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Abbreviations

AA: Arachidonic acid

BL: Bioluminescence

CDC42: Cell division control protein 42
cDNA: Complementary DNA
CRISPR-Cas9: Clustered regularly interspaced short palindromic repeats associated
endonuclease 9

CYGB: Cytoglobin

CYGB-OE: CYGB-overexpressing LM8-L
DDX58: Retinoic acid-inducible gene | protein
DMEM: Dulbecco's Modified Eagle Medium
E-selectin: Endothelial selectin

EMT: Epithelial to mesenchymal transition
FBS: Fetal bovine serum

GSEA: Gene set enrichment analysis

HE: Hematoxylin and eosin

HIF-1a: Hypoxia inducible factor-1a

ID mice: Immune-deficient mice

KO: Knockout

LEF1: Lymphoid enhancer factor 1

MCS: Multi-cloning sites

NF-kB: Nuclear factor kappa-light chain enhancer of activated B cells
NO: Nitric oxide

OE: Overexpression

OS: Osteosarcoma

gPCR: quantitative polymerase chain reaction

RACLI: Ras-related C3 botulinum toxin substrate 1

RhoA: Ras homolog gene family, member A

RT-PCR: Reverse transcription polymerase chain reaction

sLe? Sialyl Lewis a

sLe*: Tetra-saccharide sialyl Lewis x



TCF: T-Cell-Specific Transcription Factor
TGF-B: Transforming growth factor-3
WST-1: Water-soluble tetrazolium salt 1



Chapter 1

General introduction



1-1. Osteosarcoma and lung metastasis

Osteosarcoma is the most common malignant bone tumor found in both children and adult.
Osteosarcoma mostly found in the bones round the knee. In some cases, osteosarcoma
also arises in other regions such as radial bone, humerus and pelvis. Overall incidence of
osteosarcoma is 3.1 per million per year. The incidence of osteosarcoma is 4.4 per million

population per year in patients with the age of 024 years (Figure 1-1)13. Surgical and

chemotherapeutic strategies have significantly improved survival rate in osteosarcoma
patient in last decade. Five-year survival rate for patients with localized disease is
approximately 70%®* °. However, metastatic disease can prevent long-term cure and
decrease 5-year survival rate to less than 40%"°. The lung is the most common site for

metastasis in osteosarcoma®.
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Figure 1-1. Incidence of osteosarcoma per million population. The figure was cited from reference 3.

Although lung metastasis is a major cause of poor prognosis in osteosarcoma patients,
effective therapeutic strategies have not been developed. Therefore, there is high demand
for developing new therapeutic strategies based on molecular mechanisms of
osteosarcoma lung metastasis. Increasing knowledge about the mechanisms of lung

metastasis will provide new approaches to achieve long-term cure of patients.



1-2. Overview of the metastatic process

Metastasis is a complicated multi-step process including local tumor cell invasion in the
primary tumors, intravasation, survival in blood circulation, extravasation into the
secondary organs, formation of metastatic lesion” ® During metastasis process, cancer cell
rapidly proliferate and invade nearby tissue’. Cancer cell invasion related to enhancement
of cell motility including activation of ras-related C3 botulinum toxin substrate 1 (RAC1),
a member of small GTP binding protein Rho family, and ras homolog gene family,
member A (RhoA)®. After that, some of the cancer cell invade through blood vasculature
and travel to distance organs. During this process, most of cancer cell die from shear stress
inside blood vessel and immune response®. Survive cancer cell will interact with vascular
endothelial cell to extravasate to the secondary organ. This step required adhesion
between cancer-endothelial cell and transmigration through blood vessel that cell-cell
interaction is critical” & After cancer transmigrate through the endothelial barrier,

colonization will be occur to form metastatic nodule (Figure 1-2).
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Figure 1-2. Diagram of metastatic process.

1-2-1. Invasion and Epithelial to mesenchymal transition (EMT)

Invasion is a process of direct extension and penetration by cancer cells into neighboring
tissues. The proliferation of the cancer cell and the progressive increase in tumor size that
leads to a break in the barriers between tissues, leading to tumor extension into adjacent

tissue. Local invasion is also the first stage in the process that leads to the development



of secondary tumors or metastases®. Two different patterns of invasive growth are;
collective cell migration and single cell migration®. The migration type is largely
determined by tissue microenvironment features and depends on molecular changes in
tumor cells®.

The most common molecular mechanisms that regulated invasion phenotype in collective
migration cell are overexpression of E-cadherin and Integrin. For single cell invasion,
different sets of gene expression are observed. Down regulation of RAC1 and Integrin,

and up-regulation of RhoA were reported® (Figure 1-3).
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Figure 1-3. Summary diagram of molecular mechanisms that related to invasion step. The figure
cited from reference 9.

EMT is an important process that induced epithelial cell to undergo multiple biochemical
changes that enable it to mesenchymal cell phenotype. Mesenchymal phenotype enhances
migratory capacity, invasiveness, elevated resistance to apoptosis, and greatly increased
production of ECM components'. EMT is associated with many biological processes

such as developmental process, inflammation, and metastasis'® 3. During EMT process,
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several signaling pathways involving transforming growth factor-p (TGF-) AKT and
WNT?™ 4 gctivate genes regulation EMT such as Slug, Snail, Zeb1, Zeb2, and Twist'*
(Figure 1-4). During this process, loss of epithelial markers can be observed while

mesenchymal markers such as Vimentin, Fibronectin, Type | collagen are increased.

Growth factors Cytokines

N
GOO EMT r:;ulators R

000 Slug| (Snail) (Zeb1] (zeb2] Twist) A
0000 = EMT g @@@

Epithelial like

Mesenchymal like

[& Epithelial markers ] [f Mesenchymal markers]

E-cadherin N-cadherin \

Claudins a5p1 integrin

Occludins avbé integrin A -

Desmoplakin Vimentin

T IV collagen Type | collagen

Lzzwelnln 1 : Laminin 5
Fibronectin \

Figure 1-4. Summary diagram of EMT process. The figure was cited from reference 14.

1-2-2. Extravasation step

Extravasation from blood vessels is one of the important steps in the metastatic process.
In extravasation, cells have to attach vascular endothelial cells and penetrate the vascular
wall to invade secondary organs. In this step, multiple molecules might be involved in
interactions between cancer cells and vascular endothelial cells® °. Previous studies have
described that activation of RAC1 in cancer cells promoted cell adhesion ability to
endothelial cells!® 7. In addition, cell division control protein 42 (CDC42) loose cell-cell
junction of vascular endothelial cells though activation of several signaling pathways,
enabling cancer cells to penetrate through an endothelial barrier® 18, Extensive studies
have identified many cell-surface molecules which play important roles in extravasation
of cancer cells'> 1 20 (Table 1-1). However, critical regulators are still unknown in

osteosarcoma extravasation to the lung?L.
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Table 1-1. Endothelial cell adhesion molecules and counter-receptors in cancer cell.

Endothelial cell surface molecules Cancer cell counter-receptor

Selectins/Lectins

E-selectin SLe”-, SLe*-glycoproteins
P-selectin SLe”-, SLe*-glycoproteins
Galectin 3 TF-antigen glycoproteins; Mucin 1(MUC1)

Immunoglobulins

ICAM1 u4B1 (VLA4); MUCI
VCAM1 CD44
L1 avp3
Integrins
adpl VCAM1,; CD44
a6pB1 a6B1; a6p4
Others
Chloride Channel Accessory (CLCA) a6p4

The table has been modified from reference 8.

1-2-3. Colonization of the cancer cell at metastatic site

After the cancer cells successfully extravasate through vascular endothelial cell, they can
proliferate and form new colonies at the metastatic site and secrete many molecules such
as matrix metalloproteinases (MMPs) and cathepsins to support colonization?: 22,
Moreover, cytokines such as C-X-C Motif Chemokine Ligand 12 (CXCL12)%® are

secreted to support metastatic niche formation.

1-3. Study of metastatic mechanism by using in vivo bioluminescence (BL) imaging.

To study molecular mechanisms governing metastasis of cancer cells, in vivo BL imaging
technique has been used to isolate and characterize metastatic subpopulation derived from
parental cell lines?* 2>, Briefly, luciferase expressing cancer cells were injected into the

blood stream of mice. Bioluminescence imaging allowed us to noninvasively monitor
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metastatic growth of cancer cells and precisely collect cancer cells from metastatic sites
for culturing in vitro. Expanded cancer cells were then injected again into mice. After
repeating these processes several times, highly metastatic cell lines were established.
Striking example of the study using such high metastatic cell lines is that comparative
genetic analysis between of human breast cancer cell lines with high metastatic ability
and their parental cell lines successfully identified a small gene subset (1d1, Cxcl1, Ptgs2,

Mmp1, Sparc and Mmp2) highly responsible for metastasis to the lung?.
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Chapter 2
Identification of CYGB as

a downstream effector of LEF1
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Abstract

Previous study revealed that transcription factor LEF1 plays an important role in lung
metastasis in the LM8 sublines by promoting extravasation ability of LM8-H cell. To
identify downstream effectors of LEF1 that are involved in OS lung metastasis, 13 genes
were selected based on the LM8 microarray data and genome-wide meta-analysis of a
public database for OS patients. Among of them, expression level of Cytoglobin (Cygb)
is well-correlated with expression of LEF1. Transcription factor binding site prediction
suggested that LEF1 can directly bind to the promoter region of Cygb. In addition,
knockout of Cygb in LM8-H significantly increased proliferation rate compared to LM8-
H whereas overexpressing of CYGB showed the opposite effect. These results are similar
to those obtained when the expression level of LEF1 is reduced and overexpressed,
respectively. Taken together, these results suggested that CYGB is a downstream effector
of LEFL1.
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2-1. Introduction

2-1-1. Establishment of osteosarcoma LMS8 sublines with different metastatic
ability

LM8 is a highly lung-metastatic murine osteosarcoma cell linel. In the previous study,

LMB8 cells with high metastatic ability to the bone and low metastatic ability to the lung

has been established by an image-guided in vivo BL screening system? Briefly, LM8

stably expressing firefly luciferase (LM8/luc) were intracardially injected into immune-
deficient (ID) mice. Metastasis formation was monitored weekly by whole body imaging
using IVIS. At day 14, LM8 cells metastasized to the hind limbs were collected from the
bone and cultured. The LM8 cells expanded were transplanted into ID mice and collected
cancer cells from bone metastasis tissue again. This procedure was repeated 3 more times
and an LMS8 subline, named LM8-L, that almost completely lost pulmonary metastatic
ability was established. Then, LM8-L was then orthotopically injected into the tibia of ID
mice. Bioluminescent signal from lung metastasis were detected at 2 weeks after injection.
The metastasized lung tissue was collected and minced tissues were cultured with a G418-
conaining selection medium to isolate LM8 cells. A high metastatic LM8 subline was

successfully isolated from the lung and was named LM8-H (Figure 2-1).
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Figure 2-1. Diagram of establishment of non-lung metastatic and lung metastatic LM8

sublines. The figure was cited from reference 2 with slight modification.

BL signal in the lung was significantly higher in the mice injected with LM8-H compared
to those injected with LM8-L (Figure 2-2). Histological analysis of the lung was
confirmed that LM-H developed significantly more metastatic foci than LM8-L (Figure
2-3). When the LM8 sublines were subcutaneously injected to mice, the growth of LM8-
L tumors was faster than that of LM8-H tumors (Figure 2-4), suggesting that the results
of Figure 2-3 are not due to the difference in proliferation between the LM8 sublines. In
my study, LM8 sublines with high (LM8-H)and low (LM8-L) metastatic ability to the lung

were used to identify crucial factors to develop lung metastasis of osteosarcoma.
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Figure 2-2. Lung metastatic abilities of LM8-L and LM8-H cells. Representative in vivo
bioluminescence (BL) images on day 12 (right) and quantitative analysis (left) are shown. BL
signals from the lungs were normalized to the BL signals on day 0. n = 5, *P < 0.05.
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Figure 2-3. Representative HE-stained images of lung tissues at 14 days after injection of
LM8 sublines.
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Figure 2-4. Subcutaneous tumor formation. LM8 sublines were injected subcutaneously into
C3H mice. The tumors were excised on day 30 (bottom photos). Tumor weights were
measured and average values are shown. n = 6. *P < 0.05.

2-1-2. Identification of gene responsible for lung metastasis in osteosarcoma

To identify gene responsible for lung metastasis in the LM8 sublines, gene expression
profile (Figure 2-5) and gene set enrichment analysis (GSEA) was performed. GSEA
results suggested that LEF1-related genes and several pathways such as AKT and MAPK
were enriched in LM8-H cells (Figure 2-6 and Table 2-1). Among the candidate genes,
LEF1 was prominent and highly expressed in LM8-H. Differential expression level of
LEF1 in the LM8 sublines was confirmed by Western blotting (Figure 2-7).
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Figure 2-5. A heat map of the DNA microarray analysis data of the LM8 sublines indicated.
The heat map shows 500 genes with the greatest differential expression fold-change > 2)
between the LM8-H and LM8-L cells.

@ Enrichment plot: LEF1_UP.V1_DN

@ 83 v _ NES=1.7046658
: . P<0.01

3 02 Wi

S 0.1 . b g

(0] 0.0 ! N R ?

E01 =y

= LLUMMAR RILT L

D A

Figure 2-6. Gene set-enrichment analysis of Lefl in the LM8 sublines.
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Figure 2-7. LEF1 protein-expression levels in LM8-H (Hyand LM8-L (L, cells.
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To assess function of LEF1 in lung-metastatic ability of LM8-H cells, Lefl knockout
(KO) cell lines were established using the clustered regularly interspaced short
palindromic repeats (CRISPR)-associated endonuclease 9 (Cas9) system, two
independent Lefl KO clones (LM8-H/Lefl-KO1 and LM8-H/Lef1-KO2) were
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established using different gRNA (Figure 2-8). When Lefl KO clones were intravenously
injected into C3H mice, lung metastasis was significantly reduced: KO of Lefl

significantly suppressed the lung metastasis of LM8-H cells (Figure 2-9).

H KO1 KO2

LEF1 |=== L 55 kDa
B-actin P- 43 kDa

Figure 2-8. Establishment of Lef1-KO sublines from LM8-H (H) cells. LEF1 expression in LM8-
H/Lef1-KO1 (KO and LM8-H/Lefl-KO2 (KO2) cells was examined by western blotting.
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Figure 2-9. Representative HE staining of the lungs at 15 days after intravenous injection of the LM8

sublines.
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2-1-3. Genome-wide meta-analysis

Meta-analysis is a statistical method for comparing and pooling results from a large date
set to find data that commonly shared between data set. In this study, a genome-wide
association study meta-analysis was performed using pooled public genome datasets of
human osteosarcoma to find common genes that responsible for lung metastasis in murine
and human OS*“, Pool of data set could increase sample size that improves possibility to
detect specific associations among genes compared to a single study approach®. Indeed,
genome-wide meta-analysis successfully identified candidate genes or genetic variation
that associated with diseases®®. In addition, this method has been widely used in cancer
research field to extract factors related to tumor malignancy and prognosis® 1°. For
example, analysis of gene expression profiles among various cancer cells and tumor
biopsy samples has become a standard approach to survey correlation between expression
levels of specific genes and patient prognosis. In this study, the gene expression profiles
of the LM8 sublines were combined with the clinical datasets of osteosarcoma patients
using a general statistical analysis, p value meta-analysis, used in meta-analysis and other
methods (Figure 2-10 and Table 2-2). p value meta-analysis is an easy way to use p value

to determine statistical difference among datasets regardless of population size.

LM8 microarray Public dataset
High VS Low-metastasis High VS Low-metastasis
upregulated genes in upregulated genes in
high-metastasis high-metastasis

Extraction of overlapping genes

Biological assay for functional
studies of overlapping genes

Figure 2-10. Diagram of identification of candidate genes using meta-analysis.
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2-1-4. Lymphoid enhancer factor 1 (LEF1)

Lefl gene encodes LEF1 that has homology with high-mobility group protein (HMG) 1
and contains a HMG-box domain involved in DNA binding®. LEF1 is a transcription
factor but lacks the ability to initiate transcription by itself; other co-activators or multi-
proteins enhancer complexes are necessary to stimulate expression of target genes. LEF1
can also combine with Ally of AML1 and LEF1 and other enhancer binding proteins to
regulate expression of the T cell receptor alpha enhancer'?. Moreover, T-Cell-Specific
Transcription Factor /LEF1 is an important complex in Wnt signaling pathway. This
complex interacts with B-catenin to regulate target genes of Wnt signaling pathway®. A
study showed that LEF1 helps metastatic process to the bone of lung adenocarcinoma
cells**. Recent results suggested that decreased expression of LEF1 suppresses invasion
of LM8 cells and human osteosarcoma cell lines!®. Moreover, knock down Lefl and
Notch1 in human osteosarcoma significantly decreased metastasis in mice model*®. These
results support the hypothesis that LEF1 is an important player in lung metastasis of LM8.
However, downstream targets of LEF1 that promote lung metastasis have not been

identified as well as the upstream mechanism of LEF1 regulation in osteosarcoma.

2-1-5. Cytoglobin

Cytoglobin (CYGB) is a member of the globin family of proteins, which include
hemoglobin and myoglobin® ', Cygb was first identified as an inflammatory- and

fibrosis-related gene in the liver'®. In addition, Cygb is also known to act as a tumor

suppressor gene®?! and is involved in protective mechanisms against cellular stresses
such as cell injury, DNA damage, and hypoxia®® 1* 2225, CYGB is induced by hypoxia
inducible factor-1a. (HIF-1a), nuclear factor kappa-light chain enhancer of activated B
cells (NF-xB), and other inflammation-related transcription factors?®. Overexpression
(OE) of CYGB in lung cancer cells impaired transmigration and anchorage-independent
growth under normoxic conditions but promoted these abilities under hypoxic
conditions?. In this study, the LM8 sublines with differential abilities to metastasize to
the lungs were isolated and molecular genetic analyses of these sublines revealed that

LEF1-induced CYGB plays a crucial role in the extravasation step during lung metastasis.
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2-2. Materials and methods

2-2-1. Cell culture

Murine osteosarcoma LMS8 sublines, LM8-H, LM8-L and LMB8-H/Lefl-KO were
established in Kondoh laboratory?’. These sublines were cultured in Dulbecco's Modified
Eagle Medium (DMEM) supplement with 5% fetal bovine serum (FBS), penicillin (100
U/mL) and streptomycin (100 pg/mL at 37°C, 5% COz). Murine vascular endothelia
bEnd.3 cells were purchased from ATCC (ATCC, Virginia, USA). bEnd.3 was cultured
with DMEM supplemented with 10% FBS, penicillin (100 U/mL) and streptomycin (100
ug/mL at 37°C, 5% COy).

2-2-2. Genome-wide meta-analysis

Microarray  data sets were collected from NCBI public database
(http://www.ncbi.nlm.nih.gov/gds). The first data set included low and high-metastatic
clinical samples of osteosarcoma (GSE21257). The second one included low- and high-

metastatic cell lines of human osteosarcoma (GSE49003). To extract commonly

upregulated genes in high metastatic sublines between these data sets, the data sets were
analyzed using Geo2r web software on NCBI website. Then, gene ID of extracted genes
based on p-value score (<0.05) was converted to murine gene ID by BioMart web
software?8. Furthermore, overlapping genes between these genes and upregulated genes

in metastatic LM8 sublines were collected for further analyze.

2-2-3. gPCR and RT-PCR

Total RNA from LM8 cell line was extracted using RNeasy mini kit (Qiagen, California,
USA). After RNA extraction, total RNA was converted to complementary DNA (cDNA)
using Revertra Ace kit (Toyobo, Tokyo, Japan). Then, cDNA was used for qualitative
PCR (gPCR) and RT-PCR. gPCR was performed using Thunderbird SYBR gPCR Mix
(Toyobo). RT-PCR was performed using EmeraldAmp GT PCR Master Mix ( Takara,
Tokyo, Japan). The primer sets for gPCR and RT-PCR are shown in Table 2-3. For RT-
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PCR, cycle number of extension step was optimized for each gene and program shown in
Table 2-4 and Table 2-5 was used.

Table 2-3. Primers for gPCR and RT-PCR

Gene Forward primer Reverse primer
Ablim1 TACATCAGCAAGGATGGCTC ATAATGCTTGTCGCCTGCCT
Akapl2 | AAGACGTGAGTTGCTCATTGT AATCATTGGACGGCTCTGCT
Arhgefl9 | CCATCCGGGAAGGGAAACTG CCACCGTGGACCTCGTTTAG
Bcar3 CTGCCAATAGGCTGCAAGCTG AGTGCTGGACTCAGAGTGGG
Camk2nl | CAGCCCGCCACTCTTCTTAT AACCGTTTTGTCCGAACTGC
Cygb ACTTTAAGATTCTCTCTGGGGTC GGTCACGTGGCTGTAGATGA
Efcabda | AGCAAACCCAAAGAGATGTGG TCTCGAAGCCTCAGATTCAGC
Errfil CCTAACAACTGTTGGATGTGCTG TTGATCCTCTTCACGCTGTCC
Gda TGTACATCCAGAGCCATATAAGTGA AAAGGTAGCAGCCATGTGCC
Itpr3 TCCTGTCTAAGCTCATCCGTC GTCCCCGAACTTGCTCTTCT
Jam2 AGTACTAGTGGCTCCTGCTGT ATGTACTCCGGAGCTGGGTT
Mlph AGGCATCCCGATCTTTCTTCC TGGCTGCTGGGAGAATACTT
Pitpncl | TGAGTGGTACGATATGACAATGGA AGTGGAGGAGTGCTGATTGC
Prexl TTAACAGGCTGCTGTCAACCA CTTTCTTGATGCCGCTGTGG
RIG-I TCACATTTGCGGAAATACAACG GTAAGCTCTCGCTCGGTCTC
Sema3f | CCGTCGCGCACAGGATTA CACTCCTGCATAGAGTTCCTCA
Sh3kbpl | CCCGTCGAAAAGACAATTGGG TGGTCTTTGTCCTGCTGTCC
Synj2 TGAGTCCGAAGGGGATGTTC TCAAGGAGCTCATGGTGTCG
Tm4sfl GCGATGCTCGATGCTTTCTTC CATACTCCATGGGCATCGCT
Table 2-4. Temperature condition for RT-PCR
Step Temperature (°C) Time (Second)
Denaturation 98 30
Annealing 58 30
Extension 72 15
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Table 2-5. Temperature condition for PCR

Step Temperature (°C) Time (Second)
Pre-denaturation 94 120
Denaturation 98 10

Annealing 58 30

Extension 68 60/kb

2-2-4. \Western blotting

Cell lysates were prepared with radioimmunoprecipitation assay buffer and subjected to
western blot analysis using a rabbit anti-CYGB polyclonal Ab (Thermo Fisher Scientific)

and a mouse anti-f-actin monoclonal Ab (Sigma Aldrich, Missouri, USA).

2-2-5. Cell proliferation assay

Cell proliferation was evaluated with the water-soluble tetrazolium salt 1 (WST-1)
reagent ( Roche Diagnostics, Basel, Switzerland), according to the manufacturer’s
instructions. Briefly, cells (1 x 10%cells/ 100 pL culture medium) were seeded in a 96-
well plate. After culturing for 24, 48, or 72 h, the medium was removed and 100 uL WST-
1 (10-fold dilution with culture medium) was added to each well. The cells were further
incubated for 3 h and then the absorbance of each well was measured at 450 nm with a
reference wavelength of 750 nm, after shaking the plate for 1 min with a 680XR
microplate reader Model (Bio-Rad, California, USA).
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2-3. Results
2-3-1. Gene screening by a genome-wide meta-analysis

To identify genes that are regulated by LEF1 and are responsible for the differential
extravasation abilities among the LM8 sublines, pro-metastatic genes downstream of Lefl
were first selected by genome-wide meta-analysis and DNA microarray data for the LM8
sublines. By performing genome-wide meta-analysis with public data sets for human OS
cells, 1,912 genes were selected as upregulated genes detected in patients with highly
metastatic OS. From the DNA microarray data for the LM8-L, LM8-H, and LM8-H/Lef1-
KO sublines, 737 genes were selected as upregulated genes in correlation with the
metastatic phenotype of the LM8 sublines. The genes selected by the genome-wide meta-
analysis and the DNA microarray data were compared and 21 overlapping genes were
extracted. Several of the candidate genes encode cell adhesion- and cell movement-
related molecules (Table 2-6). Then, 13 out of 21 genes were selected based on their

correlation with patient prognosis using the PROGgene database?® (Figure 2-11 and Figure

2-12).
Upregulated genes in Upregulated genes in
correlation with high- 1912 correlation with high-
metastatic phenotype from metastatic phenotype from
the microarray data: genes public data sets:
LM8-H vs. LM8-L and LM8- Patients with High vs. Low-
H/Lef1-KO metastatic OS

Extraction of overlapping genes (21 genes)

|

Selection of candidate genes that are well related to clinical data
from PROGgene database (13 genes)

|

Selection of genes whose expression levels correlate with the
metastatic phenotype of the LM8 sublines (2 genes)

Figure 2-11. Diagram of the process used to narrow down candidate genes by genome-wide
meta-analysis. The number of gene indicated for each step is number of selected genes.
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Figure 2-12. Prognostic analysis of the gene-expression levels in OS patients. The survival
probabilities of patients with high- or low- expression levels of indicated genes are displayed red and
green lines, respectively. HR, hazard ratio; PVAL, P-value. The genes whose expression significantly
affect the patient's prognosis (HR > 1) were selected.
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Table 2-6 Candidate genes selected by global gene expression analysis

Gene name

Encoded protein function

ATP binding cassette cub family a member 3 (Abca3)

Calcium release activated channel regulator 2B (Efcab4a)
ERBB receptor feedback inhibitor 1 (Errfil)

Junctional adhesion molecule 2 (Jam2)

Leucine rich repeats and immunoglobulin like domains 1 (Lrigl)
Ninein-like protein (Ninl)

Cell receptor/ transporter

Adherents junctions associated protein 1 (Ajapl)

Cell junction/ adhesion
molecule

A-kinase anchoring protein 12 (Akap12)
Calmodulin dependent protein kinase Il inhibitor 1 (Camk2n1)

Protein kinase binding
protein

Cytoglobin (Cygb)
Retinoic acid-inducible gene | protein (Ddx58)

Oxidative stress response
factor

Phosphatidylinositol-3,4,5-trisphosphate dependent rac exchange factor 1
(Prex1)

Rho guanine nucleotide exchange factor 19 (Arhgef19)

Guanine nucleotide-binding protein (Gbp2)

DAB?2 interactive protein (Dap2ip)

Small GTP-binding protein-
related factor

Guanine deaminase (Gda)

Guanine deaminase

Phosphotriesterase related protein (Pter)

Phosphotriesterase

Actin binding LIM protein 1 (Ablim1)
Cytoplasmic FMRL interacting protein 2 (Cyfip2)
Melanophilin (Mlph)

SWI/SNF related, matrix associated, actin dependent regulator of chromatin,
subfamily a, member 2 (Smarca2)

Cell movement regulator

DNA binding protein

Expression levels of the 13 candidate genes were analyzed by reverse transcriptase-

polymerase chain reaction (RT-PCR) to examine their correlations with the metastatic

phenotype of the LM8 sublines (Figure 2-13). Among them, the expression levels of Cygb

and Ddx58 were well correlated with the metastatic phenotype of the LM8 sublines: Their
expression levels are high in LM8-H cells, and low in LM8-L and LM8-H/lefl KO cells.
Their expression levels were confirmed by qualitative PCR (qPCR) (Figure 2-14).
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Figure 2-13. Expression levels of candidate genes in the LM8 sublines. Total RNA was extracted
from LM8-L, LM8-H and LM8-H/Lef1-KO1cells and RT-PCR were performed. (A) Thirty cycles
of PCR was performed to amplify the candidate genes, and 25 cycles were used to amplify S-actin
gene. (B) Twenty-five cycles of PCR were performed to amplify Camk2nl, Sema3f and S-actin
and 30 cycles were used for the rest of the candidate genes. (C) Thirty cycles of PCR were
performed to amplify the Lefl gene, and 25 cycles were used for g-actin. The transcript level of
Lefl did not change in LM8-H/Lef1-KO1 cells after knockout of Lefl using CRISPR-Cas9 system,

but LEF1 protein was not detected in them.
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The protein expression level of CYGB was sufficiently correlated with the metastatic
phenotype of the LM8 sublines: CYGB was highly expressed in LM8-H cells but not in
LM8-L and LM8-H/lefl KO cells (Figure 2-15). For subsequent studies, | analyzed Cygh

because the function of Cygb in metastasis has not been described yet, while Ddx58 has

been reported to promote lung metastasis in several types of cancer3:3L,

Cygb Ddx58

* *

15 - 15 -

-
o
1
-
o

(4]
i
w

Relative expression level
to LM8-L
Relative expression level
to LM8-L

I
0 - . . 0 - . L
LM8-H LM8-L LM8-H/ LM8-H/ LM8-H  LM8-L LM8-H/ LM8-H/
Lef1-KO1 Lef1-KO2 Lef1-KO1 Lef1-KO2

Figure 2-14. Relative Cygb and Ddx58 mRNA-expression levels in the LM8 sublines to LM8-L
analyzed by qRT-PCR.
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LM8-H/Lef1-KO1
LM8-H/Lef1-KO2

LM8-H
LM8-L

CYGB _ —— 20 kDa

Figure 2-15. Protein-expression levels of CYGB in the LM8 sublines.

2-3-2. Establishment of CYGB overexpressing and Cygb knock out cell line.

To further assess the correlation between the CYGB-expression level and the
extravasation ability of the LM8 sublines, Stably CYGB-overexpressing LM8-L (LM8-
L.CYGB-OE) clone and two independent Cygh-KO LM8-H (LM8-H Cygh-KO1 and LM8-
H/ Cygh-KO2) clones using two gRNAs were established (Figure 2-16A). KO of Cygb
increased the cell-proliferation rate compared to LM8-H cells and LM8-L/CYGB-OE
decreased it (Figure 2-16B). These results are consistent with the previous results showing
that Lef1-KO increased the proliferation rate of LM8-H cells, suggesting that CYGB is a

downstream effector of LEF1.
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Figure 2-16. Characterization of LM8-L/CYGB OE and LM8-H/Cygbh-KO. (A) Protein-
expression levels of CYGB in LM8-H,Cygb-KO and LM8-L/.CYGB-OE cells. (B) Cell-proliferation
rates of the LM8 sublines.
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Discussion

Among the 737 genes that were differentially expressed between LM8-L and LM8-H
cells, 21 overlapping genes were extracted after comparing the genes selected by the
genome-wide meta-analysis and the DNA microarray data. Thirteen out of 21 genes are
correlated well with cancer prognosis in patients with OS and most of them have been
previously reported to be associated with malignant progression, suggesting that the
selection process was conducted properly. Genome analysis of transcription factor
binding sites was performed using several databases®?3°. The result reveals that Cygb has
potential LEF1 binding sites in the promoter region (Figure 2-17), suggesting that LEF1
may directly regulate Cygb expression. In addition, there are some similarities between
Lef-1-KO and Cygb-KO of LM8-H: the proliferation rate of LM8-H/Cygh-KO cells was
similar to that of LM8-H/Lef1-KO and higher than that of LM8-H cells (Figure 2.16B),
suggesting that Cygb is a downstream effector of LEF1 in proliferation regulation.
However, regulation of Cygb by LEF1 is not elucidated. Since CYGB is known to be
induced by HIF-1a, NF-kB, and other inflammation-related transcription factors?®, the
interaction of LEF1 with these transcription factors may be important for regulating Cygb
expression. Chromosome immuno-precipitation sequencing (ChiP-Seq) will be

investigated in the future to explore interaction between LEF1 and Cygb.

mouse/1-70 lacccttcacgagg-tggggatctg--actcaaagtgaaacacacccaggcatc----50
rat/1-67 lacccttaacgaag-tagggatcitg- -lactcaaagtgaaacacacccaggcatc----50
guinea-pig/1-58 lacccttcacgcgactgggaacccgctgctcaaagtcaaacac-------+-------- 42
marmoset/1-86 lacccttccagcgg-cggggaactg- - actcaaagtgaaacactcccgagctttcget 54
rhesus/1-90 lacccttcctgcgg-cggggaactg--acttaaagtccaacactcccgagctttcgecg5s4
orangutan/1-90 lacccttcccgcgg-cggggaactg--actcaaagtgaaacacttcggagctttcgcasd
chimp/1-90 lacccttcccgcgg-cggggaactg- - aetcaaagtgaaacactcccgagctttcgagsd
undefinedhgl8/1-90 1 acccttcccgcgg-cggggaactg--actcaaagtccaacactcccgagctttcgcg5s4
dog/1-67 laccgtgcacgcgg-cggggaaccg- - actcaaagtgaaacactcccaggcgtctgcg5s4
horse/1-70 lacccttcacgcgg-cggggaacitd- -aectcaaagtcaaacactcccagacagctgcg5s4
cow/1-70 lacccttecegecca-aagggaactg--actctgagtcaaacactcccgggcatttgcg5s4
elephant/1-93 lacgcttcacaagg-ccgggcacitg- -attcaaagtcaaacactgccaggcgttcgcg5s4

LEF-1 VSLEF1_QS LEF1 V$LEF1_Q2 LEF1 MA0768.1 LEF1 VSLEF1_Q2 01 LEF1, TCF1 VSLEF1ITCF1_Q4 LEF1
M6327_1.02 LEF1 taipale-AAAGATCAAAGGRWW-LEF1-D

Figure 2-17. Predicted LEF1 binding site in the Cygb promoter region of vertebrates. Colored

nucleotide sequences represent results predicted from the databases shown in the corresponding

colors listed underneath.
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Chapter 3
Analysis of function of CYGB in

the extravasation of the LMS8 sublines
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Abstract

In chapter 2, CYGB was identified as a downstream effector of transcription factor LEF1.
However, functions of CYGB in extravasation ability of the LM8 sublines is unknown.
To assess functions of CYGB in extravasation ability, LM8 sublines stably
overexpressing CYGB or knocked out Cygb were established. CYGB overexpression in
LMB8-L subline increased the extravasation ability, whereas knocking out the Cygb gene
in LM8-H cells reduced this ability. These results demonstrate that CYGB is important
for extravasation ability of the LM8 sublines. Details molecular mechanism of CYGB on
lung metastasis of the LM8 sublines were investigated based on the known function of
CYGB such as regulation of nitric oxide (NO) level and arachidonic acid (AA)
productions. The results suggest that CYGB promotes extravasation ability of the LM8
sublines by functions than those related to NO regulation and AA production.
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3-1. Introduction

3-1-1. Characterization of metastatic phenotypes in the LM8 sublines

LM8-H and LM-L show different morphology. LM8-H has spindle shape like while
LM8-L has round shape with lamellipodia. During EMT, morphology changes from
round or epithelial like shaped to spindle shaped are observed in the process of cancer
progression. More aggressive cancer cells assume a spindled shapel. Thus, LM8-H that
has more aggressive behaviors with spindle shaped cell possibly exhibit EMT phenotypes
(Figure 3-1). However, the expression levels of genes related to EMT of the LM8 sublines
did not show typical expression patterns of epithelial or mesenchymal cells (Table 3-1).
In addition, cell migration and invasion abilities were not significantly different between
LM8 sublines (Figure 3-2).

Figure 3-1. Morphology of high-metastatic (LM8-H) and low-metastatic (LM8-L) cells.
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Table 3-1. Expression level of EMT-related genes from LM8 microarray data.

Gene name Expression level |Up/down regulated in LM8-H
LM8-H | LmS-L (vs LM8-L)

Mesenchymal marker
IWnt Family Member 5A (Wnt5a) 0.02 0.04 down
ITransforming Growth Factor Beta 1 (Tgfb1) 3.6 2.1 Up (<2 folds)
Insulin Like Growth Factor 1 (/gf1) 0.22 0.91 down
Snail Family Transcriptional Repressor 1 (Snail) 2.5 7.7 down
Vimentin (Vim) 123 135 down
Fibronectin 1 (Fn1) 37.15 31.44 Up (<2 folds)
Cadherin 1 (Cdh1) 0.02 0.02 equal
Integrin Subunit Beta 1 (/tgh1) 3.24 3.91 down
Runt Related Transcription Factor 3 (Runx3) 0.62 1.28 down
Neuropilin 2 (Nrp2) 10.01 9.45 Up (<2 folds)
Raf-1 Proto-Oncogene (Raf1) 31.98 36.32 down
B-Cell CLL/Lymphoma 2 (Bc/2) 1.51 3.09 down
SRY-Box 9 (Sox9) 1.25 2.28 down
Mitogen-Activated Protein Kinase Kinase 1 (Map2k1) 5.81 9 down
Matrix Metallopeptidase 2 (Mmp2) 1.56 1.5 equal
Matrix Metallopeptidase 9 (Mmp$9) 0.43 0.04 Up
Epithelial marker
Syndecan 1 (Sdc1) 7.69 4.09 Up (<2 folds)
Syndecan 2 (5dc2) 9.41 14.7 down
Cadherin 2 (Cdh2) 0.14 0.14 equal
Collagen, Type VIII, Alpha 2 (Col8a2) 0.33 0.41 down
Tight Junction Protein 1 (Tjp1) 7.76 4.22 Up (<2 folds)
Occludin (Ocln) 0.02 0.01 Up (low expression level)

(A) N.S. (B)
- _
= E100
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2! £ 20
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LM8-H LM8-L 8 ¢ 10 20 30
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Figure 3-2. Characterization of the LM8 sublines. (A) Migration abilities of the LM8 sublines
assessed by performing wound-healing assay. n = 3. (B) Invasion abilities of LM8 sublines

in collagen matrix. n = 5.
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3-1-2. Function of LEF1 in lung metastasis in the LM8 sublines

To search mechanism that LEF1 is involved in lung metastasis of the LM8 sublines,
extravasation ability of the LM8 sublines was assessed. Extravasation ability of cancer
cells can be assessed as their in vitro abilities to attaches to and transmigrate through
endothelial cell monolayers. Thus, adhesion and transmigration assays were performed
with cultured monolayers of murine endothelial cells. Adhesion and transmigration
abilities were significantly decreased in LM8-L and LM8-H/Lef1-KO1 cells, compared
to LM8-H cells (Figure 3-3 and 3-4). These results suggest that the extravasation step
could be responsible for differential lung-metastasis abilities of LM8-L and LM8-H cells,

and that LEF1 function is indispensable in the extravasation of LM8-H cells to the lungs.

[*)]
o
o

400 l

200
I

No. of cells [/[mm?]

LM8-H LM8-L LM8-H/ LM8-H/
LeftKO1  LefiKO2

Figure 3-3. Adhesion abilities of the LM8 sublines to the endothelial monolayer. The number
of fluorescently labeled cells (LM8 sublines) attached to the endothelial monolayer was
counted. n =3, *P < 0.05. (vs. LM8-H).
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Figure 3-4. Transmigration ability of LM8 sublines into the vascular endothelial monolayer. The
number of fluorescently labeled cell (for each LM8 subline) that migrated through the vascular

endothelial monolayer was counted. n =3, *P < 0.05 (vs. LM8-H).

3-1-3. Function of CYGB on lipid oxidation

Recently, function of CYGB on lipid oxidation was discovered. CYGB converts several
types of phospholipids such as phosphatidylinositol (3,4,5)-trisphosphate (an important
signal mediator of the AKT signaling pathway) to arachidonyl-containing lipid.
Arachidonyl-containing lipid can be converted to AA by phospholipase enzymes?. AA
increases the migratory activity of cancer cells through activation of RhoA and RhoC3.
Activation of RhoA and RhoC increased actin remodeling in the cell through many
effectors including cofilin and kinectin®. Moreover, AA promoted cancer progression and
metastasis in several types of cancer thorugh different pathways such as PI3K/AKT and
p38/ERK?> 8. Therefore, CYGB may promote metastasis by increasing AA content in the
LMB8 sublines.

3-1-4. Role of NO in cancer progression

NO is a major signaling molecule related to inflammation pathway and vascular
relaxation generated by the action of nitric oxide synthases (NOS)’. Previous studies
indicated that NO displayed pro- and anti-tumor effects depended on concentration
manner®. Low concentration (<100 nM) of NO promoted cellular proliferation and

angiogenesis. Medium concentration (100-500 nM) also accelerated malignant
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phenotypes including invasiveness and metastasis. On the other hand, high concentration
(>500 nM) induced DNA damage and apoptosis®. Previous studies have described that
CYGB is involved in regulation of NO level in the cell by scavenge NO® %, CYGB binds
to oxygen and transfer its oxygen to convert NO to nitrate!®. Therefore, CYGB could be
an important modulator of NO concentration in cancer cells and may regulate malignancy
of cancer cells. Therefore, molecular crosstalk between NO and CYGB may contribute

to CYGB-mediated increase in extravasation ability of the LM8 sublines.

3-2. Materials and methods

3-2-1. Cell culture

Murine osteosarcoma the LM8 sublines, LM8-H, LM8-L and LM8-H/Lefl-KO were
established in Kondoh laboratory. These sublines were cultured in Dulbecco's Modified
Eagle Medium (DMEM) supplement with 5% fetal bovine serum (FBS), penicillin (100
U/mL) and streptomycin (100 pg/mL at 37°C, 5% CO.). Murine vascular endothelia
bEnd.3 cells were purchased from ATCC (ATCC, Virginia, USA). bEnd.3 was cultured
with DMEM supplemented with 10% FBS, penicillin (100 U/mL) and streptomycin (100
ug/mL at 37°C, 5% COy).

3-2-2. Establishment of an LM8 cell line with stable CYGB overexpression

To establish stable cell lines overexpressing Cygb, the sleeping beauty transposon system
was employed!*3, The pT2/Cygb or pT2-MCS-SV Neo and pCMV(CAT)T7-SB100
plasmids (34879, Addgene) were co-transfected into LM8-L cells using an electroporator
(Nepa Gene, Chiba, Japan) according to the manufacturer’s instructions. After 48 h, the
culture medium was changed to selection medium containing 1jug/mL G418 (Roche Life
Sciences, Basel, Switzerland). The cells were further cultured in selection medium for 14
days and single colonies were isolated to establish CYGB-overexpressing LM8-L
(CYGB-OE) cells
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3-2-3. Construction of LM8-H/Cygb- KO subline by using CRISPR-Cas9 system

Two guide RNA (gRNAL1 and gRNA?2) used for editing Lefl and Cygb were constructed
using CRISPR design software'. The sequences of gRNA1 and gRNA2 used for
targeting Lefl are S-TTGTTGTACAGGCCTCCGTC-3' and 5'-
GTACGGGTCGCTGTTCATAT-3, respectively. The sequences of gRNAL and
gRNAZ2 used for targeting Cygb are 5-GAAGGCGGTTCAGGCTACGT-3' and 5'-
TGAAGTACTGCTTGGCCGAA-3', respectively. The Lefl and Cygb gRNAs were
inserted into a unique Bbsl site of the pX330 plasmid (42230, Addgene). We employed a
fluorescence indicator system using the pPCAG/EGxxFP plasmid*® provided by Dr. Ikawa
(Osaka University, Osaka, Japan) to select cells whose genomes were correctly edited
using CRISPR-Cas9 system. GFP-positive colonies were selected and two independent
LM8-H/Lef1-KO and LM8-H/Cygh-KO clones each were established from the gRNA1-
and gRNA2-mediated KO cells.

3-2-4. VVector construction

The coding sequence of Cygb (NM_030206) was amplified using the KOD® FX Kit
(Toyobo) with the following primer set: Forward, 5-TCATGGAGAAA-
GTGCCGGGCG-3' and Reverse, 5'-CCCAAAGTGCTGCCAGGGAGG-3'. The PCR
product was purified by Gelase® (Epicentre, Wisconsin, USA) and ligated into an ECORV-
digested pcDNA3.1-myc-His plasmid (Invitrogen, California, USA) using the Quick
Ligation Kit (New England BioLabs, Massachusetts, USA) to construct the
pcDNA3.1/Cygb. The pT2-MCS-SVNeo vector containing multi-cloning sites (MCS)
was constructed using the pT2-SVNeo vector (26553, Addgene), as described
previously**. The fragment containing the Cygb cording sequence was obtained by
digesting pcDNA3.1/Cygb with EcoRI and Notl and inserting the liberated fragment into
an EcoRlI- and Notl-digested pT2-MCS-SVNeo plasmid.

3-2-5. Extravasation assay

Cells were labeled with 25 pM CellTracker® Green and intravenously injected into C3H

mice (1 x 10° cells/100 puL PBS). DyLight® 594-labeled isolectin B4 (6 mg/kg) (Vector
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Laboratories, California, USA) was intravenously injected to stain endothelial cells 5 min
before dissecting mice. The lungs were removed and observed under a confocal
fluorescence microscope (Carl Zeiss, Jena, Germany) 48 h after LM8 injection. The
average fluorescence intensity of 3 fields/sample was quantitatively analyzed using Image

J software®® (Figure 3-5).

(® M8 sublines stained with
@ @ green fluorescent dye

Injected LM8 sublines
using |.V. injection

48 hours

Lung dissection

4
i

Figure 3-5. Summary diagram of extravasation assay.
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3-2-6. Cell adhesion assay

bEnd.3 cells were seeded on a 24-well plate (1.0 x 10° cells/well) and cultured for 3 days.
LM8 sublines were labeled with 25 uM CellTracker® Green for 30 min. After washing
with PBS, LMS8 cells (5 x 10%) were seeded into 24-well plates with bEnd.3 monolayers.
After a 1-h incubation, each well was washed 3 times with PBS. The number of LM8
cells attached to the bEnd.3 monolayer was observed by fluorescence microscopy (4
fields/well) and quantitatively analyzed using Image J software'®. Each sample was

analyzed in triplicate (Figure 3-6).

bEnd.3 endothelial cells

LM8 sublines
1x10° cells
5x10% cells / /stain with fluorescent dye
\ > (CellTracker® Green)

B

: < O Incubate for 1 hour
o O\JOO% e R In serum free medium

24-well plate IO

U

Monolayer of Wash with PBS 3 times

endothelial cell

Figure 3-6. Summary diagram of adhesion assay.

3-2-7. Transmigration assay

bEnd.3 cells (1.0 x 10°cells) were seeded in the top filters with 8 um- pore Transwell®
plate (Corning, New York, USA) and grown for 3 days. The LM8 sublines were labeled
with 25 uM CellTracker® Green for 30 min. After washing with PBS, the cells (5 x 10*
cells) were seeded on bEnd.3 monolayers. After a 24-h incubation, the unmigrated cells
were wiped off with a cotton swab, and then the filter was fixed with 4%
paraformaldehyde for 20 min. Then, the migrated cells on the filter were observed under

a fluorescence microscope (4 fields/filter) and the number of migrated cells was analyzed
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using Image J software®®. The results are shown as the average number of cells per field.

Each sample was analyzed in triplicate (Figure 3-7).

bEnd3 endothelial cells LM8 sublines

1x105 cells

5x104 cells

Stain with fluorescent dye
(Cell tracker Green)

Transwell insert
(Boyden chamber)

Serum free medium

Incubate for 24 hrs.

Remove cells in
DMEM+10%FBS the upper Iayelr

Figure 3-7. Summary diagram of transmigration assay.

3-2-8. Analysis of nitric oxide levels in the LM8 sublines

LM8 sublines (2 x 10° cell/well) were seeded in 24 well plate and then cultured in serum
free DMEM culture medium for 24 h. Nitric oxide level was measured by using Nitric
oxide assay fluorometric kit (Abcam, Cambridge, United Kingdom). The procedures
were followed the manufacturer leaflet. Fluorescent intensities were measured at
excitation/emission wavelengths of 360/450 nm, respectively, by using a fluorescent
microplate reader (TECAN infinite F500, TECAN, Aktiengesellschaft, Switzerland).
Nitric oxide level of each sample was calculated by the use of a calibration curve from

standard samples.
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3-2-9. Measurement of arachidonic acid

LM8 sublines were cultured with serum-free DMEM for 12 h. Then, total lipid was
extracted from 2 x 10° cells by using chloroform and methanol. The organic solvent was
evaporated and then resuspended in 200 pL methanol. Arachidonic concentration in the
sample were analyzed by using liquid chromatography/mass spectroscopy LCMS-8050
(LC/MS) (Shimadzu, Kyoto, Japan) and compared with standard 20 ng arachidonic acid.

Each subline was analyzed by using 3 independent samples.
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3-3. Results
3-3-1. Functions of CYGB in adhesion and transmigration abilities in vitro

To assess effect of CYGB on extravasation ability of the LM8 sublines, adhesion and
transmigration assay were performed. Adhesion and transmigration abilities were
significantly higher in LM8-L/CYGB-OE cells compared to LM8-L cells (Figure 3-8). In

contrast, KO of Cygb significantly decreased the adhesion and transmigration abilities of

LM8-H cells (Figure 3-9). These results strongly suggested that CYGB promoted

extravasation with the LM8 sublines by increasing their adhesion and transmigration

Llﬁﬁl 2| ) il

LM8-H  LM8-L LM8-L/ LM8-H LM8-L LM8-L/
CYGB-OE CYGB-OE

FIGURE 3-8. The adhesion and transmigration abilities of LM8-L/CYGB-OE. Cells were

abilities.
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quantitatively analyzed (graphs) by determining the number of fluorescently labeled cells
attached to (left) and transmigrating through (right) a vascular endothelial monolayer,
respectively. Representative images are shown depicting the fluorecently labeled cells that were

counted (photos). n= 3, *P < 0.05. Bars, 100 pm.

55



* *
E 80 E 200
% o 2
8 40 3 100
B 20 5 1
2 0 === mim = S 0 s Il
LM8-H LM8.L LM8-H/ LM8-H/ LM8-H LM8L LM8-H/ LM8-H/

OyghKO1 CyghKO2 OyghKO1 CyghKO2

FIGURE 3-9. The adhesion and transmigration abilities of LM8-H/Cygh-KO. Cells were

guantitatively analyzed (graphs) by determining the number of fluorescently labeled cells
attached to defty and transmigrating through (righty a vascular endothelial monolayer,
respectively. Representative images are shown depicting the fluorecently labeled cells that were

counted (photos).n =3, *P <0.05. Bars, 100 pum.

3-3-2. Effect of NO on CYGB function in extravasation ability of the LM8 sublines

Details mechanism of CYGB on extravasation ability of LM8 sublines was investigated.
CYGB is widely known as a NO regulator and NO suppress cell adhesion molecules on
the vascular endothelial cells. Thus, | hypothesized that CYGB may increase NO levels
of the LM8 sublines to influence vascular endothelial cells, leading to an increase of
extravasation of the LM8 sublines. Therefore, total NO levels of the LM8 sublines were
measured. | found that NO level was not significantly different among the LM8 sublines
(Figure 3-10A). In addition, transmigration ability of LM8-H was not affected by iNOS
inhibitor treatment (Figure 3-10B). These results demonstrated that NO is not involved

in the extravasation ability of the LM8 sublines.
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Figure 3-10. Effect of nitric oxide (NO) level on extravasation ability in LM8 sublines. (A)
Total NO levels in the LM8 sublines. (B) Effect of an iNOS inhibitor on transmigration ability
of LM8-H. LM8-H cell was treated with an iNOS inhibitor, aminoguanidine hydrochloride, for
24 h before transmigration assay. n=3 *P<0.05.

3-3-3. Function of CYGB at AA level in the LMS8 sublines.

Recently, novel function of CYGB on phospholipid peroxidation to produce arachidonyl
containing lipid, a precursor of AAZ. AA is an important mediator for many signaling
pathways that related to cancer progression including those involved in NFxB, ERK and
AKT? 5 6 Therefore, | hypothesized that CYGB may affect AA levels in the LM8
sublines to influence their extravasation ability. AA level in the LM8 sublines was
assessed and | found that AA levels were not significantly different between sublines
(Figure 3-6). In addition, mMRNA expression levels of AA downstream effectors were
assessed by using microarray analysis. Three of the 21 genes correlated well with the

metastatic phenotypes of the LM sublines (Table 3-2). These results suggest that AA is
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not involved in the CYGB function, which increases the extravasation of the LM8

sublines.
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Figure 3-11. Comparison of amount of arachidonic acid in LM8 sublines. Arachidonic acid level
in LM8 sublines was determined by using LC/MS. Retention time of arachidonic acid was
determined with synthetic arachidonic acid (AA). Mean area of AA peak was shown in each

diagram (n=3).
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Table 3-2. Expression levels of AA downstream effectors.

Gene name Expression level Up/down regulated in Up/down regulated in
LM8-H | LM8-L | LM8-H/Lef1-KO LM8-H (vs LM8-L) LM8-H/Lef1-KO (vs LM8-H)

Jun 10.58 | 3.78 9.55 Up Down (less than 2 times)

Atf3 1.50 | 0.84 1.74 Up (less than 2 times) Up (less than 2 times)

Fosl1 194 | 3.41 1.49 Down Down (less than 2 times)

Fos 0.43 | 0.06 0.06 Up Down

Egrl 0.29 | 0.05 0.01 Up Down

Maff 0.65 | 0.38 0.32 Up (less than 2 times) Down

Snai2 32.49 | 31.27 20.38 Equal Down

Znhité 27.55 | 23.86 31.52 Up (less than 2 times) Up (less than 2 times)

KIf5 0.04 | 0.03 0.01 Up (Low expression level) Down (Low expression level)

Ptp4al 429 | 6.86 4.53 Down Up (less than 2 times)

Cxcr2 0.03 | 0.02 0.01 Up (Low expression level) Down (Low expression level)

Rapgef2 7.17 | 6.89 8.04 Equal Up (less than 2 times)

Stc2 0.40 2.93 1.32 Down upP

Sgstm1 8.37 | 7.07 9.48 Up (less than 2 times) Up (less than 2 times)

Arhgdia 0.02 | 0.01 0.01 Up (Low expression level) Down (Low expression level)

itgab 13.00 | 12.06 16.05 Up (less than 2 times) Up (less than 2 times)

Tnfrsfi2a 13.01 | 18.68 13.98 Down Up (less than 2 times)

Pmaip1 0.02 | 0.01 0.01 Equal Low expression level Down Low expression level

Phldal 6.70 1.85 1.45 Up Down

Hmox1 5.60 | 10.99 5.85 Down Up (less than 2 times)

Ddit4 78.83 | 76.86 66.36 Up (less than 2 times) Down
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Discussion

In this chapter, functions of CYGB on extravasation ability of the LM8 sublines was
confirmed. I conducted two experiments to elucidate the molecular mechanism by which
CYGB directly functions in promoting extravasation of the LM8 sublines based on the

proposed functions of CYGB. CYGB has been suggested to act as a NO dioxygenase’ and

NO prevents endothelial activation by inhibiting the expression of adhesion molecules
such as VCAM-1 and ICAM-11"-18 | hypothesized that CYGB decreases NO release from

LMB8 cells. Since NO decreases the expression of adhesion molecules such as VCAM-1
and ICAM-1 on the vascular endothelial cells (Figure 3-12), the reduction of NO
increases the interaction between cancer cell and the vascular endothelial cells through
adhesion molecules. The interaction is an important step for extravasation'® and thus the
reduction of NO increase extravasation of LM8 sublines. Therefore, 1 first investigated
whether CYGB reduces the NO levels in the LM8 sublines and promotes extravasation
ability of the LM8 sublines.

o0 Loss of
eo®o NO PP CYGB expression

"Ya»
UOBUDEEE] we e DODODEEE] e cen
@m V @.@} Endothelial cell @@@ @@@E Endothelial cell

ICAM-1 @ VCAM-1 ® o X J
Expression of ICAM-1 and Inhibit the expression of
VCAM-1 are not inhibit ICAM-1 and VCAM-1

Figure 3-12. A possible mechanism for promoting the extravasation ability of LM8 sublines by
CYGB.

| found only slight differences in the total NO species levels among the LM8 sublines and

little influence of inhibitors of NO species on them (Figure 3-10). Although NO reduction
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by CYGB may contribute to metastasis, the subtle differences in NO levels among the
LMB8 sublines cannot explain the significant differences in lung metastatic potential found

among them, suggesting that NO may not be a major player in the CYGB-mediated

extravasation.

AA increases the migratory activity of cancer cells through activation of RhoA and RhoC?.
Furthermore, recent findings imply that CYGB functions in lipid oxidation'; CYGB
modifies several types of phospholipids such as phosphatidylinositol (3,4,5)-trisphosphate

@n important signal mediator of the AKT signaling pathway) to form arachidonyl-
containing lipid. Therefore, | secondly examined the content of AA in the LM8 sublines.

No difference was found in the AA contents among the LM8 sublines (Figure 3-11). In
addition, expression levels of genes related to AA in LM8 sublines did not correlate well
with lung metastatic phenotypes of the LM8 sublines, suggesting that AA may not
function as an effector molecule of CYGB to promote the extravasation of LM8 sublines.

Three genes that correlate well with lung metastatic phenotypes of the LM8 sublines are
downstream effectors of Wnt signaling pathway and regulated by LEF12%22, Thus,
expression levels of these genes are influences by factor other than arachidonic acid, such
as LEF1 in the LM8 sublines. These results suggest that the function of CYGB which has

not yet been identified contributes to promotion of the extravasation.

The detailed mechanism of CYGB in cancer progression and lung metastasis is
largely unknown. Cygb is also known to act as a tumor suppressor gene: it induced cancer
cell apoptosis and suppressed cell migration®*2°, In a certain condition such as hypoxia,
CYGB promotes cancer survival by increasing cell migration and resistance to oxidative
stress by decrease reactive oxygen species (ROS) and NO level in the cell?3. These data
suggest that CYGB may be involve in lung metastasis process by promoting cancer cell
survival inside blood vessel and lung parenchyma. To my knowledge, the function of

CYGB in metastasis, especially extravasation and cell-cell interactions in cancer, has not
been reported. Further investigation of the molecular mechanism of extravasation that

CYGB is involved in may provide with a new therapeutic target for preventing

osteosarcoma metastasis. Further studies of the molecular mechanism of extravasation
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involving CYGB may provide new therapeutic targets for preventing metastasis of

osteosarcoma.
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Chapter 4
Functions of Cygb on lung-metastatic ability

of the LMS8 sublines in vivo.

66



Abstract

In the previous chapter, functions of CYGB on adhesion and transmigration abilities were
demonstrated in vitro. Correlation between CYGB and extravasation ability of the cancer
is largely unknown. In this chapter, functions of CYGB in lung metastasis were assessed
in mouse model. Knock-out of Cygb in LM8-H cells significantly decreased their
extravasation ability. Number and size of foci in the lung were significantly decreased at
16 days after injected cancer cell into the mouse. These results demonstrated that CYGB
is a key factor to regulate lung metastasis in the LM8 sublines. The results uncovered a
novel LEF1-CYGB axis in OS lung metastasis and may open a new avenue for

developing therapeutic strategies to prevent OS lung metastasis.
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4-1. Introduction

4-1-1. Functions of LEF1 on lung metastasis ability of the LM8 sublines in vivo

In the previous study, adhesion and transmigration assays results have shown that LM8-
H has higher extravasation ability than LM8-L in vitro. To assess their lung metastatic
ability in vivo, the LM8 sublines were intravenously injected to mice. BL signal in the
lung was significantly higher in the mice injected with LM8-H compared to those injected
with LM8-L and LM8-H/Lefl-KO cells (Figure 4-1 and 4-2). Consistent with the
metastasis results, the extravasation ability to the lung was significantly decreased in
LM8-L and LM8-H/Lef1-KO1 cells, compared to LM8-H cells (Figure 4-3). These results
strongly suggest that the extravasation step could be responsible for differential lung-

metastasis abilities of LM8-L and LM8-H cells, and that LEF1 function is indispensable

in the extravasation of LM8-H cells to the lungs.
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Figure 4-1. Lung-metastatic ability of the LM8-H and LM8-H/Lefl-KO sublines.
Representative in vivo bioluminescence images on day 15 deftyand quantitative analysis of BL
signals (right) are shown. The inset graph (right) shows an enlarged view of the images from
days 3 and 6. BL signals from the lungs were normalized by those on day 0.n=3, « P<0.05
(LM8-H vs. LM8-H/Lef1-KO1 or LM8-H/Lef1-KO2 cells).
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Figure 4-2. Representative HE staining of the lungs at 15 days after intravenous injection of

the LMB8 sublines.
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Figure 4-3. Extravasation ability of the LM8 sublines in vivo. Quantitative analysis (left) and
representative images (right) of the lung 48 h after intravenous injection of the green-fluorescently

labelled LM8 sublines. Endothelial cells stained red. n=9, *P < 0.05 (vs LM8-H).
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4-1-2. Molecular mechanisms of intravasation and extravasation processes

Intravasation and extravasation of cancer cells are requiring the disruption of endothelial
junctions for the cancer cells to cross the blood vasculature barrier. For intravasation,
tumor cells invade through the tissues towards blood vessels. Tumors induce local
angiogenesis, and these new blood vessels generally have weak cell—cell junctions
through which cancer cells can enter the vasculature!. Some factors reduce endothelial
barrier function that promote intravasation ability such as TGF-p or VEGF, increase the
number of cancer cells entering into blood vessels?. For extravasation, adhesion of cancer-
endothelial cell and transmigration processes are critical. After cancer travel to distant
organ via blood circulation, cancer cell attached to the vascular endothelial cell by using
ligands and receptors recognition between cancer cells and endothelial cells. Several
ligands and receptors including selectins, integrins, cadherins, CD44 and

immunoglobulin superfamily receptors® are related to this process (Figure 4-4A).
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Figure 4-4. Interaction between cancer and endothelial cell during extravasation step. The
diagram display summary of interactions during adhesion (a) and transmigration (b) processes.

The figure was cited from reference 2.

Variety of adhesion molecules on cancer cells promote their adhesion ability to vascular
endothelial cell. The interaction between adhesion molecules are depending on the cancer
type and the vascular endothelial cell® 4. Selectins on endothelial cells are important

receptors for cancer cell adhesion to endothelial cells by interacting with cell surface
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molecules such as tetra-saccharide sialyl Lewis x (sLe*) antigen or sialyl Lewis a (sLe?).
High expression levels of sLe* and sLe? in cancer are correlate with poor prognosis®.
Ligands for endothelial selectin (E-selectin) are expressed on cancer cells and promote
cell adhesion and rolling in many types of cancer by interact with E-selectin (Figure 4-
4B). Other molecules including CD44, P-selectin glycoprotein ligand 1, CD24, mucin 1
and galectin-3-binding protein also reported as adhesion molecules overexpressed on
cancer cells®3,

Then, transmigration process occurs. CDC42 and RAC1 in cancer cells promote
transmigration ability in several types of cancer® 1°. Wide range of cytokines secreted
from cancer cells weaken cell-cell junctions of the vascular endothelial cells by, for
example, affecting the binding of aVB3 integrin to platelet endothelial cell adhesion
molecule 1 312 |n addition, cancer cells induce activation of RAC1, RHOA-RHO-
associated protein kinase and p38 MAPK in the endothelial cells. The activation of these
pathways increase myosin light chain phosphorylation, stress fiber formation and
actomyosin-mediated tension on endothelial cell junctions® *2. In addition, cancer cells

activate ERK in the endothelial cell promoting cell junction disassembly?®.
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4-2. Materials and methods
4-2-1. Mice

Male BALB/c nu/nu, SCID, and C3H mice were obtained from Charles River Laboratory,
Japan (Yokohama, Japan). All mice used were 6 - 8 weeks of age and were housed in the
animal facilities at Tokyo Institute of Technology. All experimental producers involving
mice were approved by the Animal Experiment Committees of Tokyo Institute of
Technology (authorization numbers 2010006 and 2014005) and carried out in accordance

with relevant national and international guidelines.

4-2-2. In vivo and ex vivo BL imaging

Bioluminescence images of mice were acquired using the IVIS® Spectrum system
( PerkinElmer, Massachusetts, USA) 15 min after intraperitoneal injection with D-
luciferin (50 mg/kg) (Promega, Wisconsin, USA). Ex vivo imaging was immediately
perfumed after the last in vivo image was taken. The following conditions were used for
image acquisition: open emission filter, exposure time = 60 s, binning = medium 8, field
of view = 12.9 x 12.9 cm, and f/stop = 1. The BL images were analyzed using Living

Image 4.3 software (PerkinElmer), developed specifically for the IVIS system.

4-2-3. Lung metastasis assay

C3H mice were intravenously injected with the LM8 sublines (1 x10° cells/100 uL PBS:
137 mM NaCl; 2.7 mM KCI; 4.3 mM NazHPOgs; 1.47 mM KH2PO4). Bioluminescence

signals from the lungs were monitored through in vivo BL imaging on indicated days.

4-2-4. Histology analysis

Isolated lungs were embedded in OCT compound (Sakura Fine Tech, Tokyo, Japan) and
stored at —80°C. Fixed lung cryosections of the lung (10-um thick) were then stained with
HE.
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4-2-5. Statistical analysis

Data are presented as the mean + standard error of the mean and were statistically
analyzed with a two-side student’s t-test. P values of less than 0.05 were considered

statistically significant.
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4-3. Results

4-3-1. Functions of CYGB on lung metastasis in vivo

In the previous chapter, functions of CYGB in extravasation ability of the LM8 sublines
was demonstrated in vitro. To assess the function of CYGB in lung metastatic ability of
Cygb-KO LM8-H (LM8-H/Cygb-KO) cells was examined in vivo. The LM8 sublines
were intravenously injected into C3H mice and BL signals in the lungs were monitored
for 16 days. BL imaging results revealed that LM8-H/ Cygb- KO cells significantly
reduced lung metastatic ability compared to LM8-H cells (Figure 4-5).

Lung metastasis assay

LMS sublines LuIng dissection
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Figure 4-5. Functions of CYGB in lung metastasis. Schematic diagram of lung metastasis assay
in syngenic mouse model (top). Bioluminescent images of mice injected with the indicated cells

on day 16 (bottom left). Relative BL signals to day 0 are shown in the right box plot (bottom

right).

Hematoxylin and eosin (HE) staining of the lungs from mice 16 days after injection of
the LMB8 sublines confirmed the regulatory function of CYGB in lung metastasis: KO of
Cygb in LM8-H cells significantly reduced the number of lung metastatic foci (Figure 4-
6). The size of foci in the lungs was significantly smaller in the LM8-H/Cygh-KO group
than the LM8-H group, suggesting that CYGB plays an important role in lung metastasis
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in the LM8 sublines (Figure 4-7). In addition, knockout of Cygb significantly increased

number of cancer cells that trapped inside the lung blood vessels (Figure 4-8).
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Figure 4-6. Representative HE staining of the lung at 16 days after i.v. injection of LM8 sublines (left).
Right graph shows the number of foci in the lung on day 16. n=4 *P<0.05.
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Figure 4-7. Representative HE staining of the lung at 16 days after i.v. injection of LM8 sublines (left).
Right graph shows the number of foci in the lung on day 16. n=4 *P<0.05.
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Figure 4-8. Enlarged representative images of metastatic foci of the LM8 sublines on day 16
(Left). Cancer cells trapped in lung vessels on day 16. The percentage of events was calculated
using the following formula: Event rate (%) = (number of intravascular foci / total number of
foci) x 100. n=4 *P<0.05. (right)

To confirm functions of CYGB in the extravasation ability of the LM8 sublines,
extravasation of LM8-H/Cygh-KO cells into the lung parenchyma was examined and
their residuals in the lung blood vessels was observed (Figure 4-9). These results together
with the results of in vitro assays support the significance of CYGB function in

extravasation in lung metastasis of the LM8 sublines.
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Extravasation assay
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Figure 4-9. CYGB affects extravasation ability of the LM8 sublines. Schematic diagram of
the experimental procedures (top). Cancer cells trapped in lung vessels at 48 h after injected
LMB8 sublines. Representative images (bottom left) and Quantitative analysis (bottom right) of
the lung 48 h after intravenous injection of the green-fluorescently labelled LM8 sublines.
Endothelial cells stained red. n =9, *P < 0.05 (vs LM8-H).
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Discussion

The KO of Cygb in LM8-H cells clearly demonstrated the significance of CYGB in lung
metastasis. The number and size of metastatic foci in LM8-H/Cygbh-KO cells were
strongly suppressed, even though the proliferation rate of LM8-H/Cygb-KO cells was
higher than that of LM8-H cells (Chapter 3). Moreover, LM8-L and LM8-H/Cygh-KO
cells showed high frequency of staying in the pulmonary blood vessels than LM8-H
(Figure 4-8 and Figure 4-9), supporting less extravasation ability of these cells. However,
the number of metastatic foci of LM8-H/Cygb-KO cells was higher than that of LM8-L
cells, suggesting that other downstream effectors of LEF1 also contribute to the lung-
metastatic phenotype of LM8-H cells. Furthermore, the ability of adhesion and
transmigration (Chapter 3) and the level of Cygb expression (Chapter 2) were higher in
LM8-H/Lef1-KO1 cells than those for LM8-L cells. These results suggest that the

expression of Cygb could also be regulated by LEF1-independent mechanism.
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Chapter 5

Conclusion remarks and future perspectives
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Lung metastasis is a major cause of mortality in patients with OS. Surgical and
chemotherapeutic strategies have significantly improved survival rate in non-metastatic
osteosarcoma patient. However, metastatic disease can prevent long-term cure and
decrease 5-year survival rate to 20%. A better understanding of the molecular mechanism
of OS lung metastasis may facilitate development of new therapeutic strategies to prevent
the metastasis. In the previous work, high (LM8-H) and low (LM8-L) lung metastatic
sublines were isolated from murine LM8 osteosarcoma cell line. Molecular genetic
analysis of these sublines revealed that Lefl has a crucial role in metastatic ability of the
LMB8 sublines to the lung: Knockdown of Lefl totally abolished lung metastasis of LM8
due to reduced extravasation into the lung parenchyma. However, downstream target
gene of LEF has not been identified. Thus, | aimed to identify downstream effectors of
LEF1 and believed that the data obtained would provide new knowledge and would be
useful for developing treatments of OS patients affected with metastasis. To obtain these
data, | identified downstream effector genes of LEF1 by using genome-wide meta-
analysis to narrow down number of candidate genes. Several of candidate genes were
extracted and | found that Cygb has good correlation with Lefl in transcript levels
(Chapter 2). Then, functions of CYGB in lung metastatic ability were assessed in vitro
and in vivo (Chapter 3 and Chapter 4).

Chapter 2 describes the selection of candidate genes using genome-wide meta-analysis
by combining microarray data of the LM8 sublines with genomic data sets of human
osteosarcoma. This approach successfully narrowed down the candidate genes which
might be involved in osteosarcoma lung metastasis. | found that overexpression of some
candidate genes were well associated with poor clinical outcome in osteosarcoma patients.
These results support that the strategy using genome wide meta-analysis is an efficient

method for screening of metastasis associated genes.

Chapter 3 describes functions of CYGB in adhesion and transmigration abilities of the
LM8 sublines assessed by in vitro assays. Knockout of Cygb significantly decreased
adhesion and transmigration abilities in LM8-H cell whereas overexpressing of CYGB in
LM8-L increased these abilities. These results suggested that CYGB is important for
extravasation ability of the LM8 sublines. Total NO and AA levels were not significantly
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different among the LM8 sublines. These results suggested that CYGB enhances

extravasation ability of the LM8 sublines by using mechanism other than known functions.

Chapter 4 describes functions of CYGB in lung metastasis in vivo. Number and size of
the foci was significantly smaller in LM8-H/Cygh-KO than LM8-H. Moreover, the
number of cancer cells trapped inside blood vessel in the lung was significantly higher in
LM8-H/Cygh-KO than LM8-H. These results suggested that loss of CYGB expression
in the cancer cells prevents the cell from extravasating to lung parenchyma and suppresses
lung metastasis. These data give new insight into the prevention of metastasis and may

be useful in the treatment of metastasis.

The final goal of this study is the identification of key effector genes that regulate lung
metastasis in osteosarcoma. In this study, | have identified CYGB as an important
regulator of OS extravasation and highlighted the importance of the LEF1-CYGB axis in
OS metastasis to the lungs. To my knowledge, this is the first report showing a functional
connection between LEF1 and CYGB. However, the mechanism that CYGB regulates
the extravasation is still unknown. Since CYGB is localize in cytoplasm and nucleus of
the cell, CYGB may interact with transcription factors as a co-factor to increase the
expression levels of molecules related to cell adhesion and movement. To prove this

hypothesis, localization of CYGB in the LM8 sublines should be investigated.

In addition, gene expression profile and GSEA analysis of CYGB-OE and LM8-H/Cygb
KO should be analyze. Differential gene expression levels between CYGB-OE and LM8-
H/Cygb-KO will provide more information about downstream effectors of CYGB that
responsible for lung metastasis of the LM8 sublines. Understanding the detailed
mechanism how CYGB promotes lung metastasis would provide novel insight for

prevention and treatment of lung metastasis.
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