated cancer cells.

(2) We measured the change in several biological responses to further evaluate the mechanism
behind the cytotoxic effect of this treatment. CGN treatment after IR significantly
increased reactive oxygen species (ROS) accumulation, caspase activities, and polyploid
formation in the cancer cells.

(3) To measure cell invasiveness, Matrigel chemoinvasion assay was performed. CGN
treatment was found to suppress IR-induced invasiveness.

(4) CGN treatment after IR suppressed invasive growth, as observed by the 3D IFECM culture
method.



(5) We screened target molecules by performing microarray analysis and focused on Rac
GTPase-activating protein 1 (RacGAP1). We found that RacGAP1 was upregulated in
several cancer cell lines after IR treatment. Knockdown of RacGAP1 increased the
cytotoxic effect of IR.

(6) CGN treatment significantly suppressed RacGAP1 expression in breast cancer cells.
RacGAP1 overexpression partially rescued CGN cytotoxicity.

(7) Inamouse xenograft model, IR followed by CGN treatment significantly decreased tumor

growth and lung metastasis compared to either treatment alone.

[Discussion]

In this chapter, we describe how CGN enhances IR treatment by significantly increasing

cytotoxicity, suppressing IR-induced invasiveness, and distant metastasis by downregulating

RacGAP1 expression.

(1) CGN and IR have been reported to induce specific immune responses in cells. Further
research is needed to determine the immune response elicited after the combination
treatment of CGN and IR.

(2) CGN was found to suppress RacGAP1 expression significantly. Apart from RacGAP1,
other genes were also found to be suppressed by CGN treatment. These genes may be
involved in radioresistance or IR-induced invasiveness. The roles of these molecules and

related mechanisms could be investigated in the future.

Conclusion
In the first chapter, we describe how we produced integrin-targeting RGD/P-AuNPs to increase
the therapeutic efficacy of IR treatment. Our results showed that RGD/P-AuNPs effectively
target integrin-overexpressing cancer cells. Furthermore, RGD/P-AuNPs suppress IR-induced
invasiveness in addition to increasing radiosensitization. With regard to the molecular
mechanism underlying these observations, the expression of FN and activation of ERK, key
modulators of cancer cell invasion, were found to be suppressed by RGD/P-AuNPs used in
combination with IR. In the second chapter, we describe how we used CGN as an adjuvant to
improve radiotherapy. CGN treatment increased the therapeutic efficacy of IR, suppressing both

IR-induced invasiveness and distal metastasis by downregulating RacGAP1 expression.



These results have provided us novel strategies for improving radiotherapy by targeting
IR-induced invasiveness in cancer cells. By understanding the molecular mechanisms of these

treatments, we can also obtain new knowledge of how cancer cells respond to IR.
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Introduction

Radiotherapy

Radiotherapy (also called radiation therapy) uses high energy ionizing radiation (IR) such as
X-rays to treat cancer by eliminating cancer cells exposed to the radiation field. With
technological advancements, radiotherapy has significantly improved_the treatment outcomes
of cancer patients (Bhide and Nutting, 2010). In clinical practice, radiotherapy is used as a
postoperative treatment after surgery and major treatment for inoperable tumors; it may even
replace surgery where organ preservation is desired (Forastiere et al., 2003; Mirza and
Choudhury, 2016). Nowadays, radiotherapy contributes to approximately 50% of all cancer
cures worldwide (Delaney and Barton, 2015), indicating its indispensable status in cancer

treatment.

Current limitations of radiotherapy

Although the therapeutic efficacy of radiotherapy has significantly improved, local recurrences
and distant metastases that occur after treatment remain as a major therapeutic challenge
(Garcia-Aguilar et al., 2001; Holleczek et al., 2019; van den Berg et al., 2015). With regard to
the cause of local recurrence after radiotherapy, two major reasons are considered: (i) the IR
dose is insufficient to eradicate radiation-resistant cancer cells; (ii) the treatment field of IR is
not sufficiently large and some cancer cells escape the treatment site. Therefore, the complete
eradication of cancer cells by using higher IR doses and larger treatment fields has been
considered to increase the cancer control rate. However, higher doses and larger fields of
radiotherapy also increase the risk of intolerable side effects to normal tissues. To improve the
efficacy of radiotherapy without increasing IR-induced toxicity, several types of
chemotherapeutic drugs were used to improve IR efficacy in the clinical settings; this treatment
method is known as chemoradiotherapy (Lawrence et al., 2003). Although chemoradiotherapy
significantly increases the cancer control rate compared to single treatment modality (Brunner
and Seufferlein, 2016; Deng et al., 2017; Goodman, 2016), the treatment outcome is still not
good enough to completely cure all cancers. Numerous studies have documented that toxicity
is still a major limitation of chemoradiotherapy (Morgan et al., 2014; Todo and Watari, 2016).
Chemotherapeutic drugs are known to be cytotoxic agents that cause severe adverse effects
(Livshits et al., 2014). Although the patterns of adverse effects induced by IR and chemotherapy

are usually different, these adverse effects caused together still cause great suffering in patients.
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These adverse effects may even lead to treatment-related death in serious situations (Ohe, 2002).
Chemoradiotherapy also has limitations when it comes to treating patients with poor
performance. (Bowden et al., 2017; Higgins et al., 2015). Another critical problem is therapeutic
efficacy. While numerous chemoradiotherapy combinations have been tested in clinical trials,
there are still numerous patients who have shown high resistance to this treatment (Costa et al.,
2018). Hence, finding new adjuvants to improve the therapeutic efficacy of radiotherapy with

lower adverse effects is an important and essential research issue.

Radiation-induced invasiveness

Distant metastasis occurring after radiotherapy is another critical issue because metastasis is
the leading cause of disease-related death in cancer patients (Siegel et al., 2019). The reasons
why distant metastasis occurs after local treatment are generally considered to be the following:
(i) the existence of occult or micrometastasis that was not found during diagnosis and (ii) novel
metastasis from tumor cells that were not eliminated after IR treatment. Novel metastasis is
believed to be caused by the enhancement of distant metastasis in cancer cells after IR treatment.
For decades, enhancement of distant metastases after IR treatment has been observed in
experimental animal models (Kaplan and Murphy, 1949; Sheldon and Fowler, 1976). This
phenomenon was later confirmed by retrospective studies and clinical trials (Anderson and
Dische, 1981; Fagundes et al., 1992). These studies reported an unexpected correlation between
IR treatment and a higher incidence of metastasis. At the cellular level, in vitro studies revealed
that the invasiveness of some cancer cells increased after IR treatment; this phenomenon is
known as IR-induced invasiveness (Moncharmont et al., 2014). Because invasion of cancer
cells is a prerequisite for distant metastasis (e.g., without invasion, no metastasis occurred)
(Wittekind and Neid, 2005), IR-induced invasiveness is considered to be a mechanism that
contributes to IR-enhanced metastasis. Therefore, to suppress the occurrence of metastasis after
radiotherapy, targetting IR-induced invasiveness is a reasonable strategy.

As described above, the development of adjuvants that provide the following features
would be a promising approach to improve radiotherapy: (i) increase the therapeutic efficacy
of IR, (ii) suppress IR-induced invasiveness, and (iii) the adjuvants cause lower adverse effects
themselves. In this study, we introduced two novel adjuvant therapies that meet these conditions,
and investigated the potential molecular mechanisms by which they act to suppress IR-induced
invasiveness. Chapter 1 describes how we used integrin-targeted gold nanoparticles (AuNPS)
as an adjuvant to enhance the IR effect on highly invasive breast cancer cell lines. In the second
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chapter, we describe how we used a-carrageenan (CGN), a sulfated polysaccharide used as a
daily food additive, to improve radiotherapy by suppressing IR-induced invasiveness and

metastasis.
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Chapter 1. RGD peptide-conjugated gold nanoparticles suppress

IR-induced invasiveness in cancer cells

Background

Gold nanoparticles and radiotherapy

In recent years, AUNP has been widely studied for use in cancer nanomedicine (Elahi et al.,
2018). The AuNP is a good nanoparticle platform for researchers to produce ideal nanoparticle-
based therapy because of several features of gold, such as (i) excellent biocompatibility that
allow AuNPs to enter the human body without harmful effect (Shukla et al., 2005), (ii)
straightforward synthesis to produce different size of AuNPs (Akamatsu et al., 2010), and (iii)
accessible to functionalization the AuNP by conjugated ligands on the surface (Zong et al.,
2017; Hume et al., 2016). As a high atomic number (Z) material, AuNP itself can also serve as
a sensitizer to enhance the IR effect (Refer to figure below). After IR hit the high Z material
such as AuNP, several IR-related emissions occur, including scattered X-rays/photons,
photoelectrons, Compton electrons, Auger electrons, and fluorescence photons (Haume et al.,
2016). These emissions generate a higher ionization density in the area near the high Z material,

which lead to an increase of the primary IR effect.

Fluorescent Emission

Compton scattering

V u &>
vw\p-p Auger electron
J U i &
s ¥
Incoming L)
X-rays

Pair production
(positron + electron)

Rayleigh scattering

Interaction of X-rays with high-Z material nanoparticles
Reference: (Kwatra et al., 2013)
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Modification of AuNPs with RGD peptide to target integrins

The delivery of NPs to cancer cells is a critical issue in cancer nanomedicine. In order to
specifically transport NPs to cancer cells, the decoration of NPs with targeting ligands that
recognize specific receptors on the cancer cell surface is the dominant strategy (Shi et al., 2017).
In this study, we conjugated arginine (R)—glycine (G)-aspartic acid (D) (RGD) peptide, an
integrin-targeted ligand, on the surface of AuNPs. Integrins are heterodimeric cell surface
receptors that mediate the adhesion of cells to the extracellular matrix (ECM) (Hynes, 2002).
There are 24 integrin heterodimers, and several types of integrins (e.g. U5b1-, Uvb3- and Uvb5-
integrins) are highly expressed in tumor cells. Signaling mediated by these integrins is essential
for cancer invasion, metastasis and radioresistance of breast cancer cells (Hamidi and Ivaska,
2018; Nam et al., 2009). The RGD peptide is included in an ECM protein known as fibronectin
(FN) (Pierschbacher and Ruoslahti, 1984), and is also the binding motif to cancer-related inte-
grins, such as U5b1-, Uvb3- and Uvb5-integrins.

In this chapter, we conjugated RGD peptides on polyethylene glycolylated (PEGylated)
AUNPs (P-AuNPs) to enable AuNPs to bind and internalize into integrin-overexpressing cancer
cells. We evaluated whether targeting integrins with RGD-conjugated P-AuNPs (RGD/P-
AUNPs) could enhance the therapeutic efficacy of IR in cancer cells. Because high integrin-
expressing cancer cells usually show high cancer invasiveness, we also focused on the invasive

activity of cancer cells after combined treatment with AuNPs and IR.
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Materials and methods

1. AUNPs
The following materials were used to produce RGD/P-AuNPs.
Material Maker
i-colloid™ Au 15 nm (optical density 1 [OD1]) and 20 nm (OD1) | IMRA America, Inc.
Methoxy-PEG-thiol, MW 5k (mPEG-SH5k, MW 5,345, substitution | Creative PEG Works
purity: 90%)
Fluorescein isothiocyanate-PEG-thiol, MW 5k (FITC-PEG-SH5k, | Nanocs, Inc.
substitution purity: 80%)
Cysteine-modified (RGD)4 peptide (RGDRGDRGDRGDPGC, | RS Synthesis LLC
MW: 1,845.98, purity: 95%, abbreviated as “RGD peptide™)
MPEG-SH5k, FITC-PEG-SH5k, and RGD peptide were in powder form and dissolved in

deionized water, having an electric conductivity of 0.1 €S/cm without further purification.

2. Synthesis of P-AuNPs and RGD/P-AuNPs
i-colloid™ Au was mixed with a solution of mPEG-SH5k or FITC-PEG-SH5k and kept
undisturbed for longer than 12 h. After the reaction, centrifugal purification (12,000 x g, 15 min

for Au 15 nm; 5,000 x g, 20 min for Au 20 nm) was performed for 2 times. Final optical density
(OD) was adjusted to ~30 by adding deionized water to the pellet after removing the supernatant.
To produce RGD/P-AuNPs, P-AuNPs (OD30) and 0.2 M borate buffer (pH 8.2) were mixed
with RGD peptide solution to achieve a ratio of RGD to AuNPs of 1,200 in 4 mM borate buffer
(pH 8.2). The solution was kept undisturbed for longer than 24 h. After the reaction, two runs
of centrifugal purification as above were performed in 4 mM borate buffer (pH 8.2). Finally,
the OD was adjusted to ~30 by adding 4 mM borate buffer (pH 8.2) to the pellet after discarding
the supernatant. (The synthesis of P-AuNPs and RGD/P-AuNPs was performed by the co-
author Dr. Yuki Ichikawa)

3. Characterization of AuNPs

The size distribution of AuNPs was analyzed by the method of differential centrifugal
sedimentation using the CPS Disc Centrifuge instrument (model DC24000 UHR; CPS
Instruments Inc.). The Hydrodynamic diameter and zeta potential of RGD/P-AuNPs were
obtained from DLS measurements using a Zetasizer Nano ZS90 (Malvern Instruments).

Transmission electron microscope (TEM) analysis was performed by using JEOL JEM-2100F
15



transmission electron microscope (JEOL Ltd., Tokyo, Japan).

3. Cell culture and AuNP treatment

MDA-MB-231, Hs578T, and SK-BR-3 human breast cancer cell lines were obtained from the
American Type Culture Collection (ATCC) and cultured in Dulbecco’s Modified Eagle’s
Medium (DMEM; Sigma-Aldrich) supplemented with 10% fetal bovine serum (FBS; HyClone,
GE Healthcare Life Sciences). For the AuNPs treatment, Cells were cultured in the dish for 24
h and then replaced with medium containing 0.3 nM (1:90 dilution) or 1 nM (1:30 dilution) of
20 nm AuNPs.

4. Irradiation
Cells were irradiated with 130 kV X-rays using a Faxitron CellRad X-ray generator (Faxitron)
after incubation of AuNPs for 48 h.

5. Lysis and Western blotting

Cells were lysed in 1% radioimmunoprecipitation assay (RIPA) buffer (1% NP-40, 150 mM
NaCl, 50 mM Tris—HCI [pH 7.4], 5 mM ethylenediaminetetraacetic acid [EDTA], 1% sodium
deoxycholate, 0.1% sodium dodecyl sulfate [SDS], 1 mM Na3VO04, 1 mM NaF and protease
inhibitor cocktail; Merck Millipore). Proteins were transferred onto polyvinylidene fluoride
(PVDF) membrane (Merck Millipore). The PVDF membranes were blocked with Odyssey®
blocking buffer (LI-CORE Biosciences) and were probed with primary antibodies overnight at
4°C. After washing the PVDF membranes with Tris-buffered saline Tween-20 (TBST; 25 mM
[pH 7.4], 120 mM NaCl, 3 mM KCI and 0.1% Tween-20), membranes were incubated with
secondary antibody for 1 h at room temperature and then washed with TBST. The signals were
detected with Odyssey CLx Imager (LI-CORE Biosciences).

6. Antibodies

The following primary antibodies were used for immunoblotting:
Antibody Maker
anti-Us-integrin Merck Millipore
anti-Uv-integrin Abcam
anti-b1-integrin BD Transduction Laboratories
anti-b3-integrin Merck Millipore
anti-b5-integrin Abcam
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anti-pERK Cell Signaling Technology

anti-ERK Cell Signaling Technology

anti-b-actin Sigma-Aldrich

The following primary antibodies were used for immunofluorescence staining

Antibody Maker

anti-U5-integrin Cell Signaling Technology
anti-Uv-integrin Cell Signaling Technology
anti-LAMP1 Cell Signaling Technology
anti-EEA1 Cell Signaling Technology
anti-Rab5 Cell Signaling Technology
anti-Rab7 Cell Signaling Technology
anti-Rab9 Cell Signaling Technology
anti-o-H2AX Merck Millipore

7. Cell viability assay

To measure the cell viability after treatment, Cell Counting Kit-8 (CCK-8; Dojindo, Kumamoto,
Japan) or cell counting were performed. Cell Counting Kit-8 (CCK-8) is a sensitive colorimetric
assay for the determination of cell viability in cell proliferation and cytotoxicity assays. Cells
were cultured in 96-well plates and treated with P-AuNPs or RGD/P-AuNPs for 12 to 48 h and
then incubated with CCK-8 solution. For radiosensitivity, cells treated with P-AuNPs or
RGD/P-AuNPs received IR 48 h later and then measured the cell viability with cell counting or
CCK-8 solution. The OD at 450 nm was determined using Multiskan™ GO Microplate

Spectrophotometer (Thermo Fisher Scientific) to measure cell viability.

8. Immunostaining and image acquisition

After treatment, cells were fixed in 4% paraformaldehyde and permeabilized with 0.2% Triton
X-100/phosphate-buffered saline (PBS), and then incubated with primary antibodies and
coupled with Alexa Fluor secondary antibody. Images were acquired by a Leica True Confocal
Scanning (TCS) SP8 microscope system (Leica Microsystems) or by Fluorescence Microscope
BZ-9000 (Keyence). Colocalization analysis with endosome markers was performed with
Coloc 2, a Fiji’s plugin for ImageJ (Schneider et al., 2012). For DNA damage assessment, cells
incubated with AuNPs were fixed and stained with anti-o-H2AX 12 h after IR. The number of

9-H2AX foci per nucleus was counted in ImageJ. At least 50 nuclei were analyzed in each
17



independent experiment.

9. Matrigel invasion assay

One x 10° of MDA-MB-231 or 10* of Hs578T cells were seeded on to the upper wells of
chambers in the absence of serum, and the lower wells were filled with culture medium. After
8 h for the MDA-MB-231 cells and 5 h for the Hs578T cells, the cells that migrated out on to

the lower surface of the membranes were fixed with 4% paraformaldehyde. The number of cells

was scored by staining with 1% crystal violet.

10. Microarray analysis
Total cellular RNA was isolated by NucleoSpin® RNA (MACHEREY-NAGEL). For the
microarray analysis, the highly sensitive 3D-Gene® Human oligo chip 25k ver 2.10 (Toray

Industries) was used. The data were normalized and analyzed by Toray Industries.

11. Quantitative reverse transcription-polymerase chain reaction (RT-PCR)

Total RNA of the MDA-MB-231 cells after RGD/treatment was isolated by NucleoSpin® RNA
Il (MACHEREY-NAGEL). Complementary DNA (cDNA) was synthesized from total RNA
by the SuperScript™ First-Strand Synthesis System (Thermo Fisher Scientific) using random

primers. Quantitative real-time PCR was performed with the LightCycler® nanosystem
(Hoffman-La Roche Ltd.) using the FastStart Essential DNA Green Master kit (Hoffman-La
Roche Ltd.). The following primers were used to amplify FN and 18S rRNA:

primer forward reverse
18S TCGGAACTGAGGCCATGATT CCTCCGACTTTCGTTCTTGATT
Total FN CCAAGCTCAAGTGGTCCTGT CACTTCTTGGTGGCCGTACT

12. Statistical analysis

Graphs are expressed as the mean + standard error (SE). Data were analyzed by Student’s t-
test. Significant differences are indicated by *, P < 0.05; **, P <0.01; ***, P < 0.001 and ns

for not significant.
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Results

1-1 Fabrication of P-AuNPs and RGD/P-AuNPs

To produce RGD peptide conjugated AuNPs, AuNP was partially PEGylated (P-AuNPs) and
subsequently conjugated with RGD peptides (RGD/P-AuNPs) (Fig. 1-1). i-colloid™ Au
(IMRA America, Inc.) was used to take advantage of its novel surface properties allowing
sequential surface modification (Chen et al., 2013; Qian et al., 2011; Shao et al., 2015).

PEGylated on the surface of AuNPs has been reported to enhance stability under physiological

conditions by providing a steric barrier (Qian et al., 2011).

-AuNPs RGD/P-AuNPs

}

i-colloid RGD peptide**

Au PEGylated

* PEG: mPEG-SH(MW~5k) or FITC-PEG-SH(MW~5k)
** Amino acid sequence: RGDRGDRGDRGDPGC

Fig. 1-1 Fabrication of P-AuNPs and RGD/P-AuNPs. Schematic diagram of RGD/P-AuNPs. i-
colloid™ Au was partially conjugated with PEG (P-AuNPs) and further conjugated with RGD
peptides (RGD/P-AuUNPs). (The images were proved by Dr. Ichikawa and modified by Dr. Nam)

1-2 Characterization of P-AuNPs and RGD/P-AuNPs
The size distribution of AuNPs was analyzed (Fig. 1-2A), and the peak size was 19.3 nm in the

weight size distribution graph (weight of nanoparticles plotted against diameter). The
polydispersity index (PDI, the distribution of molecular mass in polymer samples) was 1.17
defined as the ratio between weight average diameter (Dw) and number average diameter (Dn).
To prepare a perfectly uniform sample consisting of exactly one size, Dw and Dn should be the
same value and PDI should be 1.0. The hydrodynamic diameter (Fig. 1-2B) and zeta potential
(a scientific term for electrokinetic potential in colloidal dispersions.) (Fig. 1-2C) of AuNPs
were obtained by DLS measurements during the fabrication of RGD/P-AuNPs. These results
showed that the hydrodynamic diameter of AuNPs increased and the absolute zeta potential of

AUNPs decreased along with the sequential conjugation of PEG molecules and RGD peptides,
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confirming the result of AuNPs binding with PEG molecules and RGD peptides on to the
surface. Fig. 1-2D shows the hydrodynamic diameters of the P-AuNPs (input molar ratio of
PEG to AuNP used was 400:1) conjugated with different amounts of RGD peptides. The
increase in hydrodynamic size was plotted against the increased amounts of RGD peptides
added to the P-AuNPs. The results showed that the diameter of the AuNPs first increased with
an increasing molar ratio of RGD peptides to P-AuNPs (RGD/P-AuNPs) from 0 to 1,000 and
then plateaued for RGD peptides >1,000, representing saturation of RGD peptides on the
surface of P-AuNPs. Based on this result, we conjugated ~1,000 RGD peptides to each P-AuNP
with an initial input molar ratio of RGD peptides to one P-AuNP of 1,200 in the fabrication of
RGD/P-AuNPs.
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Fig. 1-2 Characterization of RGD/P-AuNPs. (A) The size distribution of AUNPs and PDI of AuNPs
measured by differential centrifugal sedimentation. (B) The hydrodynamic diameter of AuNPs during

the fabrication of RGD/P-AuNPs obtained from DLS measurements. (C) Zeta potential of AuNPs. (D)
Hydrodynamic diameters of P-AuNPs conjugated with different amounts of RGD peptides.

(The size and zeta potential of AUNPs were measured by Dr. Ichikawa)
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1-3 Images of RGD/P-AuNPs
To observe the morphology of RGD/P-AuNPs, transmission electron microscope (TEM) was

used. Dark-field TEM images of AuNPs are shown in Fig. 1-3A. Images of synthesized P-
AuUNPs and RGD/P-AuNPs are shown in Fig. 1-3B.

AuNPs P-AuNPs RGD/P-AuNPs

Fig. 1-3 Images of RGD/P-AuNPs. (A) The dark-field TEM image of synthesized AuNPs. (B) TEM
images of synthesized P-AuNPs and RGD/P-AuNPs.

1-4 Expression of integrins in breast cancer cells

Various expression patterns of integrins are exhibited in several types of cancer cells
(Desgrosellier and Cheresh, 2010). Our previous study showed that U5bl-integrin is
upregulated in highly invasive breast cancer cells in three-dimensional laminin-rich
extracellular matrix (3D-IFECM) cultures (Nam et al., 2010). To determine which breast cancer
cell lines can be targeted by RGD peptides, we compared the protein expression level of the
Usb1-, Uvb5- and Uvb3-integrins in several breast cancer cell lines. We found that the highly
invasive breast cancer cell lines MDA-MB-231 and Hs578T significantly increased the expres-
sion of U5- and Uv-integrin heterodimers, but that the minimally invasive breast cancer cell line

SK-BR-3 showed low integrin expression (Fig. 1-4).
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Fig. 1-4 Expression of integrins in breast cancer cells. (A) Protein expression of U5b1-, Uvb5- and
Uvb3-integrins in breast cancer cell lines. Total cell lysates were subjected to Western blotting using
the indicated antibodies. (The experiments were performed by Dr. Nam) (B) Cell morphology of
MDA-MB-231 cells by phase-contrast microscopy. (C) Cell morphology of Hs578T cells by phase-
contrast microscopy. (D) Cell morphology of SK-BR-3 cells by phase-contrast microscopy.

1-5 Internalization of different size of RGD/P-AUNPs in integrin-overexpressing breast

cancer cells

The efficacy of AuNPs uptake in cancer cells has been reported to be related to its size
(Chithrani et al., 2010). Therefore, we generated RGD/P-AuNPs using different sizes of i-
colloid Au and confirmed their internalization in integrin-overexpressing breast cancer cell
lines (Fig. 1-5). We found that 20 nm RGD/P-AuNPs internalized into breast cancer cells and
accumulated significantly compared to P-AuNPs and 15 nm RGD/P-AuNPs in MDA-MB-231
and Hs578T cells (Fig. 1-5A). The diameter of 20 nm Au has increased to ~40 nm after
PEGylation (Fig. 1-5B). Hence, we used 20 nm RGD/P-AuNPs for the following experiments.
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Fig. 1-5 Internalization of different sizes of RGD/P-AuNPs in integrin-overexpressing breast
cancer cells. (A) Phase-contrast microscopic images of different-sized AuNPs in MDA-MB-231 and
Hs578T cells. Red arrow: localization of RGD/P-AuUNPs. Bar, 20 em. (The experiments were performed
by Dr. Nam) (B) The hydrodynamic diameter of AuNPs was measured by DLS. Black arrow: saturation
of RGD peptides on the surface of 15 nm-sized P-AuNPs; red arrow: saturation of RGD peptides on the

surface of 20 nm-sized P-AuNPs. (The experiments were performed by Dr. Ichikawa)

1-6 Internalization of RGD/P-AuNPs in breast cancer cells with different integrin-

expressing level

To determine the internalization of RGD/P-AuNPs in different cancer cells, we treated MDA-
MB-231, Hs578T, and SK-BR-3 cells with P-AuNPs or RGD/P-AuNPs. Compared to integrin-
overexpressing cancer cells, low integrin-expressing SK-BR-3 cells did not uptake the RGD/P-
AUNPs as efficiently as the invasive cell lines (Fig. 1-6). These results indicate that the RGD/P-
AUNPs can specifically target integrin-overexpressing breast cancer cells.
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Fig. 1-6 Internalization of RGD/P-AuNPs in breast cancer cells with different integrin-expressing
level. Phase-contrast microscopic images of MDA-MB-231, Hs578T, and SK-BR-3 cells cultured with
or without AuNPs. Bar, 20 em.

1-7 Internalization of RGD/P-AuNPs with integrins in cancer cells
We generated fluorescent RGD/P-AuNPs (FITC/RGD/P-AuNPs) using FITC-PEG-SH5k

instead of MPEG-SH5k and observed the uptake by fluorescence microscopy to determine the

localization of RGD/P-AuNPs in cells. Immunofluorescent images obtained by confocal
microscopy showed that FITC/RGD/P-AuNPs were colocalized with U5- or Uv-integrins in
endosomal structures in MDA-MB-231 cells (Fig. 1-7), suggesting that RGD/P-AuNPs were

uptaken into cells by integrin-mediated endocytosis.
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Fig. 1-7 Internalization of RGD/P-AuNPs with integrins in cells. Confocal

immunofluorescence images of FITC-conjugated AuNPs (green) and integrins (red) in cells. MDA-MB-
231 cells were cultured with FITC-conjugated AuNPs, and then integrins were labeled with an anti-U5-
integrin or Uv-integrin antibody coupled to Alexa 568-labeled anti-mouse IgG antibody. White arrows:
colocalized FITC/RGD/P-AuNPs or integrins. Bar, 25 em. (The experiments were performed by Dr.
Nam)

1-8 Intracellular trafficking of RGD/P-AuNPs

To evaluate the intracellular localization of RGD/P-AuNPs after uptake in cells by endocytosis,

following protein markers were immunostained after the treatment of FITC/RGD/P-AuNPs in
MDA-MB-231 cells (Fig. 1-8A).

Makers Localization

Rab5 Early endosomes (Christoforidis et al., 1999)

Early endosome antigen 1 (EEA1) Early endosomes (Zerial and McBride, 2001)

Rab7 Late endosomes (Feng et al., 1995)

Rab9 Late endosomes and the trans-Golgi network
(Lombardi et al., 1993)
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Lysosomal-associated membrane protein 1 | Lysosomes
(LAMP1)
The colocalization of FITC/RGD/P-AuNPs and the endosome markers was analyzed by

determining the Pearson product-moment correlation coefficient using software Coloc 2, the
Fiji’s plugin of Imagel. FITC/RGD/P-AuNPs were significantly colocalized with Rab7
compared to other markers (Fig. 1-8A and B). There were no significant differences between 1
day and 3 days of incubation of FITC/RGD/P-AuNPs (Fig. 1-8B). These data suggest that
RGD/P-AuNPs are internalized by binding to integrins and trafficked to late endosomes in a
similar manner to FN by integrin-mediated endocytosis.

A FITC/RGD/P-AUNPs Merge B 1 day incubation

07 1 Fk

* % I *%

0.6 4

05 A

04 A

Pearson correlation coefficient

EEA1 Rab5 Rab7 Rab9
- 3 days incubation
5 08 9 ok
;2 57 ok | sk
£ o
8 o5
c
G 054
5 o]
S 03
o
g 02 4
7]
& 01
)
o 0
EEA1 Rab5 Rab7 Rab9

Fig. 1-8 Colocalization of RGD/P-AuNPs with protein markers of early/late endosomes in MDA-
MB-231 cells. (A) Confocal immunofluorescence images show the localization of FITC/RGD/P-AuNPs
(green) and protein markers of endosome/lysosome (red) in cells. MDA-MB-231 cells were cultured
with FITC/RGD/P-AuNPs, and then markers of early endosomes (EEA1/Rab5) and late endosomes
(Rab7/Rab9) were labeled with antibodies. Bar, 25 em. (B) Colocalization analysis of FITC/RGD/P-
AuUNPs and proteins of endosome were quantified by Pearson’s correlation coefficient using ImageJ
software. RGD/P-AuNPs were incubated with MDA-MB-231 cells for 1 day or 3 days. Columns, mean
(n>10); bars, SD. **, P < 0.01.
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1-9 Colocalization of RGD/P-AuNPs with lysosomes in MDA-MB-231 cells
As FN and integrins were trafficked to lysosomes via late endosomes after ligand-receptor

interactions (Rainero and Norman, 2013), we considered that integrin-bound RGD/P-AuNPs
also localized to lysosomes as a transient destination. Confocal microscopy showed that
FITC/RGD/P-AuNPs colocalized with or covered by LAMP1 (Fig. 1-9). These data suggest
that RGD/P-AuNPs are internalized by binding to integrins and are trafficked to late endosomes

and then to lysosomes.

Fig. 1-9 Colocalization of RGD/P-AuNPs with lysosomes in MDA-MB-231 cells.

Immunofluorescence images of FITC/RGD/P-AuNPs (green), integrins (blue) and LAMP1 (red).
Integrins were labeled with an anti-U5-integrin or Uv-integrin antibody coupled to an Alexa 647-labeled
anti-mouse 1gG antibody. LAMP1 was labeled with anti-LAMP1 rabbit monoclonal antibody coupled

to an Alexa 567-labeled anti-rabbit 1gG antibody, which served as a marker of lysosomes. Bar, 25 em.

1-10 No cytotoxicity of RGD/P-AuNPs occurred in cells without IR treatment

To measure if RGD/P-AuNPs cause cytotoxicity to cells without IR, we measured cell viability
after P-AuNPs or RGD/P-AuNPs treatments in MDA-MB-231 cells. Individually, P-AuNPs
and RGD/P-AuNPs did not show significant cytotoxicity in MDA-MB-231 cells after 12 h, 24
h and 48 h of incubation (Fig. 1-10), suggesting the safety of AuNPs accumulation in cells

without IR treatment.
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2-4 IR combined with CGN treatment increases ROS accumulation in MDA-MB-231

breast cancer cells

ROS is an important factor related to IR-induced cancer cell death (Gupta et al., 2012). It is
known that IR induces ROS, which mediates apoptotic cell death and mitotic failure. Besides,
CGN has been reported to increase the production of ROS in human colonic epithelial cells
(Bhattacharyya et al., 2010). Therefore, we analyzed cellular ROS levels using DCFDA, which
fluoresces when oxidized by ROS. Increased ROS levels were observed in the IR and CGN
treated cells, compared to IR alone (Fig. 2-7). CGN or IR alone also showed an increase in ROS

accumulation.
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Fig. 2-7 IR combined with CGN treatment increases ROS accumulation in MDA-MB-231 breast
cancer cells. Cells were treated with 4 Gy IR, followed by CGN on the next day, and then analyzed 72
h after IR. ROS was measured by DCFDA. Columns, mean (n = 5); bars, SE. *, P < 0.05.

2-5 IR combined with CGN treatment increases activation of caspase-3 and caspases-8
in MDA-MB-231 breast cancer cells
High levels of ROS are known to activate caspase-3 and caspases-8, which are key proteins of

apoptosis (Redza-Dutordoir and Averill-Bates, 2016). To measure the activated level of caspase,
we performed caspase assay Kits. The activities of caspase-3 and caspase-8, but not caspase-9,
were elevated after IR followed by CGN in comparison to IR alone in MDA-MB-231 cells (Fig.
2-8). These results indicate that apoptosis-related cell death is efficiently induced by CGN
following IR, which is consistent with the Pl and Annexin V staining (Fig. 2-4).
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Fig. 2-8 IR combined with CGN treatment increases activation of caspase-3 and caspases-8 in
MDA-MB-231 breast cancer cells. Caspase-3, caspase-8, and caspase-9 activities were detected by
microplate reader at specific wavelengths: caspase-3 excitation (Ex)/ emission (Em) = 535/620 nm;
caspase-8 Ex/Em = 490/525 nm; caspase-9 ExX/Em = 370/450 nm. Columns, mean (n = 5); bars, SE.
** P < 0.01; ns, not significant.

2-6 The proportion of polyploid cells was significantly increased by CGN following IR

treatment

Besides apoptotic cell death, IR is known to cause mitotic catastrophe (lanzini and Mackey,
1997, 1998), a mechanism of mitosis-linked cell death resulting in polyploid cell formation
(Eriksson et al., 2007). The generation of ROS is also reported to permit inappropriate entry
into mitosis and to induce mitotic catastrophe (Hung et al., 2013). To determine whether mitotic
catastrophe was induced by CGN combined with IR, we analyzed polyploid formation in the
cells by immunofluorescence. Under confocal fluorescence microscopy, abnormal polyploid
giant cells were observed in both the IR alone and the combined treatment groups (Fig. 2-9A).
The proportion of polyploid cells was significantly increased by combined treatment with CGN
and IR compared to IR alone by cell cycle analysis (Fig. 2-9B). These data suggest that CGN
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can increase ROS accumulation in irradiated cells, which may further enhance caspase-
mediated apoptosis and mitosis-related cell death.
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Fig. 2-9 The proportion of polyploid cells is significantly increased by CGN following IR
treatment. (A) Cells stained with Uells sta (green) and PI (red) after treatments. Bar, 25 em. (B) Cells
were treated with staining solution and PI, and analyzed by flow cytometry to measure polyploid

populations. Columns, mean (n = 3); bars, SE. *, P < 0.05.

2-7 CGN inhibits the IR-induced invasiveness of breast cancer cell lines

As shown in Chapter 1, cancer cell invasiveness could be increased in the surviving population
after IR treatment through integrin-mediated pathways. Therefore, we investigated the CGN’s
effect on the invasiveness of cancer cells after IR. The invasive activity was increased in the
breast cancer cell lines after IR treatment, as the results in Chapter 1. Interestingly, the invasive

ability of the MDA-MB-231 (Fig. 2-10A) and 4T1 (Fig. 2-10B) breast cancer cell lines was
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2-8 CGN inhibits the invasive growth of MDA-MB-231 cells in 3D culture

To further confirm the effect of CGN in the invasive growth of cancer cells, we performed 3D
laminin-rich ECM (IrECM) culture. Culturing cells in 3D IrECM is a common method for
assessing the physiologically relevant morphogenesis and oncogenic properties of non-
malignant or cancerous mammary epithelial cells (Lee et al., 2007). As shown in Fig. 2-11,
untreated MDA-MB-231 cells under 3D culture displayed aggressive invasive growth with
stellate protrusions extending into the IrECM. The formation of protrusions was reduced in
cancer cells that received the combination of CGN and IR treatment, indicating suppression of

their invasive capacity in the 3D IrECM culture.

v Untreated - CGN IR , I+CG

25 B

Fig. 2-11 CGN inhibits the invasive growth of MDA-MB-231 cells in 3D culture. MDA-MB-231

cells were cultured in 3D IrECM. Bar, 50 um. (The experiment was performed by Dr.Nam.)

2-9 Searching for genes which are involved in cancer cell survival and invasion after IR
and CGN
To determine the effects on molecular pathways, the differential gene expression in each

treatment group was assessed by cDNA microarray. We selected the genes that were both
upregulated by IR treatment and suppressed by the following CGN treatment (Fig. 2-12).
Seventeen genes were selected according to the method mentioned in the figure legend of Fig.
2-12.
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Fig. 2-12 Gene expression profiles after IR and CGN treatments. (A) Venn diagram shows the
number of genes upregulated by IR treatment and downregulated by IR and CGN treatments compared
to untreated. Of the 24,462 probes on the cDNA microarray, 619 genes were upregulated (> 1.25 fold)
after IR treatment, and 92 genes were downregulated (< 8 fold) after IR and CGN treatments compared
to untreated. The 17 genes included in the overlapping intersect were selected. (B) List and heat map of
the 17 selected genes that are upregulated by IR (red) and downregulated by IR and CGN treatments
(green) compared to untreated. The values in each group were normalized to the untreated group.

2-10 Upreqgulation of RacGAP1 is involved in cancer cell survival and invasion after IR

From these genes, we focused on RacGAP1 as a potential target (Fig. 2-13A) because this
protein is intimately connected with integrin signaling, which has been mainly working on by
our group (Nam et al., 2013; Onodera et al., 2013; Wu et al., 2017). Moreover, RacGAPL1 is
recently reported to have important roles in oncogenic activity (Lawson and Ridley, 2018),
tumor progression (Imaoka et al., 2015; Mi et al., 2016), and cancer invasion (Jacquemet et al.,
2013; Saigusa et al., 2015).
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To investigate its role in irradiated cells, protein levels of RacGAP1 were determined after
IR treatment in different types of cancer cell lines (Fig. 2-13B). RacGAP1 was found to be

upregulated after IR treatment, suggesting that it plays a role in the cellular response to

radiation.
Untreated CGN IR IR + CGN
RacGAP1 1 1.25289
B MDA-MB-231 FaDu
IR (Gy) IR (Gy)
0o 2 4 8  Blot: 0 2 4 8 Bilot
| — |RacGAP1 |— — — —‘RacGAH
1.00 148 169 198 1.00 070 134 1860
[---- B-actin |-— — -‘ B-actin
1.00 1.02 093 0582 1.00 095 058 077
c25 . c 25
T k3] .
§20 S 2.0
15 215 |
%1,0 % 1.0
205 205
o 0 o 0
4 8 IR(Gy) 0 2 4 & IR (Gy)
PANC-1 4T1
IR (Gy) IR (Gy)
0 2 4 8 opet 0 2 4 8 Blet
- —— ——‘RacGAFﬂ [£5 —s s o |RacGAP!
100 142 167 127 100 131 288 540
— — — —-‘B—actin |- - e -‘ B-actin
700 082 110 005 100 103 102 147
i= 2.5 - =
ﬁ“F 20 %3
=L o -
= 1.5 - 2
10 2 |
ELE 21
(]
v 0 o
0 2 4 8 IR (Gy) 0 2 4 8 IR (Gy)

Fig. 2-13 Upregulation of RacGAPL1 is involved in cancer cell survival and invasion after IR. (A)
Gene expression was analyzed by cDNA microarray. RacGAPL expression level is shown by the heat
map. The values were normalized to the untreated group. (B) RacGAPL protein expressions with

different doses of IR were analyzed in MDA-MB-231, FaDu, PANC-1, and 4T1 cell lines. Columns,
mean (n 0 3); bars, SE. *, P < 0.05; ** P < 0.01.

2-11 Knockdown of RacGAP1 increased cell death and suppressed IR-induced
invasiveness in MDA-MB-231 cells

To measure the role of RacGAPL in IR treatment, we knocked down RacGAP1 in MDA-MB-
231 cells by siRNA and treated these cells with IR (Fig. 2-14A). Compared to the control group,
The knockdown of RacGAP1 resulted in a significant decrease in cell viability following IR

treatment (Fig. 2-14B). The Knockdown of RacGAP1 also increased apoptosis, ROS
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2-12 RacGAP1 expression was suppressed by CGN in MDA-MB-231 cells

The cDNA microarray data suggest that CGN treatment suppresses RacGAP1 (Fig. 2-12).

Consistent with the gene expression data, we also confirmed that the protein expression of

RacGAP1 was significantly downregulated by CGN (Fig. 2-15A).
RacGAP1 protein levels following IR, and its suppression after

Moreover, the elevation of

CGN treatment were also

confirmed by western blot (Fig. 2-15B). Immunofluorescent staining showed that RacGAP1

mainly localized in the nucleus and that its nuclear level was increased after IR and suppressed

by CGN treatment (Fig. 2-15C).

Fig. 2-15 RacGAP1 expression is suppressed by CGN in MDA-MB-231

RacGAP1 (green), U-tubulin (red) and nuclei (blue). Bar, 25 em.
(The results of Western blotting were done by Dr. Nam.)
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of RacGAP1 was analyzed after treatment with different concentrations of CGN in MDA-MB-231 cells.
Total cell lysates were subjected to western blot. (B) RacGAP1 protein expression was analyzed using

cell lysates after IR and/or CGN treatment in MDA-MB-231 cells. (C) Immunofluorescence images show

cells. (A) Protein expression
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2-13 Overexpression of RacGAP1 partially reduced the cytotoxicity caused by CGN

To further confirm that the downregulation of RacGAPL1 is involved in the cytotoxic effect of
CGN, we generated a doxycycline-inducible overexpression system of RacGAPL1 (Fig. 2-16A).
RacGAP1 overexpression partially reduced the cytotoxicity caused by CGN with or without IR
treatment (Fig. 2-16B), which suggests that RacGAP1 is indeed an important molecular target
in CGN treatment.

Given these results, RacGAP1 is one of the predominant genes in the radiation-induced
invasion. However, as shown in Fig. 2-10, the inhibitory effect of CGN treatment on invasion
activity is much stronger than that of siRacGAPL1, suggesting that CGN also affects pathways
other than RacGAP1. Therefore, we performed the invasion assay experiments to assess the
CGN on the MDA-MB-231 cells with the knockdown of RacGAPL1 (Fig. 2-16C). The results
indeed support the notion that CGN treatment further suppressed the IR-induced invasiveness
in siRacGAP cells.
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Fig. 2-16 Overexpression of RacGAP1 partially reduces the cytotoxicity caused by CGN. (A)
RacGAP1-mVenus expression was induced by doxycycline in MDA-MB-231 cells. RacGAP1
expression was analyzed by western blot using anti-RacGAP1 antibody. Dox, doxycycline. (B) Cell
number was quantified by cell counting. (C) The invasive activity was measured by Matrigel

chemoinvasion assay. Columns, mean (n = 3); bars, SE. *, P < 0.05; **, P < 0.01.
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2-14 CGN in combination with IR decreases tumor size and metastasis in a mouse

xenograft model

To determine the in vivo effect of adjuvant CGN treatment after IR, we used a 4T1 xenograft
animal model with the experimental schedule shown in Fig. 2-17A. Tumor growth was
significantly decreased in the group treated with CGN after IR compared to either CGN or IR
treatment alone (Fig. 2-17B). Similarly, the terminal tumor size at day 25 was smallest in the
CGN and IR group (Fig. 2-17C).
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Fig. 2-17 Radiation followed by CGN treatment decreases tumor size and metastasis in a mouse
xenograft model. (A) Treatment schedule of each group. Mouse 4T1 cells were injected into Balb/c
mice (n = 6-7 in each group). (B) 4T1 tumor sizes were measured and normalized to size at day 12 in

each group. (C) The relative tumor size for each group was measured on Day 25. Scatter plot; mean £
SE. *, P <0.05.

2-15 CGN in combination with IR decreases lung metastasis in a mouse xenograft model

Local cancer invasion is the initial step in the spread of cancer cells from a local site to distant
metastasis sites (Eccles et al., 2005). Therefore, we determined the therapeutic effect of CGN
in combination with IR on distant metastasis. Compared to the other groups, combined

treatment with IR and CGN significantly inhibited lung metastasis (Fig. 2-18).
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Fig. 2-18 CGN in combination with IR decreases lung metastasis in a mouse xenograft model. (left
panel) Representative H&E images of lung sections. Bar, 500 um. Arrow, metastatic lung nodules.

(right panel) The number of metastatic lung nodules was counted. Scatter plot; mean + SE. *, P < 0.05.

2-16 CGN in combination with IR decreases RacGAP1 expression in mouse xenograft

model

To confirm whether RacGAP1 expression was suppressed by CGN treatment in vivo, we stained
RacGAP1 in tumor samples by IHC. Consistent with the in vitro data shown in Fig. 2-15,
RacGAP1 was suppressed in 4T1 tumors treated by either CGN alone or CGN in combination
with IR (Fig. 2-19).
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	2-4 IR combined with CGN treatment increases ROS accumulation in MDA-MB-231 breast cancer cells
	ROS is an important factor related to IR-induced cancer cell death (Gupta et al., 2012). It is known that IR induces ROS, which mediates apoptotic cell death and mitotic failure. Besides, CGN has been reported to increase the production of ROS in huma...
	2-5 IR combined with CGN treatment increases activation of caspase-3 and caspases-8 in MDA-MB-231 breast cancer cells

	High levels of ROS are known to activate caspase-3 and caspases-8, which are key proteins of apoptosis (Redza-Dutordoir and Averill-Bates, 2016). To measure the activated level of caspase, we performed caspase assay kits. The activities of caspase-3 a...
	Fig. 2-8 IR combined with CGN treatment increases activation of caspase-3 and caspases-8 in MDA-MB-231 breast cancer cells. Caspase-3, caspase-8, and caspase-9 activities were detected by microplate reader at specific wavelengths: caspase-3 excitation...
	2-6 The proportion of polyploid cells was significantly increased by CGN following IR treatment

	Besides apoptotic cell death, IR is known to cause mitotic catastrophe (Ianzini and Mackey, 1997, 1998), a mechanism of mitosis-linked cell death resulting in polyploid cell formation (Eriksson et al., 2007). The generation of ROS is also reported to ...
	Fig. 2-9 The proportion of polyploid cells is significantly increased by CGN following IR treatment. (A) Cells stained with αells sta (green) and PI (red) after treatments. Bar, 25 μm. (B) Cells were treated with staining solution and PI, and analyzed...

	As shown in Chapter 1, cancer cell invasiveness could be increased in the surviving population after IR treatment through integrin-mediated pathways. Therefore, we investigated the CGN’s effect on the invasiveness of cancer cells after IR. The invasiv...
	To further confirm the effect of CGN in the invasive growth of cancer cells, we performed 3D laminin-rich ECM (lrECM) culture. Culturing cells in 3D lrECM is a common method for assessing the physiologically relevant morphogenesis and oncogenic proper...
	2-9 Searching for genes which are involved in cancer cell survival and invasion after IR and CGN
	To determine the effects on molecular pathways, the differential gene expression in each treatment group was assessed by cDNA microarray. We selected the genes that were both upregulated by IR treatment and suppressed by the following CGN treatment (F...
	From these genes, we focused on RacGAP1 as a potential target (Fig. 2-13A) because this protein is intimately connected with integrin signaling, which has been mainly working on by our group (Nam et al., 2013; Onodera et al., 2013; Wu et al., 2017). M...
	To investigate its role in irradiated cells, protein levels of RacGAP1 were determined after IR treatment in different types of cancer cell lines (Fig. 2-13B). RacGAP1 was found to be upregulated after IR treatment, suggesting that it plays a role in ...
	To measure the role of RacGAP1 in IR treatment, we knocked down RacGAP1 in MDA-MB-231 cells by siRNA and treated these cells with IR (Fig. 2-14A). Compared to the control group, The knockdown of RacGAP1 resulted in a significant decrease in cell viabi...
	The cDNA microarray data suggest that CGN treatment suppresses RacGAP1 (Fig. 2-12). Consistent with the gene expression data, we also confirmed that the protein expression of RacGAP1 was significantly downregulated by CGN (Fig. 2-15A). Moreover, the e...
	To further confirm that the downregulation of RacGAP1 is involved in the cytotoxic effect of CGN, we generated a doxycycline-inducible overexpression system of RacGAP1 (Fig. 2-16A). RacGAP1 overexpression partially reduced the cytotoxicity caused by C...
	Given these results, RacGAP1 is one of the predominant genes in the radiation-induced invasion. However, as shown in Fig. 2-10, the inhibitory effect of CGN treatment on invasion activity is much stronger than that of siRacGAP1, suggesting that CGN a...
	To determine the in vivo effect of adjuvant CGN treatment after IR, we used a 4T1 xenograft animal model with the experimental schedule shown in Fig. 2-17A. Tumor growth was significantly decreased in the group treated with CGN after IR compared to ei...
	2-16 CGN in combination with IR decreases RacGAP1 expression in mouse xenograft model


