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1-1. Cancer 
Cancer, a disease in which cells grow uncontrollably and spread to other parts of the 

body, is a leading cause of death worldwide [1]. American Cancer Society estimated 19.3 million 
new cases and 10 million cancer deaths worldwide in 2020 [2]. In Japan, cancer accounted for 
27.6% of deaths in 2020 and is most common cause of death since 1981 [3]. There are various 
causes of death from cancer. Respiratory failure due to destruction of lung tissue, excessive 
calcium levels in the blood due to bone metastasis, and embolisms due to cancer cells clogging 
blood vessels in the brain, heart, and lungs [1] [4]. There are several other symptoms, and multiple 
organ failure also causes death [4]. Survival rates for cancer patients differ greatly depending on 
the stage of the disease at diagnosis [1] . According to the Japanese Association of Clinical Cancer 
Center (https://www.zengankyo.ncc.go.jp/etc/), the five-year survival rate for lung cancer patients 
diagnosed between 2009 and 2013 is 84.5% for stage I, 51.6% for stage II, 25.0% for stage III, 
and 6.5% for stage IV. Thus, survival rates are greatly reduced in stage IV not only for lung cancer 
but also for other cancers. In most cancers, the definition of stage IV is whether distant metastasis 
has occurred. Therefore, the approach to reduce deaths from cancer is to (1) detect cancer before 
the stage progresses (2) prevent cancer from metastasizing. Here I focused on (2) an approach to 
prevent cancer metastasis. 
 
1-1-2. Cancer Metastasis 

Metastasis, in which cancer cells translocate to distant organs away from the primary 
tumor, is an important cause of cancer-related deaths [5]. In early stages, the cancer is often cured 
by surgical procedures because the cancer is localized. On the other hand, in stage IV, the cancer 
has spread throughout the body, therefore, the effectiveness of surgical procedures is limited. This 
is directly related to the low survival rate in stage IV. Thus, it is very important to prevent the 
cancer from progressing to stage IV, or in other words, to prevent the cancer from distant 
metastasis. 

There are two main ways to form metastatic tumor: (1) Angiogenesis (2) Invasion [5-7]. 
Both are important for metastasis; only one can cause metastasis, or both occur simultaneously in 
metastasis. (1) Angiogenesis is known to be induced by growth factors such as VEGF and FGF, 
secreted by cancer cells and cancer-associated fibroblasts (CAF). Growth factors promote 
neovascularization toward tumor mass by stimulating endothelial cell proliferation and migration  
[8-10]. Intratumor cancer cells are limited in the nutrients and oxygen that they receive by the 
tumor size and the accumulation of surrounding extracellular matrices [11, 12]. However, 
neovascularization contributes to cancer growth by solving these problems [13]. Furthermore, 
neovessels provide not only nutrients for the tumor to grow but also an escape route for the tumor 
cells to enter the circulation; therefore, cancer cells are transported to distant organs [13]. 
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Lymphangiogenesis is also involved in distant metastasis via metastasizing to regional lymph 
nodes (LNs). Some types of cancer spread via the vascular and lymphatic systems simultaneously, 
while others metastasize in a metachronous manner with a tumor in LNs preceding those 
metastases in distant organs [14]. In these sequential cases, lymphadenectomy can be curative 
[15]. The classification using TNM scores assumes that cancer metastases progress sequentially 
from primary tumor to LN metastasis and then to distant metastasis. 
(2) During metastasis, cancer cells undergo invasion, in which these cells disseminate into the 
normal surrounding tissues (Fig. 1.1) [5, 16, 17]. Most cancers have intercellular adhesion 
because of their epithelial origin, and loss of intercellular adhesion often triggers cancer invasion 
[18, 19]. In this case, the cancer cells invade individually. Such individual invasion may have an 
amoeboid- or mesenchymal-like morphology [7, 20]. These have plasticity, including epithelial-
like morphology [21]. When individual cancer cells reach distant tissues and form metastases 
there, they are proposed to revert to epithelial-like morphology to increase cell proliferation and 
viability [22, 23]. The mechanisms of individual invasion have been investigated by numerous 
studies, particularly EMT [24]. In addition to these mode of invasion, cancer cells have a variety 
of invasive patterns , and one of which, collective invasion, has recently come to light (Fig.1.2) 
[25-27]. 
 

 
Fig. 1.1 Schematic illustration of cancer cell invasion 
Epithelial tissue with carcinoma. Cancer cells break down basement membrane and migrate into 
surrounding normal tissues and blood vessels. 
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Fig. 1.2 Schematic illustration of individual invasion and collective invasion 
Cancer cells can invade normal tissues not only individually but also collectively. 
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1-1-3. Collective Invasion 
The process of collective invasion, during which cancer cell clusters retaining their 

epithelial characteristics invade the surrounding stroma and penetrate the circulatory system, such 
as blood and lymphatic vessels [28-30]. Although it has been known that cancer cell groups exist 
in the invasive areas of various cancers, the possibility that individually invaded cancer cells have 
grown there could not be denied. Therefore, it was unclear whether collective invasion actually 
occurs. One innovative study proved that the phenomenon of collective invasion actually occurs 
in vivo and in vitro [26]. In this study, cancer cells derived from MMTV-PyMT mice, mammary 
cancer spontaneous generation model, were multicolored and tracked in the process of invasion 
and metastasis. The cancer cell groups in the invasive area and in micrometastases in lungs were 
composed of multicolored cells. In addition, circulating tumor cell (CTC) clusters in blood also 
multicolored, indicating cancer metastasis is caused by collective invasion of genetically distinct 
cells (Fig. 1.3) [31]. 

Next agenda is whether individual invasion or collective invasion is more conducive to 
metastasis. One study assessed their capacity of invasion and metastasis using control or E-
cadherin targeted sgRNA introduced MMTV-PyMT mice [30]. E-cadherin KO resulted in almost 
no collective invasion and a marked increase in the frequency of individual invasion, and higher 
dissemination score than control. However, metastasis in the control occurred more frequently 
than E-cadherin KO condition. These data indicate that cancer cells have higher invasive potential 
when they invade individually, but higher metastatic potential when they invade collectively. 
Another study showed that more metastases occur when the same number of cells are injected 
into a tail vein of mice as CTC clusters rather than as single CTCs [26, 32]. These findings suggest 
that metastasis is not determined simply by the strength of invasion, but rather by whether it is 
single or collective when it invades blood vessels. Furthermore, in clinical practice, increased 
CTC clusters in the blood stream is associated with a worse prognosis in breast cancer patients 
[33, 34]. It is suggested that collective invasion is considered a critical mode of cancer cell 
invasion for determining the prognosis of patients; therefore, inhibition of collective invasion is 
considered to improve cancer treatment. However, no significant target molecules have been 
found to inhibit collective invasion. In this study, we analyzed the mechanism of collective 
invasion in order to propose therapeutic target molecules. 
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Fig. 1.3 A model for metastatic spread that is based on collective invasion of epithelial tumor 
cell clusters [31]. 
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2-1. Reagent 
 

Product Dilution rate Source Identifier 

Antibodies for Immunofluorescent staining 

Rat anti-integrin-b1 1:200 DSHB AIIB2 

Mouse anti-integrin-a2 1:200 DSHB P1E6 

Mouse anti-integrin-a3 1:200 DSHB P1B5 

Mouse anti-integrin-a5 1:200 DSHB BIIG2 

Mouse anti-integrin-a6 1:200 DSHB P5G10 

Rabbit anti-COL17 1:500 Abcam ab184996 

Mouse anti-laminin-a3 1:100 DSHB P3H9 

Mouse anti-laminin-b3 1:500 Abcam 610423 

Mouse anti-collagen I 1:500 Sigma C2456 

Rabbit anti-collagen IV 1:500 Abcam ab6586 

Mouse anti-laminin-a1 1:200 DSHB L9393 

Mouse anti-laminin-g1 1:200 DSHB 2E8 

Mouse anti-fibronectin 1:100 DSHB 13G3B7 

Rabbit anti-interferon-b 1:500 Proteintech 27506-1-AP 

Rabbit anti-STAT1 1:200 CST 14994 

Goat anti-Rabbit IgG Alexa Fluor 405 1:200 Invitrogen A-31556 

Goat anti-Rabbit IgG Alexa Fluor 488 1:500 Invitrogen A27034 

Goat anti-Mouse IgG Alexa Fluor 488 1:500 Invitrogen A28175 

Antibodies for Immunoelectron microscopy 

Rat anti-integrin-b1 1:200 DSHB AIIB2 

Rabbit anti-interferon-b 1:200 Proteintech 27506-1-AP 

Goat nanogold-anti-Rat IgG  1:100 Nanoprobes 2007 

Goat nanogold-anti-Rabbit IgG 1:200 Nanoprobes 2003 

Antibodies for Immunohistochemistry 

Rabbit anti-STAT1 1:3200 CST 14994 

Antibodies for western blotting 

Mouse anti-integrin-b1 1:2,000 BD Biosciences 610467 

Rabbit anti-COL17 1:1,000 Abcam ab184996 

Mouse anti-laminin-b3 1:1,000 BD Biosciences 610423 

Rabbit anti-STAT1 1:2,000 CST 14994 

Rabbit anti-pSTAT1 Y701 1:1,000 CST 9167 
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Rabbit anti-pSTAT1 S727 1:1,000 CST 9177 

Rabbit anti-pJAK1 Y1034/1035 1:1,000 CST 3331 

Mouse anti-beta actin 1:100,000 Abcam ab6276 

Mouse anti-GAPDH 1:100,000 Thermo AM4300 

Goat anti-Rabbit IgG, HRP linked 1:4,000 CST 7074 

Goat anti-Mouse IgG, HRP linked 1:100,000 CST 7076 

Antibodies for functional inhibition 

Rat anti-integrin-b1 2 µg/mL DSHB AIIB2 

Mouse anti-integrinb-a2 2 µg/mL DSHB P1E6 

Mouse anti-integrinb-a3 2 µg/mL DSHB P1B5 

Mouse anti-integrinb-a5 2 µg/mL DSHB BIIG2 

Mouse anti-integrinb-a6 2 µg/mL DSHB P5G10 

Rat control IgG 2 µg/mL Wako 147-09521 

Antibodies for immunoprecipitation 

Rabbit anti-COL17 15 µg/mL Abcam ab184996 

Rabbit control IgG 15 µg/mL Wako 148-09551 

Phalloidins for fluorescent observation 

Alexa Fluor 405 Phalloidin 1:500 Invitrogen A30104 

Alexa Fluor 488 Phalloidin 1:500 Invitrogen A12379 

Alexa Fluor 546 Phalloidin 1:200 Invitrogen A22283 

 
  



 15 

Primers for quantitative PCR 

Target gene symbol Forward/Reverse Sequences (5’ to 3’) 

LAMA3 
Forward TGGGATGGCTGTGGATCTTTGG 

Reverse CACCCTTTGCTGCTGTGAACTG 

OAS1 
Forward GTGTCCAAGGTGGTAAAGGGTG 

Reverse AAGACAACCAGGTCAGCGTC 

OAS2 
Forward TGGCTCCTATGGACGGAAAAC 

Reverse AGGATGTCACGTTGGCTTCTC 

IFI6 
Forward TGCTGTGCCCATCTATCAGC 

Reverse TTTTTCTTACCTGCCTCCACCC 

IFI44L 
Forward GGCCACCGTCAGTATTTGGAATG 

Reverse AGCCTATTTCTGTGCTCTCTGGC 

IFNAR1 
Forward AGCGATGAGTCTGTCGGGAATG 

Reverse GAGGACCAATCTGAGCTTTGCG 

IFNAR2 
Forward AGATGCTTTTGAGCCAGAATGCC 

Reverse ACACGAGGCTGATATACACCATGAG 

IFNB1 
Forward AAGCCTTTGCTCTGGCACAAC 

Reverse TGGAGAAGCACAACAGGAGAGC 

KRT1 
Forward GAGGGAGAAGAAAGCAGGATGTC 

Reverse ACTGATGGTGGTGTGGCTTG 

KRT10 
Forward ACCACGAGGAGGAAATGAAAGACC 

Reverse AACCAGGCTTCAGCATCTTTGC 

KRT14 
Forward AGCAGCAGAACCAGGAGTACAAG 

Reverse GAGGAGGTCACATCTCTGGATGAC 

GAPDH 
Forward TCCTGTTCGACAGTCAGCCGC 

Reverse TGACCAGGCGCCCAATACGAC 

ACTB 
Forward TGGGACGACATGGAGAAAATCTG 

Reverse AGGTCTCAAACATGATCTGGGTC 
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siRNAs 

Target gene symbol Target Sequences (5’ to 3’) 

COL17A1 TGGATGTAACCAAGAAAAACAAA 

LAMA3 CAGTGATAAACTGTTAAATGAAG 

LAMB3 CACAAACTTGAGAGTCAATTTCA 

STAT1#1 AAGATGAATATGACTTCAAATGC 

STAT1#2 TGACATCATTCGCAATTACAAAG 

IFNAR1 TGGCTTATAGTTGGAATTTGTAT 

IFNAR2 GTGGAAATTTCACCTATATCATT 

IFNB1 GGCTAATGTACTGCATATGAAAG 

KRT1 GAGAAATTCAAAGATAGAAATCC 

KRT10 TACAGAAATTGATAATAACATCC 

KRT14 ATCAATACAGCTTCATTATCTCC 

Control (Guide) AAACTACATGTCACATCACGG 

Control (Passenger) AACCGTGATGTGACATGTAGT 
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2-2. Cell Culture 
2-2-1. Cell Passage 

The human skin squamous carcinoma cell line, A431cells (American Type Culture 
Collection, Manassas, VA), were cultured in Dulbecco's Modified Eagle Medium (Sigma-Aldrich 
Co. LLC, St Louis, MO, USA) supplemented with 10% fetal bovine serum (Sigma-Aldrich Co. 
LLC) and 1% antibiotic/anti-mycotic solution (Sigma-Aldrich Co. LLC). The cells were cultured 
in a humidified incubator at 37℃ and 5% CO2. Ninety percent confluent cells were detached 
from the culture dish by treatment with 0.25% trypsin-EDTA (Thermo Fisher Scientific, Inc. 
Waltham, MA, USA) for 8 minutes. Twenty percent of the cell suspension was seeded in a new 
culture dish. 
 
2-2-2. Establishment of A431 Subclones 

A431 subclones were established using limited dilution method. Parental A431 cells 
were seeded in 96-well cell culture plates (Corning Incorporated, Corning, NY, USA) at 0.5 
cells/well. We grew the cells only in the wells with a single colony. The first established subclone 
was named A431-1, and the subsequent subclones were named in the order in which they were 
established (A431-1 to A431-20). Among these subclones, A431-6 subclone has high invasive 
potential, while A431-7 cells showed low invasive potential, and we found that upregulation of 
type-I interferon pathway in A431-6 subclone by analyzing gene expression using DNA 
microarray. Since the type-I interferon production is induced by viral infection [35] and herpes 
virus mediate skin cancer [36], we tested the herpes virus infection using PCR. The result was 
negative. In addition, a previous study reported that A431 cells were not infected with human 
papillomavirus, a pathogen of vulvar cancer [37]. Parental A431 and sub-clonal cells were tested 
for mycoplasma contamination using a mycoplasma detection kit (VenorGeM Mycoplasma 
Detection Kit, Sigma-Aldrich Co. LLC) according to the manufacturer’s instructions and did not 
show any contamination symptoms. Thus, we confirmed that the elevation of type-I interferon 
pathway in A431-6 subclone was not caused through infection by microorganisms. 
 
2-2-3 Development of Transgenic Cells 

To construct the emerald-histone H2B encoding vector, Histone H2B encoding DNA 
was amplified by PCR using pKanCMV- mClover3-10aa-H2B (Addgene, Cambridge, MA, USA) 
and KOD-Plus (TOYOBO, Osaka, Japan). The primers used for the PCR is as follows: 5’-
AAAGGATCCGCCACCATGCCTGAACCGGCAAAATC-3’ (forward) and 5’-
AAAGAATTCAACTTGGAGCTGGTGTACTTGGTGAC-3’ (reverse). The fusion protein of 
histone H2B and emerald, a green fluorescent protein, was inserted into MCS of pIRES-ZsGreen 
1 Vector (Clontech Laboratories, lnc., Palo Alto, California, USA). Puromycin-resistant genes 
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linked to emerald-histone H2B by IRES linker were inserted in exchange with ZsGreen. Xfect 
transfection reagent (Takara Bio Inc., Shiga, Japan) was used for transfection to cells. Selective 
cultures were performed using a culture media containing 2 mg/mL puromycin after transfection. 
 
2-2-4. Collagen Gel Overlay Condition 

Type-I collagen (1.6 mg/mL, Cell matrix IeP, Nitta Gelatin, Osaka, Japan) was used for 
collagen gel overlay conditions (Fig. 2.1). A 24-well cell culture plate was filled with 200 µL of 
collagen solution and incubated at 37℃ for 30 min to induce gelation. Then, 8 × 104 cells were 
seeded on the collagen gel. The collagen solution was poured onto the cells 24 hours after cell 
seeding and was incubated for 30 min at 37℃. After gelation of the collagen gel, 500 µL of culture 
medium was added. Contact following in a cancer cell population was assessed using this culture 
system. 

Fig. 2.1 Schematic illustration of collagen gel overlay condition 
 
2-2-5. Single Cell-derived Spheroid Invasion Assay 

The cells were embedded into type-I collagen gels (1.6 mg/mL, Cell matrix I-P; Nitta 
Gelatin) to assess their invasiveness (Fig. 2.2). Cell suspensions were prepared at a concentration 
of 1 × 105 cells/mL in a collagen solution. This solution containing cells (600 µL) was added to a 
hand-made 16 mm inner diameter glass dish and incubated for 30 min at 37℃ to induce gelation. 
A431 cells formed spheroids in this culture system and eventually invaded as a collective cell 
strand. The sphericity of cell clusters was evaluated using this culture system. 
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Fig. 2.2 Schematic illustration of single cell-derived spheroid invasion assay 
 
2-2-6. Invasion Assay of Spheroid prepared using Hanging Drop Method 

Multi-clonal spheroids were prepared using the hanging drop method. Each droplet (10 
µL) was seeded to contain 500 cells. The spheroids were collected 2 days after seeding and 
embedded into 1.6 mg/mL collagen gels (Nitta Gelatin) and were cultured until they exhibited 
invasion. 
 
2-3. Quantification of Collective Invasion Potential 
2-3-1. Evaluation of Contact Following using Cosine Function 
Nucleus of A431 cells expressing emerald-histone H2B were automatically tracked using the 
TrackMate plug-in of Fiji/Image J software (National Institutes of Health, Bethesda, MD, USA) 
to track cell movement [38]. Contact following was assessed using cosine function. Cosine values 
were calculated from the angle between the movement directions of neighboring cells (Fig. 2.3). 
Cells within 100 µm of a targeted cell were analyzed. The analysis was performed on all cells of 
the cell population. 

Fig. 2.3 The method to assess contact following of neighboring cells 
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2-3-2. Evaluation of Collective Invasion using Sphericity 
3D images were constructed using Imaris software (Bitplane AG, Zürich, Switzerland). 

The sphericity (36πV2/S3) of cell clusters was calculated by the ratio of the circle’s circumference 
(π), the surface area (S), and volume (V) of cell clusters, as calculated by Imaris. 
 
2-4. Time-lapse Observation 

Time-lapse observations of collagen gel overlay condition in the bright field were 
performed using a phase-contrast microscope (TE2000, Nikon, Tokyo, Japan) equipped with a 20 
× objective lens. The Images in the bright field were captured every 5 min for 16 hours. Time-
lapse imaging of collagen gel overlay condition in fluorescent field was carried out using confocal 
laser microscopy (A1R Confocal Imaging System; Nikon) equipped with a 20 × objective lens. 
The Images in the bright field were captured every 20 min for 16 hours.  

Time-lapse observations for multi-clonal spheroids were performed using confocal laser 
microscopy (A1R) equipped with a 20 × objective lens. The Images were captured every 15 min 
for 48 hours. NIS-Elements Advanced Research software (Nikon) was used to capture images for 
above both time-lapse observations. A stage top incubator (STG-WSKMX-SET, Tokai Hit Co., 
Shizuoka, Japan) was used to maintain the samples at 37℃. 
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2-5. Immunofluorescent Staining 
2-5-1. Collagen Gel Overlay Condition 

Cells cultured in collagen gel overlay conditions were fixed with 4% paraformaldehyde 
(Nacalai tesque, Kyoto, Japan) for an hour at 4℃ and permeabilized with 0.1% saponin (Wako 
Pure Chemical Industries, Osaka, Japan) for 10 min at room temperature. Blocking was performed 
using 1% bovine serum albumin (BSA, Wako Pure Chemical Industries) in phosphate buffer 
saline (PBS) for an hour at 37℃. Cells were reacted with a primary antibody diluted in Can Get 
Signal immunostain (Immunoreaction Enhancer Solution B, TOYOBO, Osaka, Japan) overnight 
at 4℃. Next, the cells were reacted with a secondary antibody and Alexa Fluor-546 phalloidin in 
Can Get Signal Immunostain B for an hour at 25℃. Fluorescent images were captured by confocal 
laser microscopy (A1R). 
 
2-5-2. Spheroids embedded in collagen 

In fluorescent phalloidin staining, cell clusters in collagen gels were fixed with 4% 
paraformaldehyde in PBS for 2 hours at 4℃. Permeabilization and blocking were performed 
simultaneously using 1% BSA and 0.3% Triton X-100 (Sigma-Aldrich Co. LLC) in PBS for an 
hour at room temperature. Cells were incubated with Alexa Fluor-phalloidin 405 or 488 
(Invitrogen, Carlsbad, CA, USA) diluted in Can Get Signal Immunostain B overnight at 4℃. 

For fluorescent staining of interferon-b (IFNB), 0.1% collagenase (Wako Pure 
Chemical Industries) in PBS was added and incubated for 30 min at 37℃. The cells were then 
fixed with 4% paraformaldehyde in PBS for an hour at 4℃. Permeabilization and blocking were 
performed simultaneously using 1% BSA (Wako Pure Chemical Industries) and 0.1% Triton X-
100 (Sigma-Aldrich Co. LLC) in PBS for an hour at room temperature. Cells were incubated with 
a primary antibody diluted in Can Get Signal Immunostain B overnight at 4℃. Next, the cells 
were incubated with a secondary antibody diluted with Can Get Signal Immunostain B and Alexa 
Fluor phalloidin 546 for an hour at room temperature.  

For fluorescent staining of STAT1, the cells were pre-fixed with 4% paraformaldehyde 
in PBS for 30 min at 4℃. The cell-embedded gel was gently peeled off and transferred to a 1.5-
mL tube, and post-fixation was performed using 4% paraformaldehyde in PBS for 30 min at 4℃. 
Permeabilization and blocking were performed simultaneously using 1% BSA and 0.3% Triton 
X-100 in PBS for an hour at room temperature. Cells were incubated with a primary antibody 
diluted in Can Get Signal Immunostain (Immunoreaction Enhancer Solution A, TOYOBO, Osaka, 
Japan) overnight at 4℃. Next, the cells were incubated with a secondary antibody diluted with 
Can Get Signal Immunostain A and Alexa Fluor phalloidin 647 for an hour at room temperature.  
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All fluorescent images were captured from the top to the bottom of the cell cluster at 1-
µm intervals by confocal laser microscopy (A1R or C2+ Confocal Imaging System; Nikon) 
equipped with a 20× or 60× objective lens (Nikon). 
 
2-6. Electron Microscopy 
2-6-1. Transmission Electron Microscopy 
The cells in collagen gels were treated with 0.1% collagenase in PBS for 30 min at 37℃ and then 
fixed with 2.5% glutaraldehyde (Nacalai Tesque) in 0.1 M phosphate buffer (pH 7.4) overnight at 
4℃. After postfixation with 1% OsO4 in ultrapure water for 90 min, the cells were embedded in 
a 2% agarose gel. The cells in agarose gels were dehydrated through a graded series of ethanol 
and embedded in Epon resin (Quetol 812) according to a conventional method. Ultra-thin sections 
stained with uranyl acetate and lead citrate were observed under a transmission electron 
microscope (JEM1400, JEOL Ltd, Tokyo, Japan). The distance between two cells in the cell 
clusters was manually measured using the pencil tool of Fiji/ImageJ. 
 
2-6-2. Immunoelectron Microscopy 
Cells were processed using the pre-embedding silver-intensified immunogold method as 

described in a previous study [39]. Anti-integrin-b1 antibody and anti-IFNB antibody were used 
as the primary antibody. Nanogold-anti rat IgG and nanogold-anti rabbit IgG was used as the 
secondary antibody. Gold signals were enhanced using HQ silver (Nanoprobes). Observations 
were carried out using a transmission electron microscope (H7100, Hitachi High-Technologies 
Corp., Tokyo, Japan) (JEM1400). 
 
2-7. Immunohistochemistry 

Immunohistochemistry for tissue microarray of invasive skin SCC (SK802b; US 
Biomax, Inc., Rockville, USA) and pre-invasive skin SCC, which is also known as SCC in situ 
or Bowen's disease, was performed as described in a previous study [39]. The data were 
independently assessed by two pathologists. 

Human samples of Bowen's disease were obtained at the time of surgery from patients 
who provided written informed consent at the Nagoya University Hospital. This study was 
conducted in accordance with the principles of the Declaration of Helsinki for Human Research 
and approved by the Ethics Committee of Nagoya University Graduate School of Medicine 
(approval no. 2017-0127-3). 
 
2-8. Gene Knockdown using siRNAs 
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Cells were seeded in 6-well plates at a density of 6 × 105 cells/well and transfected with 
the target siRNA or control siRNA with Lipofectamine RNAiMAX Reagent (Thermo Fisher 
Scientific). Transfection was performed with siRNA concentrations of 15 or 2.5 nM. Nucleotide 
blasts demonstrated that there was no homologous sequence of control siRNA. 
 
2-9. RT-qPCR 

RNA from the cells cultured in collagen gels was extracted with Tripure reagent (Roche 
Applied Science, Indianapolis, IN, USA) and purified using the FastGene RNA Basic Kit 
(NIPPON Genetics Co., Ltd, Tokyo, Japan). cDNA was synthesized using ReverTra Ace 
(TOYOBO). Quantitative PCR (qPCR) was performed using KAPA SYBR FAST qPCR Kits 
(KK4602; NIPPON Genetics Co., Ltd) and StepOnePlus (Thermo Fisher Scientific) according to 
the manufacturer’s instructions. ACTB or GAPDH were used as an endogenous control. 
 
2-10. Western Blotting 

The protein samples were prepared from the cells in collagen gels. Cold 10% 
trichloroacetic acid (TCA, Sigma-Aldrich Co. LLC) in PBS was added to the cells and incubated 
for 10 min at 4℃. After rinsing three times with PBS to remove TCA, 0.1% collagenase (Wako 
Pure Chemical Industries) in PBS was added and incubated for 40 min at 37°C. After collagen 
gel digestion, collagenase was removed by centrifugation at 10,000 × g for 3 min. Proteins from 
the cells were extracted with sodium dodecyl sulfate (SDS) sample buffer (60 mM Tris HCl, 2.2% 
SDS, 10% glycerol, 100 mM dithiothreitol, pH 6.8) and boiled for 5 min. SDS-PAGEs were 
performed under constant voltage conditions of 200 V using 8 or 10% acrylamide gels, and 
separated proteins were transferred to PVDF membrane under constant current conditions of 86 
mA for 60 min. The membrane was blocked by 2% BSA in TBS-T for an hour. The primary 
antibodies were diluted with Can Get Signal Solution 1 (TOYOBO). Horseradish peroxidase 
(HRP)-conjugated secondary antibodies were diluted with Can Get Signal Solution 2 (TOYOBO). 
Protein signals were detected using an Immobilon Western Chemiluminescent HRP substrate 
(EMD Millipore, Billerica, MA, USA). Chemiluminescence signals were captured using a 
ChemiDoc Touch (Bio-Rad Laboratories, Richmond, CA, USA). 
 
2-11. Immunoprecipitation 

Cell lysates were prepared with lysis buffer attached to Capturem IP & Co-IP Kit 
(Takara-Bio Inc., Shiga, Japan). The cell lysates were incubated with anti-COL17 (EPR18614, 
Abcam Plc.) or control rabbit IgG (Wako Pure Chemical Industries) for 24 hours at 4℃. Each 
antibody was used at 15 µg/mL. The immune complexes were obtained using Capturem IP & Co-
IP Kit and analyzed by Western blotting. 
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2-12. Enzyme Liked Immuno-Sorbent Assay 

Interferon-b concentration in the supernatant was measured by sandwich ELISA using 
the Human IFN-beta DuoSet (R&D Systems, Inc.). Ninety-six-well microplates were coated with 
capture antibody diluted in PBS. The antibody-coated wells were blocked with 1% BSA in PBS, 
and then each supernatant was added. After washing three times with PBS containing 0.05% 
Tween 20 (TPBS), biotin-conjugated detection antibody and HRP-conjugated streptavidin were 
added in order. After washing three times with TPBS, TMB solution (Wako Pure Chemical 
Industries) was used as the chromogenic substrate, and the coloring reaction was stopped by 1M 
sulfuric acid. The absorbance at 450 nm was measured using a microplate reader (Bio-Rad). 
 
2-13. Statistical Analysis 
2-13-1 For Chapter 3 

Each experiment was independently repeated at least three times. All tests in this study 
were performed using the R software ver. 3.3.3 (R Development Core Team, Vienna, Austria). P-
values less than 0.05 were considered statistically significant. Box-plot graphs showing cosine 
values were described using the R software ver. 3.3.3. Statistical analyses of contact following 
were performed using Wilcoxon rank sum test. For multiple comparison, p-values were corrected 
using Bonferroni correction. The signal intensity in western blotting was quantified using 
ImageJ/Fiji software and graphed using Microsoft Excel (Microsoft corp., Redmond, USA). 
Comparisons of this signal intensity were performed using Welch's t-test. 
 
2-13-2 For Chapter 4 

Statistical significance was set at p < 0.05. All data were graphed and tested using 
GraphPad Prism software (version 7.0; GraphPad Software Inc., San Diego, CA, USA). Statistical 
analysis was performed using Student’s t-test (ELISA and TEM), paired t-test (western blotting 
and qPCR in the two groups), and Dunnett’s multiple comparisons test (western blotting and 
qPCR with more than three groups). The sphericity of the cell clusters in the two groups was 
tested using the Mann-Whitney U test. For more than three groups, Dunn’s multiple comparison 
test was performed. All tests were two sided. 
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Chapter 3 

 

The expression of integrins and ECM proteins in 

the intercellular site promotes contact following in 

a cancer cell population during collective invasion 
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3-1 Introduction 
 
3-1-1 Integrins 

Integrins are transmembrane proteins that function as an extracellular matrix (ECM) 
receptor by forming a heterodimer of α and β subunits (Fig. 3.1) [40]. Various combinations of α 
and β subunits provide a diversity of adhesion potential for various ECMs [41]. Integrin-β1, a 
receptor for collagen, laminin, and fibronectin, linked to actin filament (F-actin) via actin-binding 
proteins such as talin and vinculin [42, 43]. Thus, integrin-β1 plays a crucial role in cell motility 
and cell division by mediating the linkage of the ECM and F-actin [44-46]. 

In focal adhesion, integrin binding to the ECM promotes autophosphorylation at Tyr397 
of focal adhesion kinase (FAK), thereby Src tyrosine kinase is recruited to focal adhesion for 
formation of an active FAK/Src kinase complex which phosphorylates distinct focal adhesion 
proteins including FAK, paxillin and p130cas, leading to the activation of signaling to cell 
migration and invasion [46-48]. Furthermore, integrin-β1 is also required for collective invasion 
in melanoma and cutaneous squamous cell carcinoma (SCC) [49, 50]. In this way, integrin-β1 
contributes to cancer progression by enhancing cancer cell invasion. However, the molecular 
mechanisms behind this invasion, including how integrin-β1 promotes collective invasion, are 
not currently well known. 
 

 
Fig. 3.1 Integrin binding extracellular matrix protein 
Integrin complex, heterodimer of alpha and beta subunits, plays the role of ECM receptor. 
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3-1-2 Extracellular matrix (ECM) 
Cancer cells are surrounded by ECMs such as connective tissues and basement 

membranes, which are composed of several proteins and polysaccharides, and ECMs contribute 
to cancer progression via the activation of survival, proliferation, and motility [51, 52]. In this 
study, collective invasion was reproduced in vitro using type I collagen gel, a major component 
of a connective tissue [53]. Type-I collagen proteins have a three-chain helical structure, in which 
three collagen polypeptide chains are intertwined each other [54]. This collagen proteins are 
further assembled to form collagen protofibers, which are further assembled to form thick 
collagen fibers [54]. 

In this study, we focused on collagen type XVII (COL17), a transmembrane collagen 
[55]. COL17 is mainly localized in hemidesmosomes at the basal epithelial cells and binds to 
laminin in the basement membrane, thereby anchoring cells to the basement membrane [56]. 
COL17 maintains epidermal homeostasis by regulating proliferation and polarity in epithelial 
cells [57, 58]. Its extracellular domain is cleaved by proteases on the plasma membrane and 
secreted out of the cells [58, 59]. The secreted form of COL17 is important for normal basement 
membrane formation, and its loss causes skin diseases such as blistering [60]. In addition, COL17 
promotes migration of keratinocytes by participating in their adhesion to the ECM [61]. Further, 
depletion of COL17 expression in oral squamous carcinoma cells inhibited migration and 
invasion [62]. On the other hand, enhancement of COL17 expression in invasive breast cancer 
cells suppressed their migration and invasion [63]. Thus, although COL17 has been reported to 
be involved in migration and invasion in several cell types, its function differs among cells. 

We also investigated on laminin, a component of basement membrane [51]. Laminin 
forms a heterotrimer composed of α, β, and γ chains. Laminin-332, a major component of 
basement membrane, contributes to the malignant transformation of many cancers [64, 65]. In 
particular, squamous cell carcinoma expresses high levels of laminin-332 and its contribution to 
proliferation and invasion is significant[65, 66]. Furthermore, laminin-332 has been shown to 
function not only as a basement membrane-like structural ECM, but also as a soluble factor that 
functions in an autocrine manner [67]. 
 
3-1-3 Contact Following 

Collectiveness in a cancer cell population is required for collective invasion. This study 
focused on contact following, the phenomenon which is mediated by intercellular adhesion for 
the movement of neighboring cells in the same direction (Fig. 3.2), to investigate the mechanism 
in a cancer cell population which induces collectiveness. Contact following was proposed to 
account for the collective migration of Dictyostelium [68]. Also contact following is observed in 

the collective migration of MDCK epithelial cells [69]. As shown in a previous study, integrin-b1 
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is necessary for the collectiveness of MDCK cells [70]. Therefore, we hypothesize that integrin-

b1 contributes to collective behaviors of a cancer cell population by promoting contact following. 
 

 
Fig. 3.2 Multicellular cell movement with contact following 
Contact following mediates the movement of neighboring cells to the same direction. 
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3-2 Results 
 
3-2-1 The collective invasion of A431 cells in a collagen gel overlay condition 
 Time-lapse imaging of collective invasion was performed to analyze the contact 
following of cancer cells. The existing experimental system for collective invasion can evaluate 
the movements of cancer cells in a three-dimensional direction [71]. However, to track cell 
movement in detail, it is desirable for cells to move in a two-dimensional direction. Therefore, 
we established a novel experimental system to observe the two-dimensional collective invasion. 
Collagen gel overlay conditions were used as an experimental system, and A431 skin squamous 
carcinoma cell line with collective invasive potential were cultured. The two-dimensional 
collective movement of A431 cells in collagen gel overlay conditions was observed using time-
lapse imaging in the bright field (Fig. 3.3). In addition, A431 cells expressing the nuclear localized 
fluorescent protein (A431-emerald) was established to track cell movement. A431-emerald also 
showed two-dimensional collective movement (Fig. 3.4), and cell movement was successfully 
automatically tracked using Fiji/ImageJ software. Therefore, this experimental system was used 
to evaluate contact following in collective invasion. 
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Fig. 3.3 A431 cells showed two-dimensional collective invasion in a collagen gel overlay 
condition. 
Time-lapse imaging of A431 cells in the bright field. The arrow shows the direction of cell 
movement. The scale bar represents 100 µm. 
 
 

 
Fig. 3.4 A431-emerald cells also showed two-dimensional collective invasion. 
Time-lapse imaging of A431-emerald cells in the fluorescent field. The arrow shows the direction 
of cell movement. The scale bar represents 100 µm. 
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3-2-2 Integrin-β1 is localized to the intercellular site and required for contact following 
Previous studies found that the high expression of integrin-β1 in the leading cells 

contributes to the collective behaviors of MDCK cells and squamous carcinoma cells [50, 70]. 
Therefore, the localization of integrin-β1 in a collagen gel overlay condition using 
immunofluorescent staining was first investigated. It was found that integrin-β1 is expressed not 
only in cell-substrate but also in cell-cell sites (Fig. 3.5). In addition, immunofluorescent staining 

with an anti-active integrin-β1 antibody revealed that integrin-b1 in cell-substrate and cell-cell 
both are the active form (Fig. 3.6). Next, immunoelectron microscopy was performed to 
investigate the intercellular structure in A431 cells and localization of integrin-β1 in detail. As a 
result, it was found that A431 cells have an adherens junction, while integrin-β1 was localized to 
the cell surface in the intercellular site, but not adherens junction (Fig. 3.7). 

Subsequently, to investigate the function of integrin-b1 in collective invasion, time-
lapse imaging of A431 cells was performed in the presence of AIIB2, an inhibitory antibody of 

active integrin-b1. As a result, the inhibition of active integrin-β1 by AIIB2 suppressed the 
intercellular adhesion in A431 cells (Fig. 3.8). The data suggest that integrin-β1 plays essential 
role in the intercellular adhesion. 
 As integrin functions as a heterodimer of α and β subunits 21], the partner of integrin-
β1 was investigated. It was found through immunofluorescent staining that integrin-α2, α3, α5, 
and α6 are expressed in the intercellular site in A431 cells (Fig. 3.9). In addition, the inhibition of 
integrin-α subunits by an inhibitory antibody revealed that the activity of integrin-α2 is required 

for intercellular adhesion (Fig. 3.10). These results suggest that the partner of integrin-b1 is 
integrin-α2, and integrin-α2b1 is necessary for intercellular adhesion in A431 cells. 
 We then examined the influence of AIIB2 on contact following using an evaluation 
system we established. The influence of AIIB2 on contact following with A431-emerald is shown 
in Fig. 3.11. As a result of the quantitative analysis, AIIB2 significantly suppressed contact 
following (Fig. 3.12). From this result, it was found that the activity of the intercellular integrin-
β1 is required for contact following. 
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Fig. 3.5 Immunofluorescent staining of integrin-b1. 
XY-, YZ-, and ZX-sectional views are shown. Green: integrin-b1. Red: actin filament (F-actin). 
The Scale bar represents 25 µm. 
 

 

Fig. 3.6 Immunofluorescent staining of active integrin-b1. 
XY-, YZ-, and ZX-sectional views are shown. Green: integrin-b1. Red: F-actin. The Scale bar 
represents 25 µm. 
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Fig. 3.7 Immunoelectron microscopy of integrin-b1. 
Black particles show localization of integrin-b1. The square area is enlarged in the upper right 
panel. Arrows show the adherens junction. 
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Fig. 3.8 Time-lapse observation in the presence of integrin-b1 inhibitory antibody. 
The upper panels show treatment with negative control IgG. The lower panels show treatment 

with the integrin-b1 inhibitory antibody (AIIB2). Concentrations of each antibody are 2.0 mg/mL. 
Scale bars represent 100 µm. 
 
 
 

 

Fig. 3.9 Immunofluorescent staining of integrin-a subunits. 
XY-, YZ-, and ZX-sectional views are shown. Green: integrin-a2, a3, a5, and a6. Red: F-actin. 
The Scale bars represent 25 µm. 
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Fig. 3.10 Inhibition of integrin-a subunits using inhibitory antibodies. 
The images show the A431 cell populations 24 hours after treatment with each inhibitory antibody. 

IgG: Negative control. AIIB2: anti-integrin-b1 P1E6: anti-integrin-a2. P1B5: anti-integrin-a3. 
BIIG2: anti-integrin-a5. P5G10: anti-integrin-a6. Concentrations of each antibody are 2.0 
mg/mL. Scale bars represent 100 µm. 
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Fig. 3.11 Time-lapse observation of A431-emerald cells in the presence of integrin-b1 
inhibitory antibody. 

Time-lapse observation of A431-emerald cells in the presence of AIIB2, integrin-b1 inhibitory 
antibody. The upper panels show treatment with negative control IgG. The lower panels show 
treatment with AIIB2. Yellow lines are the trajectory of cell movement. Concentrations of each 
antibody are 2.0 mg/mL. Scale bars represent 50 µm. 
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Fig. 3.12 Evaluation of contact following using cosine function. 

Quantification of cosine values, cosq. Boxplot shows median levels of cosq under each 
condition. Boxes show interquartile range. Bars show maximum and minimum values within 
1.5 IQR. **P < 0.01 by Wilcoxon rank sum test (n > 49). 
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3-2-3 ECM proteins are expressed in the intercellular site and are required for contact 
following 

As previously described, integrin-β1 is an ECM receptor for collagen, laminin and 
fibronectin [41]. As the activity of intercellular integrin-β1 was required for intercellular adhesion 
and contact following, we hypothesized that ECM proteins exist in the intercellular site. By 
investigating the localization of several ECM proteins using immunofluorescent staining, it was 
found that type-XVII collagen (COL17) is expressed in the intercellular sites (Fig. 3.13). COL17 
is a transmembrane collagen, but its extracellular domain is secreted into the surrounding ECM 
as its cleavage form [58, 59]. It was confirmed that the cleavage form of COL17 is secreted in 
A431 cells (Fig. 3.14). In addition, laminin-α3 and laminin-β3 constituting of laminin-332 were 
also expressed in the intercellular sites (Fig. 3.15). Type-I collagen, type-IV collagen, fibronectin, 
laminin-α1, and laminin-γ1 were not expressed in the intercellular sites (Fig. 3.16, 17). 

Next, intercellular ECM proteins was depleted using small interference RNA (siRNA) 
to investigate the role of intercellular ECM proteins (Fig. 3.18). Depletion of ECM protein 
significantly suppressed contact following (Fig. 3.19, 20). The data indicate the expression of 
intercellular ECM proteins is also required for contact following. Furthermore, these results 
suggest that the interaction between integrin-β1 and ECM proteins in the intercellular sites 
promote contact following in collective invasion. 
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Fig. 3.13 Immunofluorescent staining of type-XVII collagen (COL17). 
XY-, YZ-, and ZX-sectional views are shown. Green: COL17. Red: F-actin. The Scale bar 
represents 25 µm. 
 
 

 
Fig. 3.14 Western blotting for COL17 with anti-extracellular domain of COL17 antibody. 
The arrows show COL17 bands around 180, 120, and 97 kDa. 
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Fig. 3.15 Immunofluorescent staining of laminin-a3. 
XY-, YZ-, and ZX-sectional views are shown. Green: laminin-a3. Red: F-actin. The Scale bar 
represents 25 µm. 
 
 

 

Fig. 3.16 Immunofluorescent staining of laminin-b3. 
XY-, YZ-, and ZX-sectional views are shown. Green: laminin-b3. Red: F-actin. The Scale bar 
represents 25 µm. 
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Fig. 3.17 Immunofluorescent staining of collagen I and integrin-b1. 
Frozen sections of A431 cells cultured in a collagen gel overlay condition were used for 

immunostaining. Green: collagen I. Red: integrin-b1. The Scale bar represents --- µm. 
 

 
Fig. 3.18 Immunofluorescent staining of candidate ECM proteins. 
XY-, YZ-, and ZX-sectional views are shown. Green:---. Red: F-actin. The Scale bar represents 
25 µm. 
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Fig. 3.19 Confirmation of knockdown efficiency with siRNA. 
(a) Representative result of western blotting. siNC: negative control siRNA-treated cells. 
siCOL17A1: COL17 coding gene knockdowned cells. GAPDH was used for normalization as an 

endogenous control in quantification. (b) RT-qPCR result to check depletion of laminin-a3 
mRNA. siLAMA3: laminin-a3 coding gene knockdowned cells. GAPDH was used for 
normalization as an endogenous control in quantification. (c) Representative result of western 

blotting. siLAMB3: laminin-b3 coding gene knockdowned cells. GAPDH was used for 
normalization as an endogenous control in quantification. 
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Fig. 3.20 Time-lapse observation of A431-emerald cells in ECM protein depleted conditions. 
Time-lapse observation of A431-emerald cells in each knockdown condition. The top panels show 
the cells treated with negative control siRNA (siNC). Other panels show the cells treated with 

siRNA targeting COL17 (siCOL17A1; second), laminin-a3 (siLAMA3: third), laminin-b3 
(siLAMB3; bottom). Yellow lines are the trajectory of cell movement. Scale bars represent 50 
µm. 
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Fig. 3.21 Evaluation of contact following using cosine function in ECM protein depleted A431 
cells. 

Quantification of cosine values, cosq. Boxplot shows median levels of cosq in each knockdown 
condition. Boxes show interquartile range. Bars show maximum and minimum values within 1.5 
IQR. **P < 0.01 by Wilcoxon rank sum test (n > 40). 
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3-2-4 The interaction between integrin-β1 and ECM proteins 
The capacity of complex formation between integrin-β1 and ECM proteins was then 

investigated. Previous studies suggest that integrin-β1 interact with COL17 in HEK293 cells [72]. 
Therefore, whether integrin-β1 and COL17 form a complex by immunoprecipitation (IP) using 
anti-COL17 was investigated. As a result of the IP experiment, integrin-β1 was not detected in 
the obtained IP fraction of COL17 (Fig. 3.22). Thus, we could not prove a complex formation of 
integrin-β1 and COL17. Next, the complex formation between COL17 and laminin-332 was 
investigated. IP experiment showed that laminin-β3 was detected in the obtained IP fraction of 
COL17 (Fig. 3.22). As laminin-332 is the major ligand of integrin-β1, it was hypothesized that 
COL17 affects the interaction between integrin-β1 and laminin-332. Therefore, the influence of 
COL17 depletion on laminin-332 expression was investigated. As a result of quantification, 
COL17 depletion significantly suppressed laminin-β3 levels (Fig. 3.23). Therefore, it is suggested 
that the COL17 level modulates the interaction between integrin-β1 and laminin-332 by 
controlling laminin-332 levels. 
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Fig. 3.22 COL17 formed a complex with laminin-b3. 
Input obtained from A431 cells were immunoprecipitated with anti- COL17 antibody followed 

by western blotting with indicated antibodies. (a) integrin-b1 (b) laminin-b3 
 
 

Fig. 3.23 COL17 depletion decreased laminin-b3 protein level. 
(a) Representative western blotting. The arrows show COL17 bands around 180, 120, and 97 
kDa. (b) Quantification of (a). The bars represent mean ± SEM. in 3 independent experiments. 
*P < 0.05 by Welch's t-test. 
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3-2-5 The high expression of integrin-β1 and ECM proteins positively correlates with the 
poor prognosis of various patients with SCC 

The relationship between gene expression and the overall survival of patients with 
SCC was examined based on the data of cervical, head-neck, and lung squamous cell carcinoma 
present in the Kaplan Meier-plotter [73]. Significant positive correlation between high gene 
expression and poor prognosis of the patients with SCC was found in cervical and lung SCC in 
ITGB1 (Fig. 3.24a), lung SCC in COL17A1 (Fig. 3.24b), cervical SCC in LAMA3 (Fig. 3.24c), 
and each SCC in LAMB3 (Fig. 3.24d). No significant negative correlation with the poor 
prognosis of SCC patients was found in the high expression of each gene. Therefore, the genes 
regulating contact following may contribute to SCC progression. 
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Fig. 3.24 The high expression of integrin-β1 and ECM proteins positively correlates with the 
poor prognosis in various patients with SCC. 
The high expression of ITGB1 (a), COL17A1 (b), LAMA3 (c), and LAMB3 (d) is correlated with 
a poor prognosis for some types of SCC. Kaplan–Meier survival curves show the probability of 
overall survival. Red lines indicate patients with high expression of the gene and black lines 
indicate patients with low expression of the gene.  
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3-3 Discussion 
In this study, we established a novel evaluation system for contact following in 

collective invasion. A431 cells showed two-dimensional collective movement in collagen gel 
overlay conditions. In addition, this system enabled the automatic tracking of cell movement, 
whereby contact following in collective invasion could be investigated. In the existing 
experimental system, cancer cells needed several days to invade collectively [71]. On the other 
hand, A431 cells invaded on a short time scale of a few hours in our experimental system. As a 
result, experimental tools acting immediately such as molecular inhibitors and siRNA are 
applicable. Furthermore, a new method was also developed to analyze contact following using 
the cosine function. When movement direction is measured using an angle, the measurement 
becomes a circular variable that ranges from 0 to 360°. Therefore, in contact following analysis, 
x and (360-x) degrees refer to the same direction. However, cosine functions determine the 
association of directions uniquely i.e., cos(x) = cos(360-x). Thus, cosine transformation does not 
require the circular statistics method to analyze contact following. 

The activity of integrin-b1 in the intercellular site was found to regulate contact 
following in the collective invasion of A431 cells. Moreover, this study shows that laminin-332, 

a ligand of integrin-b1, is expressed in the intercellular site and is required for contact following. 
Furthermore, COL17 levels modulate contact following via the regulation of laminin-332 levels. 

A previous study shows that integrin-b1 contributes to not only cell-matrix adhesion but also 
intercellular adhesion [74]. In addition, structural ECM such as fibronectin mediates intercellular 

adhesion by integrin-b1 in glioblastoma [75]. In A431 cells, laminin-332 exists in the intercellular 
site and is required for collectiveness. As laminin-332 is a major component of the basement 
membrane, it was considered that the basement membrane-like structural ECM consisting of 
laminin-332 exists in the intercellular site. However, it was not possible to observe a structural 
ECM in the intercellular site through electron microscopy. Intriguingly, laminin-332 promotes 
cancer progression as not only structural ECM but also autocrine soluble factor via binding to cell 
surface integrins [67]. Therefore laminin-332 is expected to act as a soluble factor in the 
intercellular site of A431 cells. 

COL17 is cleaved by proteases on the cell surface, whereby the extracellular domain is 
secreted into the surrounding ECM [76]. The extracellular cleavage of COL17 is required for 
correct cutaneous basement membrane formation by contributing to the stabilization of laminin-
332 [58]. Here we showed that the cleavage form of COL17 is secreted in A431 cells and COL17 

levels control laminin-b3 levels, which is a constituent of laminin-332. The data suggested that 
COL17 modulates the interaction between integrin-b1 and laminin-332 by regulating laminin-b3, 
whereby COL17 contributes to contact following (Fig. 3.25). 
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Taken together, here we suggest that the interaction of integrin-b1 and laminin-332 is a 
key regulator of contact following in the collective invasion of A431 cells. Therefore, it is possible 
that inhibition of this interaction may be an effective way to suppress collective invasion in cancer 
cells. 
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Fig. 3.25 A model of contact following in cancer collective invasion 
Integrin-β1, COL17, and laminin-332 are localized to the intercellular site of the cancer cell 
population with collective invasive potential. COL17 forms a complex with laminin-332 and 
contributes to laminin-332 stabilization. Laminin-332 activates integrin-β1, and active integrin-
β1 promotes contact following in the collective invasion of a cancer cell population. 
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Chapter 4 
 

Interferon-b in sealed intercellular spaces drives 

the collective invasion of skin squamous cell 

carcinoma via STAT1 activation 
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4-1 Introduction 
 
4-1-1 Interferons and STAT1 

Interferons are expressed in response to viral infection and classified as either Type-I or 
Type-II [77, 78]. Virus-infected cells undergo programmed cell death, represented by apoptosis, 
to prevent viral replication and dissemination. Interferons induce apoptosis via activation of 
caspases by cytochrome c released from mitochondria [79, 80]. Type-I interferons are subdivided 
into alpha, beta, delta, epsilon, kappa, tau, and omega [77, 78, 81]. These have considerable 
structural homology, and all binds a common cell-surface receptor, which is known as type-I 
interferon receptor (IFNAR) [35]. By contrast, interferon-gamma is only one Type-II interferon 
and binds a different cell-surface receptor, which is known as type-II interferon receptor [82]. 
Interferon-gamma is a basically different protein than the type-I interferons, but it was classified 
as an interferon family because it functions similarly to type-I interferons [78]. 

As described above, interferons are widely known to contribute to viral response by 
causing cell death of virus-infected cells. However, interferons also affect many other cellular 
functions, such as cell growth and resistance to cell deaths, in cancer [83, 84]. In addition, these 
functions of interferons are mainly mediated by signal transducer and activator of transcription 1 
(STAT1) (Fig.4.1) [35, 85]. STAT1 is a transcription factor that responds to interferons and is 
universally expressed in a variety of cell types, including cancer cells [86]. Phosphorylated STAT1 
is the active form to translocate to nucleus, and interferons promote phosphorylation of STAT1 
via dimerization of its receptors and activation of Janus kinase (JAK), an IFNAR-coupled kinase. 
STAT1 activation enhanced proliferation, invasiveness, and resistance to apoptosis in various 
cancer in vivo and in vitro [87, 88]. Furthermore, increased expression of STAT1 has been shown 
to be involved in resistance to radiotherapy in clinical practice [89]. The contribution of STAT1 
to cancer malignancy has been reported in previous studies; however, its role in collective 
invasion and collective metastasis remains unclear. 
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Fig. 4.1 General type-I interferon pathway through STAT1 activation. 

Type-I interferons (IFN-a/b) induce dimerization of IFNAR1 and IFNAR2, resulting 
autophosphorylation of JAK. JAK can activate STAT1, which binds to ISRE promoter region. 
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4-1-2 Cancer heterogeneity 

Recently, it has been reported that collective invasion occurs in a cancer cell cluster 
consisting of polyclonal cancer cells [26, 90, 91]. This leads to metastatic foci consisting of 
polyclonal cancer cells, causing heterogeneity of metastases (Fig.4.2) [26, 32, 90-92]. In targeted 
therapy, minority cancer cells that are not targeted by drugs can survive [93]. In addition, minority 
cancer cells support drug resistance and growth in dominant cancer cells [94]. Thus, the 
heterogeneity of cancer cells is associated with difficulties in targeted cancer therapy. Since 
collective invasion generates heterogeneity of metastases, inhibition of collective invasion is 
considered to improve cancer treatment. Attacking the cells that drive collective invasion in 
polyclonal cancer cells could achieve this inhibition; however, such cells are not well understood. 
Thus, we carried out subcloning of a cancer cell population to identify the cells responsible for 
collective invasion, and upregulated signaling pathways in these cells were investigated. 

 

Fig. 4.2 Heterogeneity of metastasis caused by collective invasion from primary tumor. 
Collective invasion leads to metastatic foci consisting polyclonal and heterogenous cancer cell 
population because primary tumor is also polyclonal and heterogenous. Therefore, appropriate 
target cells to inhibit collective invasion is unclear. 
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4-2 Results 
 
4-2-1 Establishment of A431 subclones with various invasiveness from A431 wild type cells 
consisted of heterogeneous cells. 
 Collective cancer cell invasion was evaluated using single cell-derived spheroid 
invasion assay in a collagen gel. To assess the invasive potential of each cell in a cancer cell line, 
cells were embedded in collagen gels at a low cell density (6 × 104 cells in 600 µL of collagen 
gel). In this experimental system, single cell-derived spheroids were formed by seeding cells at a 
low density, and the spheroids invaded the surrounding collagen gel. This invasive property of 
cells was used to assess the invasiveness of cancer cells. First, we examined the invasiveness of 
A431-wild type (WT) cells by culturing in this experimental system and found that A431-WT 
cells consisted of invasive and non-invasive cells (Fig. 4.3); invasive cell clusters formed invasive 
protrusions into the surrounding matrix, whereas non-invasive cell clusters showed a round-
shaped morphology without invasive protrusion, suggesting that A431-WT cells are a mixture of 
cells with various invasive potential. In addition, the invasive protrusion consisted of multiple 
cells, indicating that collective invasion occurred (Fig. 4.4). The Imaris software was used for 
three-dimensional image construction in order to calculate the sphericity of cell clusters based on 
their surface area and volume to quantify collective invasion (Fig. 4.4). When a cell cluster 
exhibits a round morphology without invasion, its sphericity value approaches 1 (Fig. 4.5). 
Conversely, when a cell cluster invades the surrounding matrix, the surface area of the cell cluster 
increases because of the bumpy surface; therefore, its sphericity approaches zero (Fig. 4.5). Thus, 
because sphericity and invasiveness are inversely correlated, we defined sphericity as an index of 
collective invasion. Since A431-WT cells are a mixture of heterogeneous cells, subcloning of 
A431-WT cells was performed to establish subclones with different invasive potentials using 
limited dilution method. We established a total of 20 subclones (A431-1 to A431-20) and assessed 
their sphericity as an indicator for invasiveness (Fig. 4.6). A431-3, 8, 12, 18, and 19 cells were 
omitted because they did not form a cell cluster (e.g., cell deaths or no cell-cell junction) that 
could be evaluated. From the data, we selected A431-6 as a high-invasive subclone and A431-7 
as a low-invasive subclone, which exhibited bumpy-shaped morphology with invasion and round-
shaped morphology without invasion, respectively (Fig. 4.7 and 4.8). We confirmed that the 
sphericity of A431-6 cell clusters was observed to be significantly lower than that of A431-7 cell 
clusters (Fig. 4.9). Furthermore, the volume of A431-6 cell clusters was significantly larger than 
that of A431-7 cell clusters, indicating that the proliferative capacity of A431-6 subclone was 
higher than that of A431-7 (Fig. 4.10). In addition, A431-6 and A431-7 subclones retained their 
differences in invasiveness, even after undergoing 13 passages each (Fig. 4.11). Taken together, 
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we succeeded in establishing subclones with different invasiveness and a novel and unique system 
for evaluating collective invasion by analyzing the sphericity of cell clusters. 
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Fig. 4.3 There are various invasive cell clusters in A431-WT cells 
Representative phase-contrast images of the invasive cell cluster (left) and low-invasive cell 
cluster (right) in A431-WT cells cultured in a three-dimensional collagen gel culture system; both 
were captured in the same field. The dotted lines show the contours of the cell clusters. Scale bars 
represent 100 μm. 
 
 
 

 
Fig. 4.4 Three-dimensional image construction of an invasive cell cluster. 
(a) F-actin staining of the invasive cell cluster in A431-WT cells cultured in three-dimensional 
collagen gel culture with XY, YZ, and XZ sectional views. Scale bar represents 25 μm. (b) Three- 
dimensional constructed image of (a) using the Imaris software. Scale bar represents 30 μm. 
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Fig. 4.5 Sphericity of A431-WT cell clusters. 
Three-dimensional constructed images of A431-WT cell clusters cultured in a three-dimensional 
collagen gel culture system. The values show the sphericity of each cell cluster. Scale bars 
represent 30 µm. 
 
 
 

 
Fig. 4.6 Sphericity of established A431 subclones. 
Sphericity of the cell clusters in each subclone. The dots show the mean with standard deviation 
(SD) for 10 clusters. 
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Fig. 4.7 Phase contrast images of A431 subclones 
Phase contrast images of the high-invasive A431-6 and low-invasive A431-7 subclones. Scale 
bars represent 200 μm. 
 
 
 

 
Fig. 4.8 The 3D image of A431-6 and A431-7 cell cluster. 
Representative three-dimensional constructed images of A431-6 and A431-7 cell clusters 
cultured in a three-dimensional collagen gel culture system. The sphericity of A431-6: 0.221 
and A431-7: 0.715. Scale bars represent 30 μm. 
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Fig. 4.9 Quantification of sphericity in A431-6 and A431-7 cell clusters. 
Lines show the mean with standard deviation (SD) for n = 19 (A431-6) and n = 19 (A431-7) 
clusters by two independent experiments. 
 
 
 

Fig. 4.10 Comparing the volume of sub-clonal cell clusters. 
Quantification of the cell cluster volume is shown. 1f. Lines show the mean with standard 
deviation (SD) for n=19 (A431-6) and n=20 (A431-7) clusters in two independent experiments. 
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Fig. 4.11 Sphericity of 13 passaged sub-clonal cell clusters. 
Sphericity of cell clusters in the A431-6 and A431-7 subclones after 13 passages. Lines show 
the mean with standard deviation (SD) for n=16 (A431-6) and n=20 clusters in two independent 
experiments. 
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4-2-2 STAT1 is necessary for collective invasion of high-invasive A431-6 cells. 
 Although A431-6 and A431-7 cells were established from the same parental cell line, 
their invasiveness were significantly different. Thus, we hypothesized that comparing the gene 
expression profiles of A431-6 and A431-7 cells would be effective for revealing the molecular 
mechanisms underlying the collective invasion of the cells. We then performed DNA microarray 
of GeneChip to identify the genes that are differentially expressed in A431-6 and A431-7 cells. 
DNA microarray analysis revealed that several genes induced by type I interferon, such as 
interferon-induced protein 44 like (IFI44L) and 2'-5'-oligoadenylate synthetase 2 (OAS2), were 
notably upregulated in A431-6 cells compared to those in A431-7 cells (Fig.4.12). In addition, we 
confirmed the reproducibility of the microarray results using quantitative PCR (qPCR) (Fig. 4.13). 
Gene set enrichment analysis (GSEA) revealed the enrichment of response to type-I interferon in 
A431-6 cells (Fig. 4.14). The data strongly suggest that the enhancement of the type-I interferon 
pathway directs collective invasion. 

Type-I interferon activates the Janus kinase (JAK)-STAT1 pathway by inducing 
dimerization of the type-I interferon receptor (IFNAR). STAT1 is phosphorylated by JAK and 
translocated to the nucleus, where it acts as a transcription factor 31, 32]. Since many genes 
regulated by STAT1 were highly expressed in A431-6 cells [95], we carried out western blotting 
to investigate the protein levels of total and phosphorylated STAT1 in each subclone. In A431-7 
cells, both STAT1 and phosphorylated STAT1 were detected at negligible levels, whereas A431-
6 cells had notable high expression levels (Fig. 4.15), suggesting that the differential activity of 
STAT1 generates differential gene expression between A431-6 and A431-7 cells. Next, we 
depleted STAT1 using siRNAs to investigate the role of STAT1 in collective invasion (Fig. 4.16). 
STAT1 depletion increased the sphericity of A431 cell clusters (Fig.4.17 and 4.18), which 
suppressed collective invasion. In addition, STAT1 depletion did not affect the volume of the cell 
clusters, indicating that STAT1 controls collective invasion without affecting cell proliferation 
(Fig. 4.19). Therefore, factors other than STAT1 might have caused a difference in the 
proliferative capacity between A431-6 and A431-7 cells. We also confirmed that STAT1 depletion 
suppressed the collective invasion of the parental A431-WT cells (Fig. 4.20). These findings 
indicate that STAT1 plays a crucial role in the collective invasion of high-invasive A431-6 and 
A431-WT cells. 
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Fig. 4.12 Up-regulated genes in A431-6 subclone comparing to A431-7 subclone. 
The DNA microarray result comparing the A431-6 and A431-7 subclones. Genes with more than 
a 4-fold increase in A431-6 are shown. 
 
 
 

Fig. 4.13 Confirming reproducibility of DNA microarray using RT-qPCR. 
RT-qPCR results of the type-I interferon pathway-related genes (OAS; 2'-5'-oligoadenylate 
synthetase, IFI6; interferon alpha inducible protein 6, IFI44L; interferon-induced protein 44 like) 
in the A431-6 and A431-7 subclones. Bars represent the mean ± SEM. in five independent 
experiments. 
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Fig. 4.14 GSEA using the results of DNA microarray. 
GSEA showing increased response to type-I interferon in A431-6 cells. 
 
 
 

Fig. 4.15 Western blotting for pSTAT1 and STAT1 in A431 subclones. 

Western blotting images for pSTAT1 (Y701), pSTAT1 (S727), STAT1, and b-actin in A431-6 and 
A431-7 cells. 
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Fig. 4.16 Western blotting for pSTAT1 and STAT1 to confirm STAT1 knockdown. 
Western blotting results to validate the knockdown efficiency in siSTAT1#1 or siSTAT1#2-treated 
A431-6 cells. 
 
 
 

Fig. 4.17 STAT1 depletion suppressed collective invasion of A431-6 cell cluster. 
Representative three-dimensional constructed images of siControl-, siSTAT1 #1- or STAT1 #2-
treated A431-6 cell clusters cultured in a three-dimensional collagen gel culture system. The 
sphericity of siControl: 0.263, siSTAT1#1: 0.638, and siSTAT1#2: 0.633. Scale bars represent 30 
μm. 
  



 68 

 

Fig. 4.18 Sphericity of siSTAT1-transfected A431-6 cell cluster. 
Quantification of sphericity in Fig. 4.17. Lines show the mean with SD for n = 20 (siControl), n 
= 18 (siSTAT1#1), and n = 20 (siSTAT1#2) clusters by two independent experiments. 
 
 
 

Fig. 4.19 STAT1 depletion was not involved in the volume of cell clusters. 
Quantification of the cell cluster volume is shown in Fig. 4.17. Lines show the mean with standard 
deviation (SD) for n=20 (siControl), n=18 (siSTAT1#1), and n=20 (siSTAT1#2) clusters in two 
independent experiments. 
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Fig. 4.20 Sphericity of siSTAT1-transfected A431-WT cell cluster. 
The sphericity of siControl-, siSTAT1 #1-, or STAT1 #2-treated A431-WT cell clusters were 
cultured in a three-dimensional collagen gel culture system. Lines show the mean with SD for 
n=22 (siControl), n=16 (siSTAT1#1), and n=22 (siSTAT1#2) clusters in two independent 
experiments. 
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4-2-3 JAK and IFNAR are upstream molecules responsible for STAT1 activity, contributing 
to collective invasion. 
 In the type-I interferon pathway, JAK1 is a representative kinase that phosphorylates 
STAT1 [85]. Because there are notable differences in the phosphorylation of STAT1 between 
A431-6 and A431-7 cells, western blotting of phosphorylated JAK1 was performed in each 
subclone. As expected, phosphorylated JAK1 in A431-6 cells was significantly higher than that 
in A431-7 cells (Fig. 4.21). A431-6 cells were treated with JAK inhibitor I, an inhibitor of all 
JAKs (JAK1, JAK2, JAK3, and TYK2, at IC50 (15 nM)) to investigate the contribution of JAKs 
to phosphorylation of STAT1. Since JAK inhibitor I significantly depleted phosphorylated STAT1 
in A431-6 cells (Fig. 4.22), it is conceivable that STAT1 is phosphorylated in a JAK-dependent 
manner. Subsequently, we examined the influence of JAK inhibition on the collective invasion of 
the A431-6 cell clusters. JAK inhibitor I treatment in A431-6 cells significantly increased 
sphericity, that is, decreased the collective invasion potential (Fig. 4.23 and 4.24). These data 
demonstrate that JAK plays an important role in the collective invasion of A431-6 cell clusters 
by modulating STAT1 activity. 

IFNAR, a representative type-I interferon receptor, is a heterodimer consisting of 
IFNAR1 and IFNAR2 32]. JAK is coupled to IFNARs and transmits signals from the ligand of 
IFNAR to STAT1 31, 32]. Next, we examined whether IFNAR depletion suppressed the 
phosphorylation of STAT1 and collective invasion in A431-6 cells (Fig. 4.25). The depletion of 
IFNAR1 and IFNAR2 by siRNA significantly decreased the amount of phosphorylated STAT1 
(Fig. 4.26). Moreover, the sphericity of A431-6 cell clusters was notably increased by siRNA 
treatment (Fig.4.27 and 4.28). These findings demonstrate that the expression of IFNAR1 and 
IFNAR2 is required for the phosphorylation of STAT1 and collective invasion in A431-6 cell 
clusters. These data suggest that type-I interferon modulates STAT1 activity through both JAK 
and IFNAR. 
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Fig. 4.21 Western blotting for pJAK1 in A431 subclones. 
(a) Representative western blotting images for pJAK1 and β-actin in A431-6 and A431-7 cells. 
(b) Quantification of (a). Bars represent the mean ± standard error of the mean (SEM) of three 
independent experiments. 
 
 
 

Fig. 4.22 Western blotting to assess the influence of JAK inhibition on pSTAT1. 
(a) Representative western blotting images for pSTAT1 (Y701), STAT1, and β-actin in DMSO or 
JAK inhibitor I (15 nM)-treated A431-6 cells. (b) Quantification of (a). Bars represent the mean 
± standard error of the mean (SEM) of three independent experiments. 
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Fig. 4.23 JAK inhibition suppressed collective invasion of A431-6 cell cluster. 
Representative three-dimensional constructed images of DMSO or JAK inhibitor I (15 nM)-
treated A431-6 cell clusters cultured in a three-dimensional collagen gel culture system. The 
sphericity of DMSO: 0.247, JAK inhibitor I: 0.671. Scale bars represent 30 µm. 
 
 
 

Fig. 4.24 Sphericity of JAK-inhibited A431-6 cell cluster. 
Quantification of sphericity in Fig. 4.23. Lines show the mean with SD for n = 17 (DMSO) and 
n = 16 (JAK inhibitor I) clusters by two independent experiments. 
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Fig. 4.25 RT-qPCR to confirm knockdown efficiency. 
PCR results to validate the knockdown efficiency in siIFNAR1- or siIFNAR2-treated A431-6 
cells. Bars represent mean ± SEM. in three independent experiments. 
 
 
 

 
Fig. 4.26 IFNAR depletion suppressed phosphorylation of STAT1. 
Representative western blotting images for pSTAT1 (Y701), STAT1, and β-actin in siControl-, 
siIFNAR1-, or siIFNAR2- treated A431-6 cells. h Quantification of protein bands in (f). Bars 
represent the mean ± SEM of four independent experiments 
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Fig. 4.27 IFNAR depletion suppressed collective invasion of A431-6 cell cluster. 
Representative three-dimensional constructed images of siControl, siIFNAR1, or siIFNAR2-
treated A431-6 cell clusters cultured a in three-dimensional collagen gel culture system. The 
sphericity of siControl: 0.176, siIFNAR1: 0.688, and siIFNAR2: 0.712. Scale bars represent 30 
μm. 
 
 
 

 
Fig. 4.28 Sphericity of siIFNAR transfected A431-6 cell cluster. 
Quantification of sphericity in Fig. 4.27. Lines show the mean with SD for n = 22 (siControl), n 
= 20 (siIFNAR1), and n = 23 (siIFNAR2) clusters by two independent experiments. 
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4-2-4 Interferon-b contributes to the collective invasion of cancer cells with sealed 
intercellular spaces 
 Type-I interferons include interferon-a (IFNA) and interferon-b (IFNB), and both can 
interact with IFNAR [35]. To investigate the function of IFNA in A431-6 cells, IFN alpha-
IFNAR-IN-1, a low-molecular-weight inhibitor of the IFNA and IFNAR interaction, was added 
to A431-6 cells. IFN alpha-IFNAR-IN-1 treatment did not affect the phosphorylation of STAT1 
in A431-6 cells (Fig. 4.29). Subsequently, IFNB expression was depleted by siRNA in A431-6 
cells to investigate the role of IFNB in phosphorylation of STAT1 (Fig. 4.30). Phosphorylated 
STAT1 was significantly decreased (Fig. 4.31) and the sphericity was increased; that is, collective 
invasion was suppressed by IFNB depletion (Fig. 4.32 and 4.33). These data indicate that IFNB, 
but not IFNA, promotes collective invasion through the activation of STAT1 in A431-6 cell 
clusters. 

To assess how IFNB contributes to phosphorylated STAT1 and collective invasion, we 
performed immunofluorescence staining for IFNB. IFNB immunoreactivity was localized to the 
intercellular sites in A431-6 cell clusters, whereas there were no obvious immunoreactivities in 
the intercellular sites in A431-7 cell clusters (Fig. 4.34). There was no significant difference 
between A431-6 and A431-7 cells in the intensity of IFNB immunoreactivity on the surface of 
cell clusters. The mRNA levels of IFNB and its receptors were higher in A431-7 cells than in 
A431-6 cells (Fig. 4.35). Enzyme-linked immunosorbent assay (ELISA) results also showed that 
the culture supernatant of A431-7 cells had a higher IFNB concentration than that of A431-6 cells 
(Fig. 4.36). Furthermore, treatment with recombinant human IFNB to A431-7 cell clusters did not 
affect the sphericity and collective invasion (Fig. 4.37). When IFNB neutralizing antibody was 
added to inhibit the activity of extracellular IFNB, there was no change in the invasive ability of 
A431-6 cell clusters (Fig. 4.38). In addition, we confirmed that its receptor, IFNAR2, is expressed 
in the intercellular site of the A431-6 cell cluster (Fig. 4.39). These data suggest that intercellular 
IFNB, but not extracellular IFNB, is required for collective invasion. 

Recent research has shown that the sealed intercellular structure enhances the 
accumulation of soluble factors such as epidermal growth factor receptor (EGFR) ligands at 
intercellular sites, whereby triple-negative breast cancer becomes malignant [96]. Transmission 
electron microscopy (TEM) was carried out to investigate the ultrastructural difference, especially 
intercellular structures, between A431-6 and A431-7 cell clusters. We found that the edges of 
A431-6 cell clusters were sealed, whereas those of the A431-7 cell clusters were not sealed (Fig. 
4.40), although intercellular junctions were well-developed in A431-7 cell clusters but not in 
A431-6 cell clusters. Furthermore, the intercellular spaces of the A431-7 cell clusters were 
notably wider than those of the A431-6 cell clusters (Fig. 4.41). Next, immunoelectron 
microscopy was carried out to investigate the localization of IFNB in detail. As a result, 
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immunolabeling of IFNBs adhering to the cell bodies in the intercellular spaces of A431-6 cells 
was performed (Fig. 4.42). The cells were then treated with ethylene glycol tetraacetic acid 
(EGTA), a calcium-selective chelator, to open the sealed intercellular structure. 5mM of EGTA 
disrupted intercellular adhesion, whereas 1 mM loosened intercellular adhesion. In both cases, 
intercellular IFNB was not detected by immunofluorescent staining (Fig. 4.43). Since cells 
retained a cell cluster morphology in 1 mM EGTA, sphericity was measured and was significantly 
higher than that of non-treated cells (Fig. 4.44). It is possible that the sealed edge of the 
intercellular spaces prevents secreted INFB from leaking out of A431-6 cell clusters. Collectively, 
these data suggest that the sealed and narrow intercellular spaces in A431-6 cell clusters contribute 
to the IFNB-induced increase in phosphorylation of STAT1 and elevated collective invasiveness. 
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Fig. 4.29 Western blotting to assess the influence of IFN-a inhibition on pSTAT1 
Representative western blotting images for pSTAT1 (Y701), STAT1, and b-actin in DMSO, 2 
µM- or 4 µM-IFN alpha-IFNAR-IN-1-treated A431-6 cells. Bars represent mean ± SEM. in 
three independent experiments. 
 
 
 

 
Fig. 4.30 RT-qPCR to confirm knockdown efficiency. 
PCR results to validate the knockdown efficiency in siIFNB1-treated A431-6 cells. Bars represent 
mean ± SEM. in three independent experiments. 
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Fig. 4.31 IFNAR depletion suppressed phosphorylation of STAT1. 
(a) Representative western blotting images for pSTAT1 (Y701), STAT1, and β-actin in siControl- 
or siIFNB1 -treated A431-6 cells. (b) Quantification of protein bands in (a). Bars represent the 
mean±SEM of three independent experiments. 
 
 
 

 
Fig. 4.32 IFNB1 depletion suppressed collective invasion of A431-6 cell cluster. 
Representative three-dimensional constructed images of siControl- or siIFNB1-treated A431-6 
cell clusters cultured in a three-dimensional collagen gel culture system. The sphericity of 
siControl: 0.147 and siIFNB1: 0.558. Scale bars represent 30 μm. 
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Fig. 4.33 Sphericity of siIFNB1 transfected A431-6 cell cluster. 
Quantification of sphericity in Fig. 4.32. Lines show the mean with SD for n = 23 (siControl) and 
n = 24 (siIFNB1) clusters by two independent experiments. 
 

 
Fig. 4.34 IFNB was localized to intercellular sites in A431-6 cell cluters. 
Immunofluorescence images for interferon-β (INFB; green) with F-actin (magenta) and nucleus 
(blue) in A431-6 and A431-7 cell clusters in a three-dimensional collagen gel culture system. 
Arrowheads show immunoreactivity for IFNB in the intercellular spaces. Scale bars represent 25 
μm. 
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Fig. 4.35 Comparing IFNB1 and its receptors expression in subclones using RT-qPCR. 
RT-qPCR results of IFNB1, IFNAR1, and IFNAR2 in A431-6 and A431-7 subclones. Bars 
represent mean ± SEM. in three independent experiments. 
 
 
 

 
Fig. 4.36 IFNB in supernatant of A431-7 was enriched more than that of A431-6. 
Measurement of IFNB concentration in culture supernatants of A431-6 and A431-7 cells by 
ELISA. Bars represent the mean ± SEM in three independent experiments. 
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Fig. 4.37 Additional extracellular IFNB did not affect sphericity. 
The sphericity of 20 or 2000 pg/mL IFNB-treated A431-7 cell clusters was evaluated in a three-
dimensional collagen gel culture system. Lines show the mean with SD for n=24 (PBS), n=21 (20 
pg/mL), and n=17 (2000 pg/mL) clusters in two independent experiments. 
 
 
 

 
Fig. 4.38 Neutralization of extracellular IFNB did not change sphericity. 
The sphericity of 10 ng/mL IFNB neutralization antibody-treated A431-6 cell clusters cultured 
in a three-dimensional collagen gel culture system. Lines show the mean with SD in n=18 
(control IgG) and n=18 (anti-IFNB) clusters from two independent experiments. 
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Fig. 4.39 IFNAR2 was localized to intercellular sites. 
Immunofluorescence images of interferon receptor (IFNAR2; green) with F-actin (magenta) and 
nucleus (blue) in A431-6 cell clusters in a three-dimensional collagen gel culture system. 
Arrowheads show immunoreactivity for IFNB in intercellular spaces. Scale bars represent 20 µm. 
 
 
 

 
Fig. 4.40 Transmission electron microscopy of A431-6 and A431-7 cell clusters 
The regions surrounded by the white dotted squares are magnified on the right. The arrow shows 
the sealed edge of the intercellular space. Arrowheads show intercellular junctions. Scale bars 
represent 3 μm. 
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Fig. 4.41 A431-7 cell clusters had wider intercellular distance. 
Quantification of intercellular distances in Fig. 4.40. Lines show the mean with SD in five 
clusters. 
 
 
 

 
Fig. 4.42 IFNB was localized to sealed intercellular spaces in A431-6 cell clusters. 
Immunoelectron microscopy of IFNB. Black particles show localization of IFNB. Scale bars 500 
nm. 
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Fig. 4.43 EGTA suppressed intercellular adhesion and localization of IFNB in intercellular 
sites. 
Immunofluorescence images of IFNB (green) with F-actin (magenta) and nucleus (blue) in 1 or 
5 mM EGTA-treated A431-6 cell clusters in a three-dimensional collagen gel culture system. 
Arrowheads show immunoreactivity for IFNB in intercellular spaces. Scale bars represent 25 µm. 
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Fig. 4.44 EGTA increased sphericity of A431-6 cell clusters. 
The sphericity of 1 mM EGTA-treated A431-6 cell clusters cultured in a three-dimensional 
collagen gel culture system. Lines show the mean with SD for n=16 (Non-treated) and n=17 (1 
mM EGTA) clusters by two independent experiments. 
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4-2-5 Depletion of keratin (KRT) leads the formation of sealed and narrow intercellular 
structure and STAT1 activation. 
 Next, we focused on the upregulated genes in A431-7 cells compared to those in A431-
6 cells, which may be related to their low-invasive potential. Microarray results showed that 
keratin genes, such as KRT1, KRT10, and KRT14 were notably upregulated in A431-7 cells (Fig. 
4.45). GSEA also showed the enrichment of keratinization in A431-7 cells (Fig. 4.46). We 
confirmed the reproducibility of the microarray results using qPCR (Fig. 4.47). Keratin filament, 
a typical cytoskeletal component in squamous epithelial cells, is involved in the formation of 
intercellular adhesions such as desmosomes [97]. We assumed that upregulated keratin genes in 
A431-7 cells influenced the morphology of the intercellular structure; thus, depletion of keratin 
genes using siRNAs were performed (Fig. 4.48). Interestingly, KRT1-depleted A431-7 cell 
clusters possessed narrow intercellular spaces, and the edges of the cell cluster were sealed like 
those of A431-6 cell clusters (Fig. 4.49). Furthermore, the quantitative analysis on cell-cell 
distance demonstrated that the intercellular spaces of KRT1-depleted A431-7 cell clusters were 
significantly narrower than those of control A431-7 cell clusters (Fig. 4.50). In addition, the 
phosphorylation of STAT1 and the total amount of STAT1 proteins were significantly increased 
by the depletion of keratin genes, especially KRT1 and KRT10 (Fig. 4.51). In summary, we 
revealed that keratin genes are involved in the formation of wider and open intercellular spaces 
of A431-7 cell clusters, and the depletion of keratin genes promotes sealed intercellular structure 
generation and subsequent STAT1 phosphorylation. 
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Fig. 4.45 Up-regulated genes in A431-7 subclone comparing to A431-6 subclone. 
The DNA microarray result comparing the A431-6 and A431-7 subclones. Genes with more than 
a 4-fold increase in A431-7 are shown. 
 
 
 

 
Fig. 4.46 GSEA using the results of DNA microarray. 
GSEA showing keratinization in A431-7 cells. 
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Fig. 4.47 Confirming reproducibility of DNA microarray using RT-qPCR. 
RT-qPCR results of KRT1, KRT10 and KRT14 in A431-6 and A431-7 subclones. Bars represent 
mean ± SEM. in three independent experiments. 
 
 
 

 
Fig. 4.48 RT-qPCR to confirm the efficiency of siRNAs. 
RT-qPCR results to validate the knockdown efficiency in siKRT1-, siKRT10-, or siKRT14-
treated A431-7 cells. Bars represent mean ± SEM. in three independent experiments. 
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Fig. 4.49 KRT1 depletion induced formation of the sealed intercellular structure. 
Representative transmission electron microscopic images of siControl- or siKRT1-treated A431-
7 cell clusters cultured in a three-dimensional collagen gel culture system. The regions surrounded 
by white dotted squares are magnified on the right. The arrow indicates the sealed edge of the 
intercellular space. Arrowheads show intercellular junctions. Scale bars represent 3 µm. 
 
 
 

 
Fig. 4.50 KRT1 depletion made intercellular distance narrower. 
Quantification of intercellular distances in Fig.4.49. Lines show the mean with SD in >5 clusters 
by two independent experiments. 
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Fig. 4.51 Up-regulated genes in A431-7 subclone comparing to A431-6 subclone. 

(a) Representative western blotting images for pSTAT1 (Y701), STAT1, and b-actin in siControl-, 
siKRT1-, siKRT10-, or siKRT14-treated A431-7 cells. (b) Quantification of protein bands in (a). 
Bars represent mean ± SEM. in three independent experiments. 
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4-2-6 Direct contact with high-invasive subclone drives invasion of low-invasive subclone. 
 Several studies have shown that high-invasive cancer cells drive the invasion of low-
invasive cancer cells through both direct and non-direct interactions [92, 98, 99]. Because an 
investigation on the interaction between phenotypically different cells is important for 
understanding collective invasion by polyclonal cancer cells, co-culture experiments with high-
invasive A431-6 and low-invasive A431-7 sub-clonal cells were performed. First, we developed 
A431-6-scarlet-histone H2B (6-scarlet) and A431-7-emerald-histone-H2B (7-emerald) cells to 
distinguish the subclones in the co-culture environment. There was no significant change in 
invasive potential by histone modification: 6-scarlet cell clusters with low sphericity scores 
invaded the surrounding matrix, while 7-emerald cell clusters with high sphericity scores did not 
(Fig. 4.52). Subsequently, we examined whether non-direct or direct interaction of subclones 
influences their collective invasion potential. To investigate the effect of non-direct interaction, 
both 6-scarlet and 7-emerald cells were seeded together in a collagen gel, where each subclone 
formed independent cell clusters (Fig. 4.52). There was no significant influence of the non-direct 
contact co-cultures (Fig. 4.52 and 4.53): 6-scarlet cell clusters showed high invasive potential, 
whereas the invasiveness of 7-emerald cell clusters did not change. Next, we performed co-culture 
with direct contact to investigate the effects of cell-cell contact between the subclones with 
different invasiveness (Fig. 4.54). To achieve this, mixed spheroids of 6-scarlet and 7-emerald 
cells were prepared using the hanging drop method and cultured in a collagen gel until collective 
invasion was observed. Intriguingly, 7-emerald cells were included in the collective invasion 
chain mainly consisting of 6-scarlet cells, and polyclonal collective invasion was observed (Fig. 
4.54). In addition, time-lapse imaging demonstrated that 6-scarlet cells were located at the 
invasive front of the collective invasion, and 7-emerald cells appeared to follow it (Fig. 4.55). 
Furthermore, immunofluorescent staining clarified that the nuclear localization of STAT1 was 
notably enhanced in the cells, leading to collective invasion of 6-scarlet and 7-emerald (Fig. 4.56). 
We then prepared mixed spheroids of IFNB-knockdown and non-treated A431-6 cells to 
investigate whether the collective invasion chain contained IFNB-knockdown cells. To 
distinguish knockdown cells from non-treated cells, 6-scarlet cells were transfected with IFNB 
siRNA and mixed with A431-6 cells without the fluorescent tag. As a result, the collective 
invasion chain contained INFB knockdown cells surrounded by non-treated cells (Fig. 4.57). 
These data suggest that direct interaction of the low-invasive sub-clonal cells and high-invasive 
sub-clonal cells drives polyclonal collective invasion, where high-invasive sub-clonal cells lead 
to low-invasive sub-clonal cells. 
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Fig. 4.52 Co-culture of 6-scarlet and 7-emerald with indirect contact. 
(a) Schematic illustration of the culture of A431-6 cells expressing scarlet-histone H2B (6-scarlet, 
red) and A431-7 cells expressing emerald-histone H2B (7-emerald, green) cell clusters. (b) 
Representative three-dimensional constructed images of (a). 6-scarlet and 7-emerald cell clusters 
were cultured in a three-dimensional collagen gel culture system. The sphericity of 6-scarlet: 
0.099 and 7-emerald: 0.596. Scale bars represent 30 μm. (c) Schematic illustration of the 
experiment culturing 6-scarlet and 7-emerald cell clusters with non-direct contact. (d) 
Representative three-dimensional constructed images of (c). 6-scarlet and 7-emerald cell clusters 
were cultured in a three-dimensional collagen gel culture system. The sphericity of 6-scarlet: 
0.137 and 7-emerald: 0.604. Scale bars represent 30 μm. 
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Fig. 4.53 Indirect contact did not affect invasiveness. 
Quantification of sphericity in (Fig. 4.52). Lines show the mean with SD in >16 clusters by two 
independent experiments. 
 
 
 

 
Fig. 4.54 Direct contact drives the invasion of A431-7 cells. 
(a) Schematic illustration of the experiment with mixed spheroids of 6-scarlet and 7-emerald cells 
in direct contact. (b) Representative images of a mixed spheroid consisting of 6-scarlet (magenta) 
and 7-emerald (green) cells cultured in a collagen gel. Arrowheads show invading sub-clonal cells. 
The merged image is shown by F-actin (blue). Scale bars represent 30 μm. 
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Fig. 4.55 6-scarlet cells were located at the invasive front and lead the invasion of 7-emerald. 
Time-lapse imaging of a mixed spheroid consisting of 6-scarlet (magenta) and 7-emerald (green) 
cells cultured in a collagen gel. Arrowheads show 6-scarlet cells leading to polyclonal collective 
invasion. Scale bars represent 100 μm. 
 
 
 

 
Fig. 4.56 STAT1 was highly expressed at the invasive front in direct contact culture. 
Immunofluorescence images for STAT1 (blue) with F-actin (gray) in a mixed spheroid consisting 
of 6-scarlet (magenta) and 7-emerald (green) cells cultured in a collagen gel. Scale bars represent 
25 µm. 
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Fig. 4.57 IFNB knockdown cells were included in invasive protrusion. 
The images showing the collective invasion of A431-6 cell cluster containing IFNB1-knockdown 
cells (6-scarlet-siIFNB, magenta). The region surrounded by red squares was enlarged in the right. 
Arrowheads show IFNB-knockdown cell in invasive protrusion. Blue: nucleus, Green: F-actin. 
Scale bar represents 30 µm. 
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4-2-7 STAT1 is highly expressed at the invasive front of human skin SCCs. 
 Finally, immunohistochemistry for STAT1 was performed on 76 samples of skin SCC 
patients and four samples of normal skin tissue in the human tissue microarray of skin SCCs. The 
results were independently assessed by two pathologists. Immunohistochemistry showed that 53 
of 76 SCCs (69.7%) were STAT1-positive (Fig. 4.58). Furthermore, the enrichment of STAT1 at 
the invasive front was observed in 29 of 76 SCCs (38.2%) (Fig. 4.58). As mentioned in Fig. 4.58, 
STAT1 was highly expressed and significantly localized to the nucleus in SCC cells adjacent to 
the stroma, specifically, cells at the invasive front (Fig. 4.59). At this time, STAT1 staining was 
negative in all normal tissues (Fig. 4.59). Furthermore, enrichment of STAT1 expression in the 
nuclei of cancer cells located at the edges of cancer cell nests was also observed in some cases of 
human SCC in situ (Bowen's disease), supporting the notion that STAT1 expression may be a 
prerequisite for initiating or promoting the collective invasion of cancer cells (Fig. 4.60). Taken 
together, these data suggest that STAT1-high expressing cells drive polyclonal collective invasion 
by leading STAT1-low expressing cells in SCC patients. 
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Fig. 4.58 Histological analysis on STAT1 using tissue microarray of skin SCC. 
The pie charts and tables show the percentage and number of STAT1 positive skin squamous cell 
carcinoma (SCC) in human tissue microarray (left) and those of SCC with enriched STAT1 at the 
invasive front (right), respectively. The results were independently assessed by two pathologists. 
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Fig. 4.59 STAT1 was enriched at invasive fronts of skin SCCs. 
Representative images showing enrichment of STAT1 in the invasive front of SCC. Arrowheads 
indicate high STAT1 expression in leading cancer cells at the invasive fronts of SCC cancer cell 
groups. The regions surrounded by squares were magnified. The scale bars represent 50 μm. 
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Fig. 4.60 STAT1 staining for Bowen’s disease. 
Representative images of immunohistochemistry for STAT1 in human SCC in situ (Bowen's 
disease). Carcinoma and adjacent tissue are a pair of the same specimens. The scale bars represent 
50 µm. 
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4-3 Discussion 
 This study demonstrates that the interferon-b/STAT1 axis drives the collective invasion 
of cancer cells with sealed intercellular spaces (Fig. 4.61), and that STAT1-activated cells drive 
polyclonal collective invasion by leading STAT1 deficient cells (Fig. 4.62). A schematic 
illustration of the results of the present study is shown in Fig. 4.61 and 4.62. We found that the 
high-invasive cell cluster has a hermitically sealed and narrow intercellular space, while low-
invasive cell cluster has a non-sealed and wide intercellular space. INFB is expressed in the sealed 
intercellular spaces of high-invasive cell clusters and promotes phosphorylation of STAT1 and 
collective invasion through the IFNAR and JAK pathways. Co-culture experiments with a mixed 
spheroid of subclones, where high-invasive cells and low-invasive cells directly contact each 
other, showed that high-invasive sub-clonal cells drive polyclonal collective invasion by leading 
low-invasive sub-clonal cells. Furthermore, immunohistochemical analysis of tissue microarray 
revealed the enrichment of STAT1 at the invasive front of human skin SCCs.  

We succeeded in establishing subclones with high- or low- invasive potentials from 
A431 SCC cell line consisting of polyclonal cells with heterogeneous invasiveness and developed 
a novel unique evaluation system based on the morphology of whole cell clusters. In conventional 
experimental systems, it is difficult to visualize whole cell clusters by embedding artificially 
prepared spheroids into the extracellular matrix because of the size of the spheroid. In contrast, 
our experimental system can assess the behavior of <100 cell clusters; therefore, we were able to 
evaluate the morphology of the whole cell cluster. By analyzing the sphericity of the cell cluster, 
we could evaluate the invasive potential of each cell cluster. However, there is a problem with 
this experimental system: the sphericity varies even without invasion. For instance, even if the 
surface of the cell cluster is bumpy without invasion, the sphericity will decrease. Therefore, since 
sphericity acts only as an index, it is necessary to determine whether invasion actually occurs 
from the original data. 

By comparing gene expression profiles between high- and low invasive subclones 
through DNA microarray, we determined that the activity of STAT1 drives collective invasion. 
Previous studies have reported that STAT1 contributes to migration and invasion in a variety of 
cancer cells [87, 88, 100, 101]. One study showed that STAT1 modulates the binding of cells to 
fibronectin by forming a complex with focal adhesion kinase (FAK) in focal adhesion; moreover, 

it enhances cell migration [101]. Previously, we reported that integrin-b1, a major regulator of 
FAK, plays a crucial role in the two-dimensional collective invasion of parental A431 cells [102]. 
These findings suggest that STAT1 contributes to collective invasion by modulating the functions 

of integrin-b1 and FAK. 
We found that cell clusters of high-invasive sub-clonal cells have sealed and narrow 

intercellular spaces where INFB is expressed. A recent study reported that the accumulation of 
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soluble factors, such as EGFR ligand, in the sealed intercellular spaces defined as “nanolumina” 
contributes to metastasis of triple-negative breast cancer [96]. The clusters of high-invasive 
subclone have hermetically sealed intercellular structures that resemble “nanolumina”, and 
localized INFB elevates collective invasion via STAT1 phosphorylation. Furthermore, this study 
identified KRT1 as one of the factors that negatively regulates “nanolumina”-like structure. 
Intriguingly, well-developed intercellular junctions were found in the low-invasive subclone with 
non-sealed and wider intercellular spaces, rather than in the high-invasive subclone. DNA 
microarray results also showed that the expression of genes involved in intercellular junctions 
(e.g., DSG1, desmoglein 1, GJA1, gap junction protein alpha 1) was higher in A431-7 than in 
A431-6. These data suggest that the sealed intercellular structures and the width of intercellular 
spaces in cell clusters are independent of intercellular junctions. In normal keratinized squamous 
epithelial tissue of the skin, there are wide spaces between the cells, which are connected by 
intercellular bridges [103]. Even in well-differentiated squamous cell carcinomas with high 
keratin expression, intercellular bridges and wide intercellular spaces exist between cells [104]. 
The A431-7 subclone, with wide and unsealed intercellular spaces, had higher keratin expression 
than the A431-6 subclone, with narrow and sealed intercellular spaces. It is possible that a 
decrease in keratin expression, that is, the transition from a highly differentiated to a poorly 
differentiated form, results in narrower and sealed intercellular spaces. 

An intercellular structure similar to “nanolumina” has been observed not only in the 
collective cancer invasion but also in collective migration during epithelial morphogenesis [105]. 
Thus, “nanolumina”-like structures are considered a universal phenomenon in diverse cell types; 
however, its biological significance has yet to be fully evaluated. This study demonstrated the 
significance of the sealed intercellular structure like “nanolumina” in collective invasion of cancer 
cells and is expected to accelerate future research about sealed intercellular structures. 

We determined that the high-invasive subclone with high STAT1 activity was located at 
the invasive front of the invasive protrusion, resulting in collective invasion with the low-invasive 
subclone. Leader cells are located at the invasive front of the cell population and promote 
polyclonal collective invasion by leading low-invasive cells called follower cells [50, 99, 106, 
107]. Our data indicate that cancer cells with high STAT1 activity act as leader cells during 
polyclonal collective invasion. In addition, previous studies have shown that enhanced fibronectin 
production in leader cells modulates the capacity to lead follower cells in polyclonal collective 
invasion [106, 107]. In the present study, DNA microarray analysis revealed that the amount of 
fibronectin-coding mRNA was increased approximately 3-fold in the A431-6 cells compared to 
that in the A431-7 cells. This supports the hypothesis that A431-6 cells with high STAT1 activity 
play the role of leader cells. Furthermore, the analysis on the tissue microarray of skin SCC 
specimens revealed that STAT1 is notably expressed in the invasive front of SCCs, suggesting 
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that STAT1 also works in leader cells in vivo to drive polyclonal collective invasion. However, 
the percentage of STAT1 enrichment cells at the invasive front of skin SCC was 38.2% (29/76), 
and there were STAT1-negative SCCs and STAT1-positive SCCs without enrichment of STAT1 
at the invasive front. Integrin-b1, previously mentioned in relation to STAT1, has also been 
reported to be enriched at the invasive front in skin SCC, and the percentage of integrin-b1 
enrichment at the invasive front was 65% (8/13) [50]. Namely, it has been suggested that the 
enrichment of STAT1 at the invasive front is not remarkably higher than that of representative 
molecules such as integrin-b1. Thus, further investigations are needed to clarify whether STAT1 
could be a therapeutic target for skin SCC. The findings of this study demonstrate that the 
INFB/STAT1 axis promotes the collective invasion of cancer cells with sealed intercellular spaces. 
Furthermore, it has been suggested that cancer cells with STAT1 activation act as leader cells to 
drive the polyclonal collective invasion of skin SCC. 
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Fig. 4.61 A sealed intercellular structure promotes collective invasion by localizing IFNB to 
intercellular spaces. 

Interferon-b (IFNB) is localized to a sealed intercellular structure and promotes collective 
invasion via activation of the type-I interferon receptor (IFNAR), Janus kinase (JAK), and signal 
transducer and activator of transcription 1 (STAT1) in the high-invasive cell clusters (left), 
whereas low-invasive cell clusters with high keratin expression possess non-sealed wider 
intercellular spaces, showing low STAT1 activity (right). 
 

 
Fig. 4.62 STAT1 activated cells are located at the invasive front and drives collective invasion. 
STAT1 activated cell are located at the invasive front of skin SCC group in vivo and in vitro. In 
co-culture system with direct contact, STAT1 activated 6-scarlet cells drives 7-emerald cells to 
collective invasion.  



 104 

 

 

Chapter 5 

 

Summary and Remaining Questions 
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In the present study, we have identified the contribution of integrin-ECM interaction 
and IFNB/STAT1 axis in collective invasion [102, 108]. Both mechanisms are in A431 cells, but 
the relationship between them is not clear. To confirm the consistency of the findings in this study, 

it is necessary to investigate STAT1 activity in integrin-b1 inhibited condition. We also reported 
that ECM proteins are present in intercellular sites, and it is possible that these are expressed in 
sealed intercellular spaces like IFNB. The nanolumina-like intercellular structure reported in this 
study are likely to be involved in the regulation of not only IFNB but also other soluble factors. 
In the future, we would like to investigate the possibility that disruption of intercellular structure 
would be a therapeutic target. 

This study proposed STAT1 as a therapeutic target molecule to inhibit collective 
invasion: the contribution of STAT1 to collective invasion in vitro was significant, and STAT1 
depletion by siRNA notably suppressed collective invasion. Furthermore, we demonstrate the 
intriguing finding that STAT1 is highly expressed in the invasion front of SCCs. The most 
significant value of this study is that by staining 76 skin SCC specimens for STAT1, we showed 
the rate of STAT1-positive and the rate of enriched STAT1 in the invasive front. Even in papers 
published in high-impact journals, there may be only a few or no patient specimens. Even when 
there are sufficient data of animal experiments, often only one animal model is used. In such cases, 
although the number of mice used in the analysis may be large, the mechanism of disease onset 
is uniform and does not adequately reflect the diversity of patients. On the other hand, although 
this study lacked animal experiments and used only one cell line, it was found that 70% were 
STAT1 positive and 40% were enriched STAT1 in the invasive front by analyzing 76 specimens. 
This 40% figure is sufficient to be a therapeutic target. HER2 is known as a representative target 
for molecular targeted therapy in breast cancer, but only about 20% of breast cancers are HER2-
positive [109]. Of course, because the population numbers are different, it is not possible to simply 
compare breast cancer to skin cancer. However, the importance of the HER2 data in clinical 
practice means that the potential of the molecule as a target and the quality of the drug (Herceptin) 
are important. Therefore, the 40% figure indicates the possibility of STAT1 as a therapeutic target, 
and the contribution of STAT1 to in vivo cancers should be fully investigated in the future. 

Skin squamous cell carcinoma would not be appropriate when considering not only 
collective invasion but also collective metastasis. Among skin cancers, melanoma frequently 
metastasizes, whereas skin SCC tends to be less aggressive and does not metastasize as frequently 
than other invasive cancers; therefore, there is less demand for drugs to inhibit the collective 
invasion and metastasis of skin SCC. From these things, it is necessary to investigate whether the 
findings of this study also occur in other cancers. Breast cancer should be examined first. Breast 
cancer is the most common type of cancer that metastasizes to distant organs [26, 33, 110]. Breast 
cancer has been shown to frequently invade as a cell cluster and there is a relationship between 
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increased CTC clusters in the blood and poor prognosis for patients [34]. Although there have 
been many previous studies on collective breast cancer invasion, no established therapeutic target 
molecules have been found. Furthermore, nanolumina formation promotes metastasis in TNBC, 
which may have a mechanism similar to that of A431 [96]. In addition, it is desirable to detect 
cancer at an early stage, considering the need to inhibit invasion. It is more effective to start 
treatment before the cancer spreads to surrounding normal tissues. Oral SCC would be also a 
target. Oral SCC is detected relatively early and cause distant metastasis and secondary tumor 

formation in cervical lymph nodes [111, 112]. It has also been suggested that integerin-b1 is also 
required for the collective invasion of oral SCC [50]; therefore, it is possible that phenomenon 
found in this study is replicated. Furthermore, even if lung and brain tumor do not progress distant 
metastasis, tissue destruction is directly related to poor patient prognosis [113-115]. The influence 
of collective invasion on tissue destruction have not been fully investigated. Thus, the 
contribution of collective invasion to other than distant metastases is also worth exploring. 

Finally, I should discuss whether the phenomenon of collective invasion is an 
appropriate therapeutic target of cancer. Since inhibition of invasion alone does not eradicate 
cancer, if eradication of cancer is goal, the inhibitor of invasion should be prescribed in 
combination with other treatments (e.g., other cytotoxic drugs and radiation). In addition, since 
cell proliferation is essential for the formation of metastases, theoretically cytotoxic drugs will 
suppress metastases as a secondary effect. Then, is there no need to develop drugs and treatments 
intended for inhibition of collective invasion? My answer is No. First, directly inhibiting invasion 
is very different from secondarily inhibiting invasion by cytotoxic drugs. Side effects are a major 
problem with cancer drugs, and patients who are physically weak may not be able to take the 
medication due to side effects. On the other hand, drugs that directly inhibit invasion are expected 
to have fewer side effects because their goal is not to induce cell death but to suppress cancer 
cells to spread. Of course, there is concern that invasion inhibitors are less effective; however, it 
is very important to increase patient options of treatment. In addition, inhibition of collective 
invasion would be more effective than inhibition of individual invasion. Single cell migration is 
widely observed in vivo, and individual cancer invasion may be essentially similar to this. 
Therefore, inhibition of individual cancer invasion must take into account the influence of 
inhibiting the migration of immune cells and fibroblasts. On the other hand, there are few 
mechanisms that migrate in cell groups like cancer cells in vivo. Although collective migration is 
a major event during development of organisms, there are few reports of collective migration in 
mature individuals except for wound repair. These data indicate that inhibition of collective cancer 
invasion has superior specificity, therefore, it is expected to increase the dosage of the drug and 
to show high drug efficacy. However, it is unlikely that a pharmaceutical company would enter 
into a project as challenging as a collective invasion inhibitor. In fact, a clinical trials targeting 
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CTC clusters are performed as university led (ClinicalTrials.gov Identifier: NCT03928210, 
Location and Sponsor: Breast Cancer Center, University Hospital Basel, Principal Investigator: 
Marcus Vetter, PD Dr. med). In order to develop a drug targeting collective invasion, we must be 
prepared to do it ourselves. 

I propose the following as a strategy, considering the practical issues in pharmaceutical 
process. First, because the development of new drugs is very hard, the replacement of existing 
drugs, known as drug repositioning, should be considered [116]. The experimental systems 
established in this study, collagen gel overlay condition and single cell-derived spheroid invasion 
assay, have good throughput and can be used for screening the efficacy of existing drugs. Also, if 
there is a hit in existing drugs, it may be possible to obtain cooperation from the pharmaceutical 
company that owns the rights if the remaining substance patent term is long enough. Since the 
cooperation of pharmaceutical companies is essential for clinical trials, it is also effective to 
screen only existing drugs for which the term of the substance patent remains sufficiently long. 
Even if the hit is an existing drug for which the substance patent has expired, it may be possible 
to obtain a patent for its application. Even if we do not receive cooperation from companies, this 
effort will certainly contribute to the development of therapies targeting collective invasion and 
to the advancement of science. 
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