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Abstract

Desmoglein 3 (Dsg3) is an adhesion receptor in desmosomes, but relatively little is known about
its role in cancer. In this study, the function of Dsg3 was investigated in oral squamous cell
carcinoma (SCC) cell lines in vitro using locally established human leiomyoma tumor
microenvironment (TME) matrices. Since Dsg3 has been identified as a key regulator in cell
adhesion, we hypothesized that it may play a role in oral SCC cells adhesion and motility. Thus,
one aim of the study was to explore this hypothesis by both gain and loss of function methods in
four human buccal mucosa SCC SqCC/Y1 cell lines: transduction of vector control (Ct), full-
length (FL) or two different C-terminally truncated Dsg3 mutants (A238 and A560). Live cell
imaging was performed for 2D migration and 3D sandwich, alongside other assays. In 3D
sandwich, we tested the effects of the monoclonal antibody, AK23, targeting the extracellular
domain of Dsg3 in SqCC/Y1 cells. Our results showed that loss of Dsg3 disrupted cell adhesion
and protein expression. In 2D assays, FL and Dsg3 mutants migrated faster with higher
accumulated distances than Ct. In contrast with 2D, mutants showed accelerated invasion over the
Ct in 3D models. The AK23 antibody inhibited only the invasion of FL cells.

The TME in vivo consists of cellular and matrix elements playing a leading role in carcinoma
progression. To study carcinoma cells invasion in vitro, mouse Matrigel® and rat type 1 collagen
are the most commonly used matrices in 3D models. Since they are non-human in origin, they do
not perfectly mimic human TME. To address this, we have developed a solid organotypic myoma
disc model derived from human uterus leiomyoma tumor. Here, we introduce a novel Myogel,
prepared from leiomyoma similar to Matrigel®. We validated Myogel for cell-TME interactions
in 3D models, using SqQCC/Y1 and HSC-3 cell lines. Compared with Matrigel® and type |
collagen, oral SCC cell lines invaded more efficiently in Myogel containing matrices.

This study describes promising 3D models using human TME mimicking Myogel which is
suitable to analyze oral SCC cells both in carcinoma monocultures and in co-cultures, such as with
TME fibroblasts. We also introduce a possible novel therapeutic target against Dsg3 to suppress
cancer cell invasion.

Keywords: carcinoma invasion, cell migration, cell tracking, co-culture, confocal
microscopy, desmoglein 3, desmosomes, fibroblasts, live cell imaging, monoclonal
antibody, Myogel, myoma discs, oral squamous cell carcinoma, three-dimensional cell
culture, tumor microenvironment
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Tiivistelma

Desmogleiini 3 (Dsg3) on desmosomien adheesioreseptori, jonka merkityksestd syovéssa tiede-
tadn vihin. Koska Dsg3 on tirked epiteelisolujen vilisissé liitoksissa, oletimme silld olevan vai-
kutusta my6s suun karsinoomasolujen tarttumisessa ja niiden liikkuvuudessa. Testasimme hypo-
teesiamme muuttamalla Dsg3:n toimintaa ihmisen posken karsinoomasolulinjassa SqCC/Y1,
josta oli aiemmin valmistettu neljé erilaista muunnosta: tyhjan vektorin siséltdva kontrollisolu-
linja (Ct), kokopitkdd Dsg3 tuottava solulinja (FL), seki kaksi Dsg3 C-pééstd lyhennettyéd
mutanttisolulinjaa (A238 ja A560). Immunofluoresenssi-menetelméd kéyttden analysoimme
solulinjoissamme solujen vilisié liitoksia. Liséksi mittasimme solujen liikkeitd 2D-migraatio- ja
3D-sandwich-kokeissa. Testasimme myds Dsg3:n solunulkoista osaa tunnistavan monoklonaali-
sen vasta-aineen (AK23) vaikutusta solujen invaasioon. Osoitimme, ettd Dsg3:n rakenteen
muuttaminen ja toiminnan estyminen héiritsi solujen tarttumista. 2D-kokeissa sekd FL ettd
mutanttilinjat (A238 ja A560) migroivat kontrollisoluja nopeammin ja pidemmalle, mutta 3D-
kokeissa vain mutanttilinjat invasoituivat kontrollisoluja tehokkaammin. AK23-vasta-aine esti
vain FL-solujen invaasiota.

Syopésolujen 3D-invaasiota mittaavissa kokeissa kdytetddn yleensd hiiren kasvaimesta val-
mistettua kaupallista Matrigeelid® tai rotan kudoksista eristettyd tyypin I kollageenia. Tutkimus-
ryhmédmme on jo aiemmin kehittdnyt organotyyppisen myoomamallin, jossa valmistamme
myoomakudosnapit ihmisen kohdun leiomyoomakasvaimista. Téssi ty0ssd valmistimme leio-
myoomasta Myogeelia, vertasimme sitd Matrigeeliin®, sekd tutkimme tarkemmin Myogeeli-val-
misteen soveltuvuutta 3D-tutkimuksiin. Totesimme, ettéd kielen (HSC-3) ja posken (SqCC/Y1)
karsinoomasolut invasoituivat tehokkaimmin Myogeeli-pitoisissa matrikseissa kuin Matrigee-
lid® tai kollageenid sisdltdvissd kasvatusalustoissa. Tutkimustulostemme perusteella Myogeeli-
pohjaiset 3D-mallit soveltuvat hyvin seké sydpésolulinjojen invaasiotutkimuksiin ettd yhteisvil-
jelmiin, joissa syOpasoluja viljellddn yhdessd sydpédkasvaimen ympérilld olevien solujen, kuten
fibroblastien, kanssa.

Asiasanat: desmogleiini 3, desmosomi, eldvdn solun kuvantaminen, fibroblasti,
invaasio, kasvaimen mikroymparisto, kolmiulotteinen soluviljely,
konfokaalimikroskopia,  levyepiteelikarsinooma, = monoklonaalinen  vasta-aine,
Myogeeli, myooma, solujen migraatio, yhteisviljely






To our creator, my family and people
who suffer from cancer






Acknowledgements

This study was conducted at the Cancer and Translational Medicine Research Unit,
Faculty of Medicine, the University of Oulu, between the years 2014 and 2018.

First, my sincerest gratitude goes to my doctoral supervisor, Professor Tuula
Salo for giving me this opportunity to join her research team and pursue my studies
under her supervision. Her active support, training and guidance have given me a
lot of confidence, and independence in research. Thank you for encouraging and
pushing me towards achieving the goals. I am really inspired by her endless
ambition and enthusiasm in work and proud to be a part of one of her dream projects,
and hope to hear more of her innovative ideas in the coming future. I am also
grateful for her valuable and practical advice to build a successful research career.

I want to thank my follow-up group members, Professor Lauri Eklund,
Professor Markus Mékinen and Adjunct Professor Sakari Kellokumpu for
approving the doctoral training plan, and monitoring the quality of this work.

I am deeply grateful to Profesor Elizabeth Ferreira Martinez and Dr Matthew
Caley for taking their valuable time to carefully evaluate this thesis and for their
constructive comments, suggestions and remarks. I thank Deborah Kaska for her
prompt language checking for this dissertation and my colleague Krista Juurikka
for providing the required Finnish translations and other countless co-operation.

I wish to express my gratitude to the staff of Cancer and Translational Medicine
Research Unit, Biocenter Oulu, Department of Computer Science and Engineering,
and Fibre and Particle Engineering Department of the University of Oulu for
allowing me to perform this work in facilities. I would like to thank all my fellow
doctoral colleagues and friends in the Medical campus for their support, and
friendship, and for the nice times we spent together. Good luck with research!

I would like to thank Dr Hong Wan and her efficient team in Blizzard Institute
of Queen Mary, University of London for supporting and collaborating in this study.
Also, I am grateful to our study collaborators from the University of Oulu,
Professor Lauri Eklund and Professor Janne Heikkila for their active support.

American Business magnate, Mr Henry Ford once rightfully said, "Coming
together is a beginning. Keeping together is progress. Working together is success."
I cannot express my full gratitude towards the Tuula Salo group members in one
paragraph, in fact it was a remarkable journey together. I thank each of the current,
former, regular and visiting members for their moral support, and inspiration during
the darkest hours. Thank you Krista Juurikka, Maija Risteli, Priscila Campioni
Rodrigues, Virve Padkkonen, Ramin Akhi, Meeri Sutinen, Elias Sundquist, Ilkka

9



Alahuhta, Otto Viyrynen, Carolina Bitu, Pirjo Astrom, Pia Nyberg, Emma Pirili,
Johanna Korvala, Toni Sandvik, Clarissa Demeda, Wagner Gomes, Mauricio
Dourado and Marlene Vierthaler. I also thank our colleagues from the Helsinki
group, Ahmed Al-Samadi, Katja Tuomainen and Alhadi Almangush. The
successful completion of this study was only possible with the technical support
from our skilled and co-operative laboratory personel. From the depth of my heart,
I thank Maija-Leena Lehtonen, Tanja Kuusisto and Eeva- Maija Kiljander.

I am grateful to my co-authors, Saad Ullah Akram, Jouni Rissanen, Hanan
Moftah, Kasuni Dias, Li Liu, Jutamas Uttagomol, Lesley Bergmeier, Stephanie
Kermorgant, Nilva Cervigne, Carine Oliveira, Steffen Ohlmeier, Pirjo Juusela,
Markku Santala, Kalle Savolainen, Adriana Franco Paes Leme and Ricardo Coletta.

Outside the professional circle, I would like to thank my parents, younger
brothers, all my family and my wife’s family members for their support and
understanding. I am deeply grateful to my respected mother, Nasreen Jahan Mita
and father, Dr Mohammad Shamsul Hoque, for their sacrifices to fullfill my dreams.
I thank both of you to believe in me and always being there when I needed the most.

Finally, I would like to thank my beloved wife Dr Nazeeba Siddika for her big
support, for helping and tolerating me throughout these years. Despite the countless
difficult times, you believed in me and were a source of inspiration, and
encouragement. Thank you for listening and understanding me at all times. Your
performance as a doctoral student also encouraged me a lot and hope to learn Meta-
analysis from you. Big cheers to our little daughter Elisha, for co-operating her
mother while I was away from home in most weekends to complete the study.

Special thanks and appreciation goes to the Bangladeshi post-graduate students
and their family members currently studying in the University of Oulu. Especially,
I am grateful to fellow doctoral students and my friends, Shahriar Shahabuddin,
Tirthankar Paul, and Dr Atiqul Haq Mazumder for their encouragement, true
friendship and moral support during these years. Among other university friends, I
thank Sandhanakrishnan Cattavarayane and Al-Tamini Tapu for their support.

This study was financially supported by Sigrid Juselius Foundation, Tyyni Tani
Foundation, Finnish Dental Society Apollonia, The University of Oulu Scholarship
Foundation, and Centre for International Mobility (CIMO) and research funds from
the Medical Faculty of the University of Oulu and Oulu University Hospital special
state support for research.

Oulu, August 2018 Ehsanul Hoque Apu

10



Abbreviations

AC

2D

3D
A431
Abs
AJCC
Als
AK
BM
BSA
Ct
C-terminal
Dsc
Dsg
Dsg3
DSMs
FL

PV

BD
CAFs
DMEM
ECD
ECM
EHS
EGF(R)
EMT
FBS
FGF-2
FN
GFP
GFs
H2B
HaCaT
HGF
HPV

C-terminally truncated desmoglein 3 mutants
two dimensional

three dimensional

human epidermoid carcinoma cell line
antibodies

American Joint Committee on Cancer
adherens junctions

acantholytic keratinocyte

basement membrane

bovine serum albumin

vector control

carboxyl-terminal end

desmocollin

desmoglein

desmoglein 3

desmosomes

overexpressed full length desmoglein 3
pemphigus vulgaris

budding-depth

human carcinoma-associated fibroblasts
Dulbecco's Modified Eagle Medium
extracellular domain

extracellular matrix
Engelbreth-Holm-Swarm

epidermal growth factor (receptor)
epithelial-mesenchymal transition
fetal bovine serum

fibroblast growth factor 2

fibronectin

green fluorescent protein

human gingival fibroblasts

Histone H2B

human immortal keratinocyte cell line
hepatocyte growth factor

human papilloma virus

11



HSC-3
IeG
ICD
IMF
kDa
KGM
LMA
LOX
MDCK
MMP
NaCl
NOFs
N-terminal
OSCC
OTSCC
PBS

Pg
RNAI
SCC
shRNA
SqCC/Y1
TCA
TGF-B
TME
TMEM
TNC
TNM

12

human tongue squamous cell carcinoma cell line
immunoglobulin G

intracellular domains

immunofluorescence

kilo Dalton

Keratinocyte Growth Medium

low-melting agarose

lysyl oxidase

mammalian Madin-Darby Canine Kidney cell line
matrix metalloproteinase

sodium chloride

human normal oral fibroblasts

amino-terminal end

oral squamous cell carcinoma

oral (mobile or anterior) tongue squamous cell carcinoma
phosphate-buffered saline

plakoglobin

RNA interference

squamous cell carcinoma

small hairpin RNA

human oral buccal squamous cell carcinoma cell line
trichloroacetic acid

transforming growth factor beta

tumor microenvironment

tumor microenvironment matrix

tenascin-C

tumor, node, and metastasis



Original publications

I Moftah H, Dias K, Hoque Apu E, Liu L, Uttagomol J, Bergmeier L, Kermorgant S &
Wan H. (2017). Desmoglein 3 regulates membrane trafficking of cadherins, an
implication in cell-cell adhesion. Cell Adh Migr, 11 (3), 211-232.

II Salo T, Sutinen M, Hoque Apu E, Sundquist E, Cervigne N, Oliveira CE, Akram SU,
Ohlmeier S, Suomi F, Eklund L, Juusela P, Astrom P, Bitu CC, Santala M, Savolainen
K, Korvala J, Paes Leme AF & Coletta RD. (2015). A novel human leiomyoma tissue
derived matrix for cell culture studies. BMC Cancer, 15:981.

III Hoque Apu E, Akram SU, Rissanen J, Wan H & Salo T. (2018). Desmoglein 3 —
influence on oral carcinoma cell migration and invasion. Exp Cell Res, 370 (2), 376~
389.

Reprinted with permission from Taylor & Francis (I), Springer Nature (II) and
Elsevier Limited (III).

Original publications are not included in the electronic version of the dissertation.

13



14



Contents

Abstract
Tiivistelméa

Acknowledgements

Abbreviations

Original publications

Contents

1 Introduction

2 Review of the literature

2.1

2.2

23

2.4

Oral squamous cell carcinoma (OSCC) .....ccoooiiiiiiiiiiiiiieeeiee e
2.1.1 Risk factors for OSCC......cccceoviiiiiiiiiiiiniiiiceee e
2.1.2 Diagnosis and treatment of OSCC..........cccoooeiiiiiiiiiaiiieiieeieene
Oral mucosa and cell JUNCHONS .......c..eeieiiiiiiiiiieeeiee e
2.2.1 Desmosomes (DSMS) ....ccuuiiieiiiiieeiiiee e eiee et e eieee e
2.2.2 Structure 0f DSMS ...c..eeiiiiiiiiiieiieieeieeiteieetese et
2.2.3 Composition Of DSMS .....cooiiiiiiiiiiieeiiee et
2.2.4 Functions of DSMS......cocciiiiiiiiiiiiiiiiiieeiceeceeceeeee e
Desmoglein 3 (DSZ3) .ooveieiiieiie ettt
2.3.1 DSE3 StIUCHUIE. ..ceeeiuiiiieiiiiee ettt e e ettt e et e et e e eneeee e
2.3.2 DSE3 SIZNAlING ..ccitiiiiiiiiiiiiiieiieeeeee ettt
2.3.3 DSE3 1IN dISCASE ....eeeeeieiiieiiiieeieeetee et te ettt ettt et
2.3.4 Dsg3 as an anti-cancer drug target .........ccoecceeeeeiiieeeniieeeniiieeee
2.3.5 Expression of Dsg3 C-terminally truncated proteins and

their dominant negative effect on cell-cell adhesions...................
Tumor microenvironment (TME) .........ccooeciiiiiiiiiiiiiiiiee e
2.4.1 Composition Of TME.........cccooiiiiiiiiiieieeee e
2.4.2 Role of TME in cancer progression. .........eeuueeaieeerieeesueeeneeeneeanne
2.4.3 TME MAIICES .eeouuviiiiieiiienieeeieeetee ettt ettt eneeenee e
2.4.4 Three dimensional (3D) TME matrix models ...........cccccverernnen..

3 Aims of the present study
4 Materials and methods

4.1

4.2
4.3

Cell cultures (I, IT, TIT).c..eeerieiriiiiieiiiieiceteeeeeceee et
4.1.1 Carcinoma cell lines and their characteristics (I, I, III)...............
4.1.2 Other cell 1Ines (IT1) ....ceeieeeeeeeiiiiiee e e
Lentiviral transduction (IT, TIT) .....c.ccooviiiniiiniiiniiiniiiniceeeeeceeceeeee
Dispase dissociation assay (I) ........ccceeeeveiiieeriieieeiiiee e

11
13
15
17
19
19
19
20
23
25
25
26
27
29
29
30
30
31

32
34
34
34
36
38
43
45
47
47
47
48
48

15



4.4 Immunofluorescence (I, TIL) .......coeevoiiiieiiiiiieiiiee e
4.5 Horizontal migration (II1) ........cccceeeiiiieiiiiiiieiee e
4.6 Myoma discs and Myogel (II, TIT) ......cccoooiiiiiiiiiiiie e
4.6.1 Rheology of Myogel (II) ....ccceoriiiriiiriiiniiiiiiieeceec e
4.7 Vertical migration and invasion assay (III) ...........cccceeeeiiiiieiiieeiniiees
4.8 Hanging drop spheroid cultures (I) .......cccceeeriiiiiiiiiiiiieeeee e
4.9 Adhesion assay (I, IIL) .......oeeeeiiieeriiiee et
4.10 Immunofluorescence (IMF) in coated coverslips (II1) ..........ccceeeeeuveeennns
4.11 3D hanging drop method (IT) .......coooouiiiiiiiiiiiie e
4.12 3D sandwich culture (TIL) ........coooeiriiiiniiiniiineeecee e
4.13 AK23 antibody treatment against Dsg3 (IIL).........cccceeerevereeciieeiinieeennnns
4.14 3D image acquisition and time-lapse MiCroSCOPY .....cccevvereerruereernueeeannse
4.14.1 Spinning disc confocal microscopy (II).......cceevevvveeviiiierncierennnnen.
4.14.2 Epifluorescence microscopy and deconvolution (III)...................
4.15 Myoma disc assay (I11).......coeeiuiiiiiiiiieeie e
4.16 Statistical analysis (I, IT, TIT).......ceeeriiireriiireeiiee et
4.17 Ethical considerations (IT, IIT) ........cccceeeveiirieniiieeeeiiee et
Results
5.1 Detecting C-terminally truncated mutants ...........ccccceevveenieeniieenneennneen.
5.2 Expression of Dsg3 truncated proteins caused compromised cell-
Cell AdNESIONS oot
5.3 Dsg3 affects both horizontal and vertical migration in buccal
€arcinOmMa CEIIS......iiiiiiiiiiiii e
5.4 Myogel is a novel matrix for studying carcinoma cell invasion..............
5.5 Buccal SCC cells invade faster in leiomyoma derived matrices.............
5.6 OSCC cell invasion depends on the microenvironment..........................
5.6.1 Tongue SCC cell invasion in 3D hanging drops...........cccceeevuen..
5.6.2 Buccal SCC cell invasion in 3D sandwich .......c...ccoceeviiinnicnnnnen.
5.7 OSCC cells interact with fibroblasts in 3D sandwich ..........ccccceeeneiennnee.
5.8 Antibody treatment alters the invasion pattern in buccal SCC
cells in 3D SanAWICh .....ovvveiiiiieiieee e
Discussion
6.1 Dsg3 promotes migration and invasion of OSCC cell lines....................
6.2 Leiomyoma derived TME matrices affect OSCC cell invasion..............
6.3 Dsg3 as a potential novel anti-cancer drug target ............ccccveeeeveeeennneen.

List of references

Original publications

16

58

59
59
60
61
61
61
62

62
63
63
64
67
69
83



1 Introduction

Desmosomes (DSMs) are specialized intercellular junctions from the cadherin
superfamily (Schmidt & Koch, 2007). Desmoglein 3 (Dsg3) is a member of the
desmoglein subfamily serving as an adhesion receptor in DSMs, and it is best
known as a pemphigus vulgaris (PV) antigen. Although a panel of studies have
indicated that Dsg3 plays a pivotal role in cell cohesion, relatively little is known
about its actual role in cancer (Brown & Wan, 2015). A correlation study between
Dsg3 expression level and cancer progression suggested that Dsg3 might contribute
to cancer spreading (Brown & Wan, 2015). In support of the suggestion that Dsg3
has a role in cancer, our previous report revealed that overexpression of Dsg3
enhances cell migration and invasion of epidermoid carcinoma, and oral buccal
mucosa squamous cell carcinoma (SCC) SqCC/Y1 cell lines in vitro (Brown et al.,
2014; Tsang et al., 2010). Dsg3 has an oncogenic role over growth, as well as in
the invasion of oral squamous cell carcinoma (OSCC) cells through the Dsg3-
plakoglobin-TCF/LEF pathway (Chen et al., 2013). Moreover, RNAi and shRNA
knockdown of Dsg3 inhibits growth, migration, and invasion of OSCC cell lines,
suggesting Dsg3 functions in more than just cell-cell adhesion (Chen et al., 2007,
Chen et al., 2013).

The tumor microenvironment (TME) plays a leading role in invasion and
metastasis. It consists of blood vessels, carcinoma-associated fibroblasts (CAFs),
inflammatory cells, ECM molecules and their gradients (Salo et al., 2014).
Conventional cancer cell studies have focused primarily on two dimensional (2D)
in vitro models. Although the 2D analyses help to illuminate mechanical details of
cell-substrate or cell-cell interactions, they do not accurately mimic in vivo cell-
matrix interactions. Genetically engineered rat, mouse and zebrafish are commonly
used in vivo models in cancer research. In cancer drug development for
personalized and targeted therapies, patient-derived tumor xenograft in animal
models are widely used in vivo (Yee, Ignatenko, Finnberg, Lee, & Stairs, 2015). In
vitro three dimensional (3D) culture models utilizing human TME matices cover
the gap between 2D culture and in vivo models (Salo et al., 2018).
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2 Review of the literature

21 Oral squamous cell carcinoma (OSCC)

Oral cancer is a deadly disease and according to GLOBACAN 2012, lip and oral
cavity cancer is the world's eighth most frequent cancer in men living in less
developed countries. Worldwide in 2012, there were around 300,000 new cases of
the lip and oral cavity cancers, an estimated 145,000 deaths from these diseases. In
Asia, 168,850 new lip and oral cavity cancers were diagnosed (Ferlay et al., 2013;
Ferlay et al., 2015). Almost 90% of the cancer cases in the head and neck region
are diagnosed as oral squamous cell carcinoma (OSCC), which differ from other
carcinomas in terms of pathogenesis and clinical prognosis (Sathiyasekar,
Chandrasekar, Pakash, Kumar, & Jaishlal, 2016). Incidences of OSCC fluctuate
significantly between countries, with the highest rates found in South Asia; mostly
in India, Pakistan and Bangladesh (Shield et al., 2017). The tongue is among the
most frequent sites for intraoral carcinoma, 30% of SCC of the oral cavity in India
are diagnosed in the tongue (Sultana, Bashar, & Molla, 2014). Buccal mucosa SCC
cancer is often characterized by pain and ulceration, and it appears primarily along
the occlusal plane. It has an aggressive nature and growth with a high recurrence
rate (Kim & Myoung, 2017).

2.1.1 Risk factors for OSCC

Cigarette-smoking and alcohol consumption are the main risk factors for OSCC in
the Western population, whereas smokeless tobacco and areca nut usage are the
most common causes of OSCC in Southeast Asia (Joshi, Dutta, Chaturvedi, & Nair,
2014). The combined exposure to cigarettes and/or alcohol lead to an increase of
cancer risk (up to 35-fold), among populations consuming at least ten cigarettes/day
and 84 g/day of alcohol (Dal Maso et al., 2016). In the Asia-Pacific area, Betel quid
chewing is the most common form of tobacco consumption, which includes areca
nut, betel leaf and slaked lime (Warnakulasuriya, Trivedy, & Peters, 2002). One-
tenth of the world’s total population chew betel quid frequently (Gupta & Ray,
2004). The increased amount of tobacco intake has increased the risk of OSCC in
developing countries.

In the developed countries, the incidence of oral cavity cancer is decreasing,
except in the mobile tongue, whereas it remains unchanged in the developing
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countries. A study showed that the five-year survival rate was highest in cases
where the tumor was localized in the lip region (Listl et al., 2013). In a study of a
European population, tobacco smoking was associated with about 77% of oral
cancer cases, whereas alcohol consumption was associated with 52% of the cases
(Rodriguez et al., 2004). Areca nut usage is involved with a premalignant condition
called oral submucous fibrosis (OSMF), as well as oral cavity cancers (Joshi, Dutta,
Chaturvedi, & Nair, 2014). There are also alternative risk factors, such as hepatitis
C (Porter, Lodi, Chandler, & Kumar, 1997) and human papillomavirus (HPV)
(Shaikh et al., 2017). However, HPV is mainly associated with the base of tongue,
tonsils and larynx cancers. Lower socioeconomic status (Agarwal, Sethi, Sareen,
& Dhingra, 2011) and poor oral hygiene (Homann et al., 2001) are other
contributing factors. There is no direct evidence that any specific diet increases the
risk of oral cancer. However, a high intake of processed meat products may increase
OSCC risk (Xu, Yang, Wu, Li, & Bai, 2014). A balanced diet with fresh fruits,
fibers, and vegetables is recommended to possibly reduce the risk of oral cancer
(Taghavi & Yazdi, 2007).

2.1.2 Diagnosis and treatment of OSCC

In the oral cavity, squamous cell carcinoma (OSCC) originates from mucosal
keratinocytes. The clinical characteristics of OSCC are usually, but not always,
easy to recognize. The common features are red lesions, mixed red and white
lesions, lumps, ulcers, pain, bleeding, loose tooth, unhealed extraction socket, and
difficulties in chewing and swallowing. To confirm the diagnosis, a representative
biopsy and histopathological examination is mandatory. Early diagnosis of OSCC
is important to increase the survival chances of the patient: in the early stage (T1)
tumors the survival is high, commonly between 80-90%. However, still in Finland
more than half of the patients with oral tongue cancers die of the disease (Mroueh
et al., 2017). OSCC prognosis depends mostly on tumor size, depth of invasion,
resection completeness and nodal involvement (Bagan, Sarrion, & Jimenez, 2010;
Scully & Bagan, 2009). The location of the oral cavity cancer is also important for
the prognosis. OSCC located in the tongue, soft palate or in the floor of the mouth
show the worst clinical prognosis compared to the other locations, such as buccal
mucosa or lips (Jadhav & Gupta, 2013).

Cancer staging is an important factor, which affects the treatment of the patient.
The American Joint Committee for Cancer (AJCC) staging system assesses three
major factors: the extent of the primary tumor (T), the presence or absence and
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extent of regional lymph node metastasis (N), and the presence or absence of distant
metastasis (M). These factors are combined when tumors are divided into five
stages (0-IV). In general, the higher the stage the worse the prognosis (Lydiatt et
al., 2017; Sano & Myers, 2007). The AJCC has recently published the 8th edition
of the TNM classification (Table 1). One of the main changes compared to the
previous 7th edition is that the latest classification includes the depth of invasion
(DOI) in the T-category (Edge & American Joint Committee on Cancer, 2017;
Lydiatt et al., 2017).

Histological grading of OSCC also has some prognostic value. AJCC
recommended general grades for clinical use, if there is no specific system used are:
grade X: grade cannot be assessed, grade 1: well differentiated, grade 2: moderately
differentiated, grade 3: poorly differentiated, and grade 4: undifferentiated (Edge
& American Joint Committee on Cancer, 2017). There are also other grading
systems available to study tumor extent such as Bryne’s malignancy system. It is
based on five morphologic features, each graded from 1 to 4 (Bryne, Nielsen,
Koppang, & Dabelsteen, 1991).

Our research group has developed a novel “BD predictive model” used for oral
tongue SCC (OTSCC). In the BD-model, tumor budding (B) and invasion depth
(D) are analyzed from the HE-stained resection sections. Tumor budding is defined
as the presence (1) or absence (0) of small clusters of less than 5 carcinoma cells at
the invasive front using 20 x magnification. The invasion depth is analyzed from
the level of the surrounding mucosa basement membrane to the deepest area of the
invasion, and the tumors are divided into two categories: cells invading less (value
0), or 4 mm or deeper (value 1). Tumors are BD scored from 0 to 2. The BD score
is 0 if both the budding and depth of invasion values are 0; the score is 1 if either
the budding or depth of invasion values are 1, and the score is 2, if both budding
and depth of invasion values are 1 (Almangush et al., 2014; Almangush et al., 2015).

The main objective of successfully treating OSCC is to restore normal
physiology, and function of the affected area after tumor elimination. The ultimate
goal is to minimize the treatment duration and prevent any chance of recurrence.
Primary treatment outcome depends on various factors considering the tumor, the
patient’s health, and the physician. Tumor size and its anatomical position are
important factors depending on the proximity to the bone, and lymph nodes. The
patient’s age, general health conditions, previous treatment history, and lifestyle are
considered carefully before finalizing any treatment plan. The treatment options
include surgery, chemotherapy, radiotherapy, or a combined strategy. Further
reconstructive or plastic surgery may also be required in some cases. OSCC and its
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treatment may affect the speech, swallowing, and breathing pattern of patients. To
overcome these outcomes, speech and physiotherapy options should be considered
for rehabilitation (Shah & Gil, 2009).

Table 1. TNM classification of oral cancers (AJCC Cancer Staging Manual, 8th edition)

TNM Criteria
T Primary tumor
X Primary tumor cannot be assessed
Tis Carcinoma in situ
T Tumor < 2 cm, < 5 mm depth of invasion (DOI)

(DOl is depth of invasion and not tumor thickness)

T2 Tumor < 2 cm, DOI > 5 mm and < 10 mm or tumor > 2 cm but <4 cm, and < 10 mm DOI
T3 Tumor > 4 cm or any tumor > 10 mm DOI
T4 Moderately advanced or very advanced local disease

T4a Tumor invades through cortical bone or involves the inferior alveolar nerve, floor of mouth,

or skin of face (ie, chin or nose); (oral cavity) tumor invades adjacent structures only (eg,
through cortical bone of the mandible or maxilla or involves the maxillary sinus or skin of
the face)

T4b tumor invades masticator space, pterygoid plates, or skull base and/or encases the internal

carotid artery

N Regional lymph nodes
NX Regional lymph nodes cannot be assessed
NO No regional lymph node metastasis
N1 Metastasis in a single ipsilateral lymph node, < 3 cm
N2 Metastasis in a single ipsilateral lymph node, < 3 cm or > 3 cm but <6 cm
N2a Metastasis in a single ipsilateral or contralateral lymph node, < 3 cm or in a single ipsilateral

lymph node, < 3 cm or > 3 cm but <6 cm

N2b Metastasis in multiple ipsilateral lymph nodes, < 6 cm
N2c Metastasis in bilateral or contralateral lymph nodes, < 6 cm
N3 Metastasis in a lymph node > 6 cm, or in a single ipsilateral lymph node > 3 cm; or

metastasis in multiple ipsilateral, contralateral, or bilateral lymph nodes
N3a Metastasis in a lymph node > 6 cm
N3b Metastasis in a single ipsilateral node > 3 cm; or metastasis in multiple ipsilateral,

contralateral, or bilateral lymph nodes

M Distant metastasis
MX Distant metastasis cannot be assessed
MO No distant metastasis
M1 Distant metastasis
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2.2 Oral mucosa and cell junctions

General histological features of oral mucosa (OM) present surface epithelium,
overlying and adhered to connective tissue at the basement membrane (BM). Deep
to the epithelium, the superficial connective tissue or lamina propria covers the
deeper submucosa. Surface epithelium of OM is stratified squamous epithelium
which can be either keratinized (keratinized) or non-keratinized and provides
protection against external stress, and damage (Winning & Townsend, 2000).

Oral epithelium (OE) can be classified into three types according to their
morphology and differentiation patterns, such as keratinized stratified squamous
epithelium (masticatory mucosa distributed in hard palate and gingiva), non-
keratinized stratified squamous epithelium (buccal mucosa, labial mucosa), and
specialized mucosa (dorsal surface of the tongue). Both masticatory and specialized
mucosae are keratinized in humans (Jones & Klein, 2013; Shetty & Gokul, 2012;
Winning & Townsend, 2000). Keratinized OE is identical to the skin epidermis; it
is stratified and has basal, spinous, granular, and corneal layers. Non-keratinized
OE is also stratified, however, it consists of basal, spinous, intermediate and
superficial layers (Jones & Klein, 2013).

Normal cellular attachments are one of the main homeostatic components of
the human body. Cell junctions (CJs) formed by different cellular components or
cell-to-cell adhesion are essential for the development of multicellular living
organizations (Nagafuchi, 2001). Normal cell-cell junctions vary on cell types;
however, their primary function is maintaining adhesion and biological integrity,
they are essential for the proper cell functioning, and tissue generation (Brooke,
Nitoiu, & Kelsell, 2012). Cells interact with their surroundings and underlying
extracellular matrix (ECM) through specialized junctional proteins to regulate
adhesion, structure and transmit information to the cell interior about the
environment (Balda & Matter, 2016). In epithelial cell lines, there are mainly three
functional groups of ClJs, termed as occluding, communicating, and anchoring
junctions (Alberts et al., 2002).

Occluding junctions

Occluding junctions (OJs) are also known as tight junctions. They are a specialized
type of junctions and seal cells together in the intercellular space of epithelium and
prevents small molecules from leaking from one side to the other (Yokouchi &
Kubo, 2018). OJs regulate different signals to guide epithelial proliferation,
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polarization and differentiation (Balda & Matter, 2016) and are vital for the barrier
function of mammalian skin (Yokouchi & Kubo, 2018).

Communicating junctions

Communicating junctions mediate the transfer of chemical or electrical signals
from one interacting cells to partner cells (Alberts et al., 2002). Most epithelial cells
communicate through gap junctions (GJs) with their neighbors. GJs link cytoplasm
of adjacent cells together through a gap of 2-3 nm in diameter, which acts as a
passage of chemical or electrical signals between neighboring cells (Alberts et al.,
2002; Mese, Richard, & White, 2007).

Anchoring junctions

The last major group of the functional junctions is the anchoring junctions, they
adhere to the cells and their cytoskeletons mechanically to their neighboring
components or the ECM. The junctional proteins stretch within the plasma
membrane to connect cytoskeletal proteins in one cell to those in neighboring cells
or the ECM proteins. AJs are often termed as zonula adherens as their appearance
is like continuous zonula. (Mruk, Silvestrini, & Cheng, 2008). They anchor
neighboring cells in the form of adhesion belts along the plasma membrane
(Niessen and Gottardi, 2008). These junctions transmit stresses and are tethered to
cytoskeletal filaments inside the cells. These junctions include both cell-cell
adhesions (adherens junctions and desmosomes) and cell-matrix (focal adhesions
and hemidesmosomes) adhesions and have the actin filament attachment sites and
intermediate filament attachment sites. Among these junctions, adherens junctions
(AJs) are the cell-cell junctions that attach to the actin cytoskeleton whereas the
desmosomes (DSMs) and hemidesmosomes are the junctions that associate with
the intermediate filament network. In normal epithelial tissues, cell-cell junctions
are abundant at intercellular spaces, particularly in the suprabasal layers of
stratified squamous epithelial tissues. In Als, they are classical cadherins, E-
cadherin and P-cadherin whereas, in DSMs, they comprise desmogleins and
desmocollins (Alberts et al., 2002; Mruk, Silvestrini, & Cheng, 2008).
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2.2.1 Desmosomes (DSMs)

Desmosomes (DSMs) are anchoring junctions, which provide strong intercellular
adhesion in epithelia (Garrod, 2010). DSMs differ from adherens junctions (AlJs)
because they are tethered to the intermediate filament network, whereas AJs attach
to the actin cytoskeleton. DSMs were first identified by Giulio Bizzozero (1846-
1901), an Italian pathologist who during his examination of the spinous layer of the
epidermis noticed small dense nodules at the contact points between adjacent cells.
He identified those structures as cell to cell adhesion points (Culkins & Setzer, 2007;
Delva, Tucker, & Kowalczyk, 2009). After this remarkable discovery, further
experiments by dedicated research groups provided more detailed information
about the composition, structure, and functions of DSMs. Josef Schaffer first
described the term 'desmosome' in 1920. Historically, DSMs were considered as
static ‘spot welds’ (Dubash & Green, 2011). Studies using time-lapse fluorescence
microscopy revealed that DSMs form exceptionally static, stable and more
interconnected cell adhesion (Windoffer, Borchert-Stuhltrager, & Leube, 2002).

Further studies show that DSMs are a significant type of anchoring junction
since they anchor stress bearing intermediate filaments at the strong intercellular
adhesion sites, and these structures provide mechanical integrity to tissues (Yin &
Green, 2004). The DSMs are required to maintain the cohesive properties of tissues,
especially in organs which require more stretching and bear more stress. Studies
have shown that abnormal signaling and adhesion through these junctions
contribute to various epidermal and cardiac disease symptoms (Schmidt & Koch,
2007). These junctions provide hyper adhesion which distinguishes them from
other intercellular junctions (Garrod & Chidgey, 2008; Tsang et al., 2012).

2.2.2 Structure of DSMs

By transmission microscopy, DSMs can be divided into three morphologically
characterized zones: the extracellular core domain (ECD), the outer dense plaque
(ODP) and the inner dense plaque (IDP) (Green & Jones, 1996; North et al., 1999).
Their diameter varies between 0.2-0.5 pum, and, for example, in Madin-Darby
canine kidney (MDCK) cells DSMs are only approximately 0.22 pm (Al-Amoudi
et al., 2004).

DSMs are formed by dense plaques, which are arranged symmetrically on the
cytoplasmic faces of the plasma membranes (PM) of adjoining cells, and are
approximately 7 nm thick. The ECD is 30 nm wider and has a central dense midline.
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Each plaque consists of a 15-20 nm thicker ODP adjacent to the PM, an electron
lucent zone (~8 nm), and an IDP (~15-20 nm), which is less dense than the ODP
(Thomason, Scothern, McHarg, & Garrod, 2010).

DSMs consist of a protein complex that can be divided into three major
families, desmosomal cadherins (desmoglein & desmocollin), plakin (desmoplakin,
envoplakin, periplakin, epiplakin, and plectin) and armadillo (plakoglobin,
plakophilin, and p120 catenin) (Angst, Marcozzi, & Magee, 2001; Saito, Tucker,
Kohlhorst, Niessen, & Kowalczyk, 2012). Desmocollin (Dsc) and desmoglein (Dsg)
share 30% amino acid identity with each other and with classical cadherins and
have five extracellular cadherin (EC) repeats containing Ca?* binding and cell
adhesion recognition (CAR) sites (Thomason, Scothern, McHarg, & Garrod, 2010).
The DSMs join the intermediate filaments to form a network called the
desmosomes intermediate filament complex (DIFC) in epithelial cells (Garrod &
Chidgey, 2008). This complex is essential for strong adhesion and maintenance of
epithelial tissue integrity (Brooke, Nitoiu, & Kelsell, 2012).

2.2.3 Composition of DSMs

Desmosomal cadherins

The desmosomal cadherins (DCs) are single-pass transmembrane proteins that are
the core protein components in DSMs. They consist of two glycoprotein
subfamilies, desmocollin (Dsc) and desmoglein (Dsg), which are required for the
formation and function of DSMs (Garrod & Chidgey, 2008). Seven DCs are
characterized so far, three Dscs, and four Dsgs (Garrod, Merritt, & Nie, 2002). They
help to form a link between two cells by heterophilic or hemophilic binding by their
extracellular domains to other DCs on an adjacent cell (Mannan et al., 2011). They
span the plasma membrane with their C-terminal domains located in the plaque
(ODP) and their N-terminal domains connect the two halves of the DSMs together
in the intercellular space. All DCs are synthesized with an N-terminal signal and
pro-peptides that are cleaved during protein maturation (Garrod & Chidgey, 2008).
The genes of Dscs and Dsgs are clustered together in a region of chromosome 18
(Frank et al., 2001).
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Armadillo family

The armadillo family members are multifunctional adhesive and signaling proteins.
They interact with the DCs, plakins and intermediate filaments. Protein members
of this family are Plakoglobin (Pg) and Plakophilins (Pp) (Teh et al., 2011). These
proteins are found in the ODP of DSMs; their locations differ in that Pp is located
closer to the plasma membrane than Pg (North et al., 1999).

Plakin family

The plakin family members are desmoplakin (DP), envoplakin, periplakin,
epiplakin, and plectin. Among them, DPs are the major plaque proteins that bridge
between ODP and IDP in DSMs. They mainly link cytokeratin filaments to the
DSM junction complexes. DP has two isoforms (DP I and DP II), with molecular
weights of 250 kDa and 220 kDa, respectively. DP consists of three domains, the
globular C terminus, the N terminus and a central coiled domain through which DP
proteins form a parallel dimer (Kitajima, 2002). An essential function of DP in cell-
cell adhesion was studied in epidermoid carcinoma cells with depletion of DP.
When the endogenous DP was undetectable, the junctions were disrupted due to
lack of attachment by the intermediate filament bundles (Bornslaeger, Corcoran,
Stappenbeck, & Green, 1996). Other studies suggested that loss of DP by 50% is
still sufficient for normal development and function in non-palmoplanter skin but
is insufficient to maintain normal adhesion function in the skin of palms, and soles
(Thomason, Scothern, McHarg, & Garrod, 2010).

2.2.4 Functions of DSMs

The primary functions of DSMs are to mediate cell to cell adhesion and maintain
tissue integrity (Garrod & Chidgey, 2008). DSMs provide a scaffold for anchoring
the keratin intermediate filaments to the plasma membrane, and act as signaling
centers (Brown & Wan, 2015). Different expression patterns of the desmosomal
cadherins (DCs) in epidermis indicate DSMs are biochemically and functionally
distinct at various layers of the tissue (Delva, Tucker, & Kowalczyk, 2009).
Studies suggest DSMs function beyond mechanical adhesion. For instance, one
study showed that Dsgl is able to suppress the epidermal growth factor receptor
induced mitogen activated protein kinase signaling (EGFR-MAPK) during the
process of epidermal differentiation, except for its extracellular adhesion function
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(Getsios et al., 2009). Also, Dsc2 was identified to be involved in the activation of
the Akt-B catenin signaling pathway in the progression of colorectal cancer
(Kolegraff, Nava, Helms, Parkos, & Nusrat, 2011). Another interesting study
showed that loss of either Dsgl (Johnson et al., 2014) or Pg (Dusek et al., 2007)
delays the programmed cell death in response to UV treatment, suggesting that
these proteins play a pro-apoptotic signaling role in the skin. All these studies
suggest that desmosomal proteins transcend their roles in mechanical adhesion and
contribute to intracellular signaling in a wide variety of biological processes
(Dubash & Green, 2011).
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Fig. 1. Schematic model of a desmosome with relative positions of the major
desmosomal components. The illustration was drawn according to (Brooke, Nitoiu, &
Kelsell, 2012) after modifications.
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2.3 Desmoglein 3 (Dsg3)

Desmoglein 3 (Dsg3) is a 130 kDa transmembrane glycoprotein which plays a role
in epithelial cell-cell adhesion. As a member of the desmoglein subfamily it belongs
to the cadherin superfamily. Dsg3 is best known as the pemphigus vulgaris antigen
since it was identified as a major auto-antigen in this disease (Fukuoka et al., 2007).
Dsg3 expression is restricted to the basal and immediate suprabasal layers of the
skin. However, in the oral mucosa, Dsg3 is uniformly expressed throughout the
stratified epithelium (Tsang et al., 2012).

2.3.1 Dsg3 structure

The structure of the Dsg3 protein is shown in Figure 2. The extracellular (EC)
domain can be subdivided into four cadherin like EC domains and extracellular
anchor (EA) domain. Its cytoplasmic tail consists of an intracellular anchor (IA),
and an intracellular cadherin specific (ICS) domain. This ICS domain has a specific
binding site for Pg. Other domains found in Dsg3 cytoplasmic tails are an
intracellular proline-rich linker (IPL) domain, a repeat unit domain (RUD) and a
glycine rich desmoglein terminal domain (DTD) (Lee et al., 2009).

Dsg3

Fig. 2. Schematic illustration of the structure of Dsg3. It consists of four extracellular
cadherin like repeats (EC1-EC4), an extracellular anchoring domain (EA), a
transmembrane domain (TM) and a cytoplasmic tail. The cytoplasmic tail includes an
intracellular anchoring domain (1A), intracellular cadherin specific domain (ICS), proline
rich linker domain (IPL), a repeat unit domain (RUD), glycine rich terminal domain (DTD),
C-terminal end (C) and N-terminal end (N). The illustration was drawn according to (Lee
et al., 2009) with some modifications.
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2.3.2 Dsg3 signaling

Many intracellular signaling pathways are involved in maintaining standard
cellular functions and homeostatic environment. These pathways transmit
information within the cell. Dsg3 proteins are involved in maintaining, regulating
cell proliferation and differentiation by triggering these pathways (Garrod &
Chidgey, 2008). A study based on RNA interference, in HaCat keratinocytes and
MDCK cell lines, showed that Dsg3 silencing resulted in cell-to-cell adhesion
defects concomitant with decreased cell proliferation, and impaired skin
regenerative ability. These findings directed that Dsg3 has a role in controlling cell
proliferation and tissue regeneration by regulating cell-cell, and DSMs adhesion
(Mannan et al., 2011).

Src family proteins are non-receptor tyrosine kinases. They are involved in AJ
protein turnover and regulating cellular responses. Studies have shown Dsg3
involvement in activating Src signaling via interaction with E-cadherin. Studies
based on gain and loss of function approaches in various cell lines show that Dsg3
can act as a positive upstream regulator of Src activity, which in turn helps to
mediate AJ formation (Tsang et al., 2010). Because of the abnormally enhanced Src
activity in response to overexpression of Dsg3, the cells also exhibited pronounced
membrane projections and accelerated cell migration in human oral buccal SCC
SqCC/Y1 cells (Tsang et al., 2010). A later report by the same group (Tsang, Brown,
Gadmor et al., 2012) provided direct evidence that non-junctional Dsg3, which
associates with E-cadherin, directly regulated Src signaling during junction
formation. They also showed that this pathway is likely involved in the
pathogenesis of pemphigus vulgaris based on the evidence that decreased pSrc
signaling accompanied loss of E-cadherin in the basal keratinocytes surrounding
the blisters (Tsang et al., 2012).

2.3.3 Dsg3 in disease

Dsg3 is the pemphigus vulgaris (PV) antigen

The autoimmune disease pemphigus vulgaris (PV) occurs due to loss of cell to cell
adhesion and blister formation. It is a disease caused most probably by circulating
antibodies directed against Dsg3. The presence of antibodies against both Dsg3 and
Dsgl can cause mucocutaneous disease with blisters present in the deep mucosa or
epidermis (Ruocco et al., 2013). The loss of cell to cell adhesion is called
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acantholysis. Many studies have shown that binding of the autoantibodies to Dsg3
triggers a cascade of intracellular events that may contribute to the pathophysiology
of pemphigus vulgaris (Tsang et al., 2012). At the early stage of PV, anti-Dsg3
antibodies are found in patients who suffer from mucous membrane lesions, but
sera containing both anti-Dsg3 and anti-Dsg1 are detectable in patients with lesions
involving more than just the mucous membranes. Studies have found that auto-
antibodies recognizing the Dsg3 epitopes at the amino terminal domains play a
major role in the pathology of disease (Tsunoda et al., 2003; Amagai et al., 1995).
Aoyama and Kitajima (1999) proposed that pemphigus vulgaris is caused by
atypical desmosomes, which lack Dsg3, since human skin SCC cells in vitro treated
with pemphigus vulgaris antibodies did not contain Dsg3 (Aoyama & Kitajima,
1999).

Dsg3 in cancer

In squamous cell carcinoma (SCC), Dsg3 is overexpressed compared to normal
epithelium (Fukuoka et al., 2007). Dsg3 can be used as a specific marker for head
and neck SCC staging (T, N & overall stage). However, its biological function in
cancer metastasis remains unknown. RNAi knockdown of Dsg3 in OSCC cell lines
inhibited cell growth, migration and invasion. This suggests an additional role of
Dsg3 in cancer (Chen et al., 2007). Additionally, Dsg3 knockdown showed an
effect on OSCC cell growth and invasion, by enhanced Pg interaction with the
transcriptional factor TCF and quenched TCF/LEF transcriptional activity (Chen et
al., 2013). We showed that Dsg3 promotes cancer cell migration and invasion
through regulatory mechanisms of the transcriptional factor AP-1 and the FERM
protein ezrin (Brown et al., 2014). Another report has revealed the possibility to
adopt Dsg3 as a prognostic biomarker for lymph node metastasis in head and neck
SCC (Patel et al., 2013).

2.3.4 Dsg3 as an anti-cancer drug target

Dsg3 has been proposed as a possible therapeutic target in OSCC. Chen et al.
showed that RNAi mediated Dsg3 silencing in OSCC cell lines suppressed tumor
growth and metastasis in xenografts of BALB/C nude mice (Chen et al., 2007; Chen
et al., 2013). This suggests the therapeutic potential of targeting Dsg3 to prevent
cancer progression. In another study, a panel of anti-mouse Dsg3 IgG mAbs using
Dsg3 knockout (-/-) mice immunized with recombinant mouse Dsg3 (AK series of
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mAbs) was generated (Tsunoda et al., 2003). These mAbs mapped to different
regions of the extracellular domain of mouse Dsg3 (mDsg3) and among them, the
mAb AK23 was characterized as a pathogenic antibody which recognizes the N-
terminal adhesive epitope on mDsg3.

Although the effects of these antibodies on cell-cell adhesion have been
addressed, their role on cell migration is unknown. Currently, three of these mDsg3
AK series of antibodies are commercially available (AK23, AK9, and AK18), and
only AK23 cross-reacts with the EC1 domain of human Dsg3 (Di Zenzo et al.,
2012). AK23 has been used to study pemphigus blister formation, but there is very
little known about targeting Dsg3 to inhibit carcinoma cell migration and invasion
(Brown & Wan, 2015).

2.3.5 Expression of Dsg3 C-terminally truncated proteins and their
dominant negative effect on cell-cell adhesions

In previous biomedical research, the functions of Dsg3 were studied using one or a
combination of in vitro and in vivo model systems. For example in vitro, primary
tumor and their derived cancer cell lines were studied with Dsg3 up-regulation or
knockdown, and also in vivo models were examined with Dsg3 knockout, or
transgenic animals with misexpression or the expression of its N-terminally
truncated mutant in epidermis (Allen, Yu, & Fuchs, 1996; Baron, Hoang, Vogel, &
Attardi, 2012; Chen et al., 2013; Merritt et al., 2002). In addition, there are studies
based on IgGs from PV patients (Amagai, Klaus-Kovtun, & Stanley, 1991; Payne,
Hanakawa, Amagai, & Stanley, 2004) and the active pemphigus disease model in
which pathogenic antibodies specific for Dsg3 are raised (Amagai, Tsunoda,
Zillikens, Nagai, & Nishikawa, 1999; Jennings et al., 2011).

The methodologies used to examine the protein function in vitro fall into two
categories: 1) a gain-of-function approach achieved through the overexpression of
target gene(s) or the constitutive activation of the protein through a gain of function
mutation; 2) a loss-of-function approach achieved through either target gene
silencing by RNAI or the expression of a dominant negative mutant to reduce or
abolish the endogenous protein function. All of the mentioned techniques have their
merits and demerits as the manipulation of cellular genetic material, protein
structure and expression may have biological effects not directly pertaining to the
protein of interest resulting in misleading observations. Through experimenting
combination of gain- and loss-of-function approaches, one can compensate for
some of the limitations of a single model for the study of protein function.
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Although the evidence of cross-talk between Dsg3 and E-cadherin has been
observed in previous studies (Rotzer et al., 2015; Tsang et al., 2010), it remains
obscure how Dsg3 regulates E-cadherin function. For instance, it remains unclear
whether Dsg3 is only involved in the E-cadherin junction assembly at an early stage
of junction formation, or is it also required for the maintenance of E-cadherin
associated adhesion or both. Since these junctions are highly dynamic complex
structures, a detailed study on their reciprocal influence on protein synthesis and
turnover is still lacking.

There was no clinical evidence of Dsg3 truncated mutations in human diseases
till most recently, a homozygous nonsense mutation in the Dsg3 gene has been
identified in human and for the first time, that causes recurrent blisters, and erosion
in oral mucosa of a one-year-old female baby (Kim et al., 2018). In addition, three
mouse models have been developed by targeted disruption of the Dsg3 gene
(Pulkkinen et al., 2002). Both mice mutants, Dsg3%*?/ and Dsg3™s*" presented
runting and a hair loss phenotype (Davisson, Cook, Johnson, & Eicher, 1994; Koch
et al., 1997; Montagutelli et al., 1997). Another mouse mutation, Dsg3°*-"% had
similar clinical features, including runting and hair loss, and it exhibited fragile skin
and oral mucous membranes (Montagutelli et al., 1997).
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2.4 Tumor microenvironment (TME)

Tumors are surrounded by extracellular matrix (ECM) and stromal elements; these
cellular and noncellular components of the tumoral niche form the tumor
microenvironment (TME) (Wang et al., 2017). The TME plays an active role in
cancer progression. ECM components, different cells, microvasculature,
interactions between cancer cells and matrix molecules have an influence on tumor
enlargement and invasion (Gkretsi, Stylianou, Papageorgis, Polydorou, &
Stylianopoulos, 2015). Due to modifications in surrounding environmental
conditions and oncogenic signals from growing tumors, the TME gradually
changes over the course of cancer progression and modulates cancer cell migration
and invasion (Quail & Joyce, 2013).

2.4.1 Composition of TME

The TME consists of non-cancerous cells [such as inflammatory cells, vascular
cells, and carcinoma-associated fibroblasts (CAFs)], matrix molecules (i.e.,
collagen, laminin and fibronectin), enzymes [matrix metalloproteinases (MMPs)],
growth factors [such as epidermal growth factor (EGF), platelet derived growth
factor (PDGF), and fibroblast growth factor (FGF)] and cytokines [interferon-
gamma, interleukins (IL) 2, 4, 10, and 12] (Fig 3). TME components interact with
each other and also affect cancer cell proliferation, invasion and metastasis
formation (Ansell & Vonderheide, 2013; Mocellin, Wang, & Marincola, 2001; Salo
et al., 2014; Salo et al., 2018; Zhang, Nie, & Chakrabarty, 2010).

2.4.2 Role of TME in cancer progression

The ECM components of the TME have an active role in cancer invasion during
different stages of tumor progression. The ECM scaffolds TME components and
modulates cancer cell spreading, as well as cell movement. Key ECM factors such
as growth factors and chemokines provide strength, and elasticity to the tissues
(Balkwill, Capasso, & Hagemann, 2012). During the primary stages of cancer
growth, genetic changes occur which trigger various mechanisms controlling the
secretion of these various growth factors, ECM proteins, and cytokines. These
secretions change, also transform ECM and TME into pro-tumorigenic shape.
Through various components and secreted factors, the TME has an active role in
controlling the hallmarks of cancer (Hanahan & Weinberg, 2011).
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Fig. 3. Composition of the tumor microenvironment. The TME contains fibroblasts,
carcinoma-associated fibroblasts, inflammatory cells, vessel structures, extracellular
matrix molecules, and soluble factors. This simple illustration was drawn according to
(Joyce & Pollard, 2009) with some modifications.

Major TME components (both cellular and acellular), including inflammatory cells,
CAFs, extracellular vesicles (EVs) and various soluble factors, and matrix
structural molecules modulate the dynamic course of cancer cell migration,
invasion and metastasis (Joyce & Pollard, 2009; Salo et al., 2018). Different key
ECM proteins including laminin and type IV collagen control the cancer cell-
stroma interactions (Salo et al., 2014). In addition, in OSCC progression, laminin-
332, type IV collagen and fibronectin show increased expression (Kulasekara et al.,
2009). Other key ECM molecules, such as Tenascin-C (TNC) also has an important
role in regulating OSCC invasion (Berndt, Richter, Kosmehl, & Franz, 2015;
Sundquist et al., 2017). Cellular components of the TME modulates OSCC invasion,
such as immune cells like macrophages (Pirila et al., 2015), mesenchymal stem
cells (Sobral et al, 2011; Salo et al, 2013), and CAFs (Dayan et al., 2012; Sundquist
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et al., 2016). Studying different TME components give an insight into its role in
cancer progression and anti-cancer drug therapy (Salo et al., 2014).

2.4.3 TME matrices

In research, the TME has been mimicked using different matrices and 3D in vitro
methods. The popular methods for studying cancer cell invasion include
embedding cancer cells within rodent tissue derived Matrigel® and collagen. Other
mimicking gels such as fibrin, hyaluronic acid, chitosan, alginate, or silk fibrils are
also used for 3D cell culture. However, they are less effective at promoting 3D
culture than Matrigel® (Fang & Eglen, 2017).

Both Matrigel® and collagen are used commonly in wound healing assays,
Transwell invasion assays, 3D spheroids (Justus, Leffler, Ruiz-Echevarria, & Yang,
2014; Kramer et al., 2013) and sandwich cultures (Akerfelt et al., 2015). However,
these matrices do not simulate the human TME matrix (TMEM) because of their
rodent origin. It has been shown that mouse and human tissues vary in composition;
mouse TME has, for example, 75 more proteases than human (Puente, Sanchez,
Overall, & Lopez-Otin, 2003). Therefore, there is a concern of misrepresentation
of the experimental results using these animal tissue-based models in human cancer
related experiments. In order to overcome these difficulties our research group
introduced a 3D in vitro invasion model using discs of human uterine leiomyoma
tissue (Nurmenniemi et al., 2009). A myoma disc mimics the human TME in vitro
more accurately than animal derived matrices for cultured solid cancer cells.

Matrigel®

Matrigel® is a gelatinous protein mixture produced from the Engelbreth-Holm-
Swarm (EHS) mouse sarcoma tumor (Hughes, Postovit, & Lajoie, 2010). The name,
EHS tumor was to honor the Danish scientist who discovered it, J. Engelbreth-
Holm, and Richard Swarm, who was responsible for its maintenance and
characterization (Kleinman & Martin, 2005).

Matrigel® has a heterogeneous composition, containing ECM proteins such as
laminin, nidogen, collagen, and heparan sulfate proteoglycans. Matrigel® also
contains various growth factors (transforming growth factor beta, epidermal growth
factor, fibroblast growth factor, etc) (Benton et al., 2011; Hughes, Postovit, &
Lajoie, 2010). Matrigel® is routinely used in different 3D in vitro invasion and
clonogenic assays and 3D cultures (Benton et al., 2011).
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Collagen

Collagen is a major ECM component that has been widely used for in vivo
mimicking conditions to facilitate cellular growth and differentiation. It interacts
with cells and growth factors, and has a chemotactic action over endothelial cell
behavior (Chan et al., 2016). In vertebrates, 28 types of collagen (I-XXVIII) have
been identified, which can be divided into fibrillar, and non-fibrillar forms (Ricard-
Blum, 2011). Due to its biological, mechanical and degradable properties, collagen
is widely used in many experimental procedures, including clinical applications
(Abou Neel et al., 2013; Yannas, Tzeranis, Harley, & So, 2010).

Collagen-based biomaterials can also provide the required cellular scaffolds
for tissue repair and regeneration (Chan et al., 2016). Scaffolds made of collagen
can support physiological processes in the course of healing and provide a platform
for the development of ideal 3D tissue models (Chan et al., 2016). Commercially
available rat tail tendon derived type I collagen, is the most commonly used
collagen in cell biology studies. Organotypic models with type I collagen together
with mouse EHS sarcoma-derived Matrigel®, collagen-Matrigel® mixtures, are
used for invasion studies of carcinoma cells (Anguiano et al., 2017).

Fibrin

Fibrin gel can be derived from human fibrinogen. Fibrin is an effective component
of the fibrinogen gel that can enhance angiogenesis via activating angiogenic
growth factors such as vascular endothelial growth factor (Morin & Tranquillo,
2013; Shiose et al., 2004). At most injured locations, fibrin is activated by
enzymatic polymerization of fibrinogen. In wound healing and cell migration,
fibrin is reorganized and degraded by enzymatic functions of cells. Combined with
various ECM components (fibronectin, vitronectin, laminin, and collagen), fibrin
gels can further enhance their activity (Schense & Hubbell, 1999).

Various studies have revealed that fibrin can be used in medical and
bioengineering research, due to its biochemical and mechanical properties (Janmey,
Winer, & Weisel, 2009). Human cells such as fibroblasts can normally spread and
proliferate in fibrin gels in vitro (Zhao et al., 2008). In skeletal muscle and cardiac
tissue engineering applications, fibrin gel has been used as a hydrogel (Chan et al.,
2016).
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2.4.4 Three dimensional (3D) TME matrix models

Conventional cancer cell studies have focused primarily on 2D in vitro models.
Although these explain the mechanical details of cell-substrate or cell-cell
interactions, they are inadequate to investigate in vivo like cell-matrix interactions
(Friedl & Brocker, 2000; Rangarajan & Zaman, 2008). /n vitro 3D TME culture
models cover the gap between 2D culture and in vivo models (Harjanto & Zaman,
2013; Shamir & Ewald, 2014), in that they resemble closely the matrix structure
and rheology surrounding cancer cells in nature (Katt et al., 2016; Zaman et al.,
2006). One significant biophysical parameter is storage modulus or stiffness, which
allows the ECM to resist deformation and modulates cancer cell-cell adhesion,
migration, and invasion (Wells, 2008; Wolf & Friedl, 2011). The limited
availability of high quality in vitro 3D TME models is an obstacle to obtaining large
amounts of accurate cell migration data for analysis. (Rangarajan & Zaman, 2008).
Time-lapse microscopy with fluorescently labeled cells is used to track trajectories,
which enable quantitative analysis of different parameters such as cell
velocity/speed and nuclear size within the 3D matrix (Katt et al., 2016; Zaman et
al., 2006). Various 3D in vitro TME models are used to study cancer cell invasion,
such as transwell invasion model, spheroid model, hanging drop, 3D sandwich, and
myoma organotypic model, etc.

Transwell invasion

The transwell invasion assays are probably the most commonly practiced invasion
model, which are based on the original Boyden assay system (Marshall, 2011). It
is used to analyze the characteristics of cancer cells to directionally respond to
various chemoattractants (Justus, Leffler, Ruiz-Echevarria, & Yang, 2014). To
recapitulate the exact TME, an ECM layer is placed on the porous membrane (Fig
4). Commonly used ECM matrices are typically Matrigel® (Marshall, 2011) and
collagen (Katt et al., 2016). The thickness of the matrix layers can reach up to 1
mm (Kramer et al., 2013). Invasive cells degrade and move through the ECM layer
and adhere to the bottom of the filter, and then their invasiveness is analyzed.

3D hanging drop

This simple method generates tissue-like cellular aggregates for measuring
biomechanical properties or for molecular analysis in a physiologically relevant
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model (Foty, 2011). Small droplets (15-20 pl) of fluorescently labeled cancer cells
are embedded in different matrices (Salo et al., 2015). Cell suspension in matrix
drops is placed in the centers of each compartment on the inner side of a four-
compartment culture plate lid. This allows the cells to come close to each other
with gravitational support (Fig 5A). After a short incubation, the plate is gently
inverted and placed inside the incubator for another 3 hours. In this way, the cells
will spread before the matrix polymerizes. Time-lapse imaging up to 20-24 hours
is completed later using a confocal fluorescence microscope. The images obtained
can then be processed, segmented and analyzed by available image analysis
software. Different cell invasion parameters such as cell speed, cell volume and
shape (roundness/ eccentricity) can be analyzed.
0h @ 24 h 48 h 72 h » 96h

Human cancer
cells

Serum free medium

/

Nylon filter ECM Matrices Medium + Invading cells
membrane chemoattractant

Fig. 4. Transwell invasion model with ECM coatings.

3D spheroid model

Cancer spheroids or multicellular tumor spheroids (MCTS) can be defined as
aggregates of cancer cells grown in suspension and imbedded within TME matrices
using 3D culture models (Fig 5B). 3D spheroids are used for functional studies (e.g.,
cell growth, migration, and invasion) in an avascular TME, drug testing,
angiogenesis studies, tumor—immune cell or tumor-CAF interaction studies (Katt
et al., 2016; Lin & Chang, 2008; Mehta et al., 2012). Four techniques are used for
spheroid formation, such as suspension culture, hanging drop, microfluidic, and
non-adherent surface methods (Mehta et al., 2012). Suspension cultures form
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spheroids through agitation or by increasing the viscosity of the media. It has high
throughput, but there is no guarantee of proper size and uniformity (Lin & Chang,
2008; Mehta et al., 2012).

The hanging drop method where cancer cell droplets are suspended from the
underside of a tissue culture lid allows better control of spheroid size and
composition. Gravity drives mechanical cell aggregation into a cluster at the bottom
of the drop and forms a spheroid. Then spheroids are imbedded into a TME matrix
mixture (Salo et al., 2015). This technique provides uniform spheroid size, and for
co-culture spheroid models, as it allows natural cell-cell interactions (Mehta et al.,
2012). Cancer cells cultured on non-adherent or ultra-low attachment surfaces don’t
attach to the substrate, which allows spheroid formation. Using non-adherent
surfaces is straightforward but does not allow control over spheroid size and
uniformity (Mehta et al., 2012). Spheroid growth can be modified using round-
bottom non-adherent 96-well plates (Vinci et al., 2012). Microfluidic devices are
now common, as they allow controlled spheroid formation. Persistent perfusion
under physiological conditions during spheroid formation allows for rapid
formation and more uniformity (Mehta et al., 2012).

A. B.

£ ] 1
- & »
s L . 5

Hanging drop Multicellular spheroids
» 2@ Cells ECM

Fig. 5. Cancer cells embedded in TME matrices. A. Hanging drop technique. B.
Multicellular spheroid model.

3D sandwich

Here fluorescent-labeled cancer cells are imbedded between two layers of
polymerized 3D TME matrices (Fig 6). This mimics the environment of the cells
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within a tissue and allows cells to be imbedded in a narrow focal plane between
two layers of ECM (sandwich), which is ideal for long term imaging. This 3D
culture method is performed in 96-well angiogenesis plates (Ibidi) featuring a well-
in-a-well geometry consisting of two compartments (inner smaller & upper larger).
The inner well is filled with gel matrix. After cells are placed on top of the
polymerized gel, the upper well is filled with the same gel matrix so that the cells
are allowed to grow and move between two layers of ECM (Harma et al., 2014).
Quantification of invasion and morphological changes can be made using
fluorescently labeled cells and co-culture with fibroblasts (Akerfelt et al., 2015). It
is ideal for better visualization without any meniscus formation caused by liquid
tension and with all cells in one focal plane.

Cells embedded i

| I in ECM

Upper ECM gel
Lower ECM

gel Lower ECM gel

Fig. 6. Sandwich culture, where single cells or spheroids are imbedded between two
layers of ECM.

Myoma organotypic model

Our research group introduced a uterine leiomyoma tissue based myoma model to
overcome the lack of human tumor mimicking TME matrices in 3D in vitro
invasion assays (Nurmenniemi et al., 2009). It contains several insoluble as well as
soluble molecules (e.g. laminins, type I, II, and IV collagens) and presents more of
the different kinds of cells and molecules present in the natural TME compared to
the previous in vitro models (Sundquist et al., 2016; Nurmenniemi et al., 2009;
Teppo et al., 2013). Here cancer cells are cultured on top of the myoma disc, then
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they invade into the myoma tissue (Fig 7). Briefly, myoma tissue is cut into 4 mm
myoma slices, later the myoma discs are cut using an 8 mm biopsy punch. Then
the discs are transferred carefully to a disc inside a Transwell chamber, cells are
counted and placed on top of the center of discs. Each disc is transferred from the
Transwell chamber onto a metallic grid and cultured in a 12-well plate for 10-14
days. Later the discs are fixed with 4% formalin and processed prior to hematoxylin
and eosin staining or pan-cytokeratin AEI/AE3 immunohistochemical staining.
High-quality images from the stained sections can be collected by a DMRB photo
microscope, and various parameters, such as invasion area, and invasion depth are
measured by Fiji or available software (Astrom, Heljasvaara, Nyberg, Al-Samadi,
& Salo, 2018).

Ist day @ » 14th day

Cancer
cells

Steel grid

Invading cells

Fig. 7. Schematic drawing of myoma invasion model.
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3 Aims of the present study

The main aims of the present study were:

1. To study the role of Dsg3 in adhesion, migration, and invasion in vitro by
utilizing both gain and loss-of-function approaches of Dsg3 in buccal mucosa
SCC cell lines (1, III).

2. To compare the effects of locally established human leiomyoma derived
matrices (myoma discs and Myogel) with commercial rodent matrices
(Matrigel® and type I collagen) (11, III).

3. To compare the adhesion and invasion properties of oral mucosal SCC cell
lines in different matrices in 3D models (I, III).

4. To explore the feasibility of using Dsg3 as a potential novel anti-cancer drug
target (I11).
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4 Materials and methods

The materials and methods used in the original articles are summarized in Table 2.

The most important methods of the present thesis are briefly described below.

Table 2. Methods used in the original publications.

Level

Method

Publication

Human

Animal models

Cells

Cell experiments

Histological experiments
Protein analyses

Microscopic techniques

Image analysis softwares

Others

Myogel
Myoma organotypic disc
Mouse sarcoma derived Matrigel®
Rat tail tendon derived type | collagen
Cell culture
Cell co-culture
Establishment of stable transfected HSC-3 (GFP-H2B) cells
Establishment of stable transfected SqCC/Y1 (H2B) cells
Establishment of stable transfected CAFs (GFP)
Soft agar colony formation assay
Migration assays
Transwell Vertical migration
Horizontal migration
Invasion assays with tissue derived gels
Transwell vertical invasion
3D Sandwich assay
3D Hanging drop assay
3D Multicellular spheroid assay
Invasion assays with tissue discs
3D Myoma organotypic assay
Cell death assay (TUNEL)
Immunofluorescence (IMF)
Staining and analysis of immunohistological samples
Adhesion assay
Confocal microscopy
Live-cell imaging
IncuCyte™ (Essen BioScience, United Kingdom)
Spinning disc confocal microscope (Carl Zeiss, Germany)
Epifluorescence microscope (Olympus, Japan)
Fiji Imaged (NIH, Bethesda, USA)
MetaMorph (Molecular Devices Corp, USA)
MATLAB (MathWorks, USA)
Matrix rheology measurement
Statistical analyses
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Table 3. Antibodies used in the original publications.

Antibodies (Abs) Name Source Dilution Publication
Primary Mouse anti-Dsg3 Prof M Amagai 1:100 |
Ab, 5H10
Mouse anti-E- Abcam, UK 1:100 |
cadherin Ab,
HECD-1
Rabbit Ab, H145 Santa Cruz, USA 1:100 |
Rabbit Myc-Tag Ab Cell Signaling, USA 1:50 |
Secondary Alexa Fluor Invitrogen, USA 1:100 |
488/568, Goat anti-
mouse (green/ red)
Alexa Fluor 488, Invitrogen, USA 1:100 |
Goat anti-mouse
(green)
Alexa Fluor 488, Invitrogen, USA 1:100 |
Goat anti-rabbit
(green)
Anti-rabbit (red/ Invitrogen, USA 1:100 |
green)
Other Anti-Desmoglein 3 MBL, Japan 1 pg/ mi ]
(Mouse) mAb
(AK23)
Mouse IgG1 MBL, Japan 1 pg/ mi ]
Cytokeratin Dako, Denmark. 1:250 ]
(AE1/AE3)

4.1 Cell cultures (1, II, 1)

4.1.1 Carcinoma cell lines and their characteristics (1, Ii, 1ll)

SqCC/Y1 cells derived from human oral buccal SCC were used for the study (I, I1I)
and they were grown in EpiLife medium with 60 mM calcium concentration (Gibco)
supplemented with EDGS (Epilife Defined Growth Supplement, Gibco). Four
different SQCC/Y1 cell lines were generated in Dr. Hong Wan’s research laboratory

in Queen Mary University of London, with the transduction of vector control (Ct),
full-length (FL) or two different C-terminally truncated Dsg3 mutants (A238 and
A560) (Fig 8) as described (Moftah et al., 2016). In brief, a retroviral construct of
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full-length (FL) human Dsg3 cDNA tagged with a Myc epitope at the C-terminus
(pBABE-hDsg3.myc), was generated during our earlier study (Tsang et al., 2010).
Two mutants (Fig 8) were produced by cutting out different length sequences in the
pBABE-hDsg3.myc construct (I). Two Abs against Dsg3, mAb 5H10 directed to
the N-terminal end and rabbit anti-Dsg3 directed to the C-terminal end, were used
for the protein expression analysis. Although little or no reduction in total
endogenous Dsg3 expression was detected in cell lines with transduction of
mutants by Western blot analysis, disruption of cell-cell junctions with
concomitantly compromised adhesion strength was shown in these cell lines (I).

The human OTSCC cell line HSC-3 (Japan Health Sciences Foundation, Japan)
was cultured in a 1:1 DMEM/F-12 medium (Life Technologies) supplemented with
100 U/ml penicillin, 100 pg/ml streptomycin, 250 ng/ml fungizone, 50 pg/ml
ascorbic acid and 0.4 pg/ml hydrocortisone (all from Sigma-Aldrich) and 10 % heat
inactivated fetal bovine serum (FBS; Life Technologies) (II).

4.1.2 Other cell lines (1ll)

Human carcinoma-associated fibroblasts (CAF) and normal oral fibroblasts (NOF)
were established from OSCC or healthy oral mucosa respectively, as described
earlier (Sobral et al., 2011). Both cell lines were cultured in DMEM medium
supplemented with 100 U/ml penicillin, 100 pg/ml streptomycin, 50 pg/ml ascorbic
acid, 250 ng/ml fungizone, 1 mmol/L sodium pyruvate (Sigma-Aldrich) and 10 %
heat inactivated FBS.

FL (EC1-ICD) [\ 10 ‘[ o[ 10 | | ;
A238 (ECI-EC2) [ 1 I i
A560 (ECI-EA) [ a0 10 b | b — E i

EC1 EC2 EC3 EC4 EA T™ <= ICD » Myc

Fig. 8. Full-length and mutant forms of Desmoglein 3 (Dsg3). A schematic diagram of
full length (FL) and two C-terminally truncated mutants AC (A238 and A560) of Dsg3
tagged with myc epitopes (red) are drawn according to (l). Abbreviations: EC:
extracellular domain; EA: extracellular anchorage domain; TM: transmembrane domain;
ICD: intracellular domain; C: C-terminal end; N: N-terminal end.
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4.2 Lentiviral transduction (ll, lll)

SqCC/Y1 and HSC-3 cell lines were transduced with nuclear histone-2B (H2B) -
coupled mCherry expression vector pLenti6.2 V5/DEST (a kind gift from Dr.
Cindy E. Dieteren, Radboud UMC, Netherlands) following a published protocol
and selected in culture media containing 5 pg/ml blasticidin-S (Merck Millipore)
(Cattavarayane, Palovuori, Tanjore Ramanathan, & Manninen, 2015). CAFs and
HSC-3 cells labeled with GFP were generated by stable transduction with
nonsilencing GIPZ lentiviral siRNAmir control particles (pGIPZ vector contains
GFP in order to track sShRNAmir expression; Thermo Fisher Open Biosystems) and
selected with 4 pg/ml puromycin (Sigma-Aldrich) according to the manufacturer’s
instructions. Transduced SqCC/Y1-H2B, HSC-3 (H2B-GFP) and CAF-GFP cell
lines were later cultured as their non-transduced counterparts.

4.3 Dispase dissociation assay (I)

The dispase dissociation assay was carried out to study cell-cell attachement in
SqCC/Y1 cell lines, according to previously described methods with modifications
(Hartlieb et al., 2013; Mannan et al., 2011). Cells were counted and placed in 6-
well plates, and were cultured to confluency in EpiLife medium with EDGS. Then,
confluent cultures were gently washed twice with PBS, later incubation was done
in 2 ml dispase II (2.4 U/ml in PBS, Invitrogen) for 20-30 minutes. Incubation was
carried out till whole epithelial sheet loosened from the plate substrate. Mechanical
stress was then applied by gentle pipetting 5 times with 1 ml pipette to fragment
the epithelial sheets. After the epithelial sheets detached, images of each well were
taken, and then the number of fragments in each well was determined by counting
the number of particles after thresholding with ImagelJ.

4.4 Immunofluorescence (I, lll)

For immunofluorescence (IMF) studies the reagents used were as follows: fixative
— ice cold methanol, washing buffer (PBS plus 0.2% Tween 20), blocking buffer
(10% goat serum in washing buffer), primary and secondary antibodies (Abs)
(Table 3) and DAPI. SqCC/Y1 cells grown on coverslips were washed with PBS,
fixed in ice-cold methanol and rehydrated. Next, the coverslips were incubated in
the primary antibody and secondary antibody, then counterstained with DAPI for
at least 10 minutes at room temperature (RT). IMF procedures were carried out as
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described in (Moftah et al., 2016). All coverslips were mounted on the labeled
slides using ProLong® Gold antifade reagent (Catalog Number- P36931,
Invitrogen). The coverslip staining was examined with a Leica DMS5000
epifluorescence microscope. Image analysis was performed using Imagel.

4.5 Horizontal migration (lll)

An IncuCyte™ Live-Cell Imaging System (Essen Bioscience) was used for 2D
migration imaging. Four SqQCC/Y1 cell lines were seeded in EpiLife media on 6-
well culture plates at the density of 1.5x10° cells/well just before the recording.
Nine regions in each well were photographed at intervals of 10 min for the first 3
h and at 15 min intervals continuing for 48 h. For each selected region 198 images
were acquired. Video files were generated from the images; a total of nine video
files were obtained for each cell line (total 36 videos). Finally, 100 frames in each
video were selected for analysis, while images with rounded cell shape and
overgrown cultures were excluded. Thereby 900 frames for each of the four cell
lines were included in the cell tracking analysis. MetaMorph (Molecular Devices
Corp.) software was used for cell tracking. X and Y coordinate values for 16
cells/video/region at every frame (n = 100) were recorded to represent random cell
migration, thereby 144 cells in each cell line were analyzed. Generated 57600
coordinates were used for later retrieval and analysis using Fiji software (NIH,
Bethesda). Chemotaxis and Migration Tool in the Fiji plugin was used for analysis.
‘Plot graph’ was used to plot cell trajectories/ paths and the ‘diagram feature’ tool
was selected to display a rose diagram to observe directionality between different
cell lines. Velocity, accumulated and Euclidean distance were measured to quantify
differences. ‘Accumulated distance’ for each track/cell that can be defined as the
total distance covered or migrated within a trajectory (Fig 9). The ‘Euclidean
distance’ is the measure of the mean distance between the end point and origin of
each track/cell (Fig 9).

4.6 Myoma discs and Myogel (ll, 11I)

In order to study 3D OSCC in vitro, our research group in Oulu has developed a
human myoma organotypic model (myoma disc) using human uterine leiomyoma
tissue (Nurmenniemi et al., 2009). Myoma discs contain several extracellular
matrix and basement membrane (BM) proteins, as well as non-vital fibroblasts and
inflammatory cells. Therefore, this model mimics the native human TME better
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than the commonly used rat tail type I collagen, sometimes mixed within mouse
EHS-tumor matrix (Matrigel®). Our group has also developed a novel solution from
the myoma disc protein extracts, Myogel, which was prepared according to the
Matrigel® preparation method. Briefly, frozen myoma tissue is ground to a powder
and suspended in sodium chloride (NaCl) buffer. After centrifugation, the pellet is
homogenized in the same NaCl buffer and the protein concentration in each
preparation is measured (II).

A. 2D culture B. 3D culture

Endpoint

-—== Euclidean distance

------- Accumulated distance

(cell path) Startpoint

Startpoint (0,0) *

Fig. 9. Accumulated and Euclidean distance trajectories in 2D (A) and 3D (B) cultures.
Accumulated distance for each track/cell that can be defined as the total distance
covered within a trajectory. Euclidean distance is the distance between the end point
and origin of each track/cell.

4.6.1 Rheology of Myogel (IlI)

The theology of Myogel, Matrigel® (BD Matrigel Matrix, BD Biosciences) and
their mixtures with rat tail type I collagen (BD Biosciences) Myogel-collagen, and
Matrigel®-collagen were studied following a protocol previously published with
some modification (Van Goethem, Poincloux, Gauffre, Maridonneau-Parini, & Le
Cabec, 2010). Matrix samples were prepared, mixed and diluted with serum free
1:1 DMEM/F-12 medium (Life Technologies) at 4°C prior to the experiment. Final
concentrations of matrices were Myogel (2.4 mg/ml), Matrigel® (2.4 mg/ml),
Myogel-collagen mixture (2.4 mg/ml, 1 mg/ml), and Matrigel®-collagen mixture
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(2.4 mg/ml, 1 mg/ml). Matrix responses to oscillatory shear were measured using
a rheometer (Discovery HR-1, TA Instruments) equipped with a cone (40 mm
diameter; 2° angle) and plate geometry. Diluted matrix gels (0.65-0.7 ml) were then
placed on the center of the lower plate. The cone was lowered to the measuring gap
and the plate was heated to 37°C. Matrix gels were left undisturbed in a humid
atmosphere for 30 minutes for gel polymerization. After 30 minutes, the storage
modulus (G’), loss modulus (G’) and complex viscosity (n*) were measured with
two different methods. A logarithmic strain sweep from 0.1 to 300% was performed,
using an angular frequency of 10 rad/s, in order to evaluate the linear viscoelastic
region of the gels. A linear frequency sweep from 0.1 to 0.55 Hz, using 1% strain,
was performed at the linear viscoelastic region to observe the gels behavior under
different angular frequencies.

4.7 Vertical migration and invasion assay (lll)

The assays were performed according to published protocols described previously
(Brown et al., 2014; Salo et al., 2015). They were completed with 24-well
Transwell® nylon filter membrane inserts (Corning Inc.). SqQCC/Y1 cell lines
(1x10°) in serum-free 100 pl 1:1 DMEM/F-12 medium (Life Technologies) plus 1%
BSA were placed on the upper compartment of the insert. 0.5 ml keratinocyte
growth medium (KGM) was placed in the bottom well. Then they were incubated
at 37°C in a 5% CO, humidified atmosphere for 24-96 h. After incubation, the
media from the upper compartment was gently removed and the filters were fixed
with 4% formalin for at least 1 h in RT. The remaining cells attached on the upper
surface of the nylon filter membrane were carefully wiped and removed with a
cotton swab. Cells on the lower surface of the membrane were stained with a
Toluidine blue solution (filtered 1 % Toluidine Blue + 1 % disodium tetraborate in
ddH20) for 10 min and later lysed with 1% SDS. The relative cell number was
measured by absorbance at 650 nm.

For Transwell® invasion assays, Myogel was mixed with low-melting agarose
(Myogel-LMA) for better polymerization. Myogel was diluted in serum-free
medium with a final protein concentration of 2.4 mg/ml. Later 0.2% LMA was
added to make Myogel-LMA gel mixture. Matrigel® was diluted in serum-free
culture medium with a similar final concentration of 2.4 mg/ml. 50 pl of the
Myogel-LMA and Matrigel® were gently added at the center of the upper
compartment of the insert. Incubation at RT for 30 min allowed them to polymerize.
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Then the cells were seeded on top of the gels and the plates were kept for 96 h in
an incubator at 37°C.

4.8 Hanging drop spheroid cultures (ll)

The spheroids were formed according to the published protocol by (Del Duca,
Werbowetski, & Del Maestro, 2004). HSC-3 (H2B-GFP) cells were cultured to
confluency, trypsinized, washed in phosphate-buffered saline (PBS), and
resuspended in DMEM/F12 medium with 10% FBS. 20 pl drops of the cell
suspension were placed onto the lids of 10 cm dishes, which were inverted over
dishes containing 10 ml of PBS. Hanging drop cultures were incubated for 72 h,
the resulting cellular aggregates were harvested by embedding in two different
conditions low-melting agarose (LMA) and Myogel-LMA (2.4 mg/ml Myogel
mixed with 0.2% LMA) using a pipette, and introduced into a well of a 48 well
plate. Pictures of the spheroids were taken with an EVOS inverted microscope at 0
h, 24 h, 48 h and 72 h after embedding. ImageJ software was used to measure the
spheroid area and the results were calculated as a percentage of the area of the
implanted spheroid.

4.9 Adhesion assay (ll, Ill)

A cell adhesion assay was conducted to determine how many cells bind to Myogel
compared to Matrigel®. The adhesion assay was performed according to a
published protocol (Laaksonen et al., 2008). 96 well plates were coated for 24 hours
with 100 pl of bovine serum albumin (BSA; 10 pg/ml, Sigma), fibronectin (FN; 10
pg/ml, Sigma), Matrigel® (0.62 mg/ml) and Myogel (0.62 mg/ml) diluted in PBS.
The next day the excess liquids were removed, and the plates were incubated with
100 pl/well of 0.1% BSA for 2 h and washed with PBS. 6000 SqCC/Y1 cells in
100 pl EpiLife medium were added to each well and the plates were incubated at
37 °C in a 5% CO; humidified atmosphere for 2 h. The non-adherent cells were
rinsed off, and the remaining cells were fixed with 10% trichloroacetic acid (TCA);
they were later stained with crystal violet and quantified using an ELISA reader at
550 nm.
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4.10 Immunofluorescence (IMF) in coated coverslips (lll)

The studies were performed to examine the role of ECM in the Dsg3 expression in
SqCC/Y1 cell lines. Coverslips were coated overnight with Epilife medium, 0.62
mg/ml Matrigel®, or 0.62 mg/ml Myogel diluted in EpiLife medium before cell
seeding. The next day the excess liquids were removed and 6000 SqCC/Y1 cells in
100 pl EpiLife medium were added to each well and the plates were incubated
overnight at 37 °C in a 5% CO, humidified atmosphere. The next day, IMF
procedure was carried out according to published protocol (Moftah et al., 2016).
Stable expression of Dsg3 and its truncated mutants were visualized with the mouse
mAb 5H10 in conjunction with anti-mouse IgG conjugated with Alexa Fluor 568,
as described previously (Moftah et al., 2016). In addition, expression and
distribution of E-cadherin and F-actin were also analyzed by fluorescent staining
with the monoclonal antibody against E-cadherin HECD-1 and A488 conjugated
phalloidin. Images were acquired on Leica DMI4000 B epifluorescent microscope.
Image analysis was performed using Imagel.

411 3D hanging drop method (ll)

The collagen gel was prepared as described by the manufacturer’s protocol (BD
Biosciences) to make the final concentration of the collagen to be 1.7 mg/ml. The
Matrigel®-collagen (1.5 mg/ml, 1.5 mg/ml) and Myogel-collagen (4.3 mg/ml, 1.5
mg/ml,) mixture was prepared in the same manner. 7x10* HSC-3 (H2B-GFP) cells
were dissolved in 10 pl DMEM/F12 medium (Life Technologies) supplemented
with 2% FBS (Life Technologies), then 50 pl matrix mixture was added. 20 pl of
cell suspension in each matrix gently pipetted on the four compartment plate.
Culture plate was flipped around after 5 min of incubation in culturing condition
and hanged for 3 h in the humidified chamber in culturing condition before time-
lapse microscopy.

4.12 3D sandwich culture (lll)

Transduced SqCC/Y1 cell lines containing nuclear lentiviral particles were
embedded between two layers of polymerized 3D TME gel matrix mixtures
prepared according to a published protocol with modifications (Akerfelt et al.,
2015). This 3D culture method can be performed in p-Plate Angiogenesis 96 Well
(Ibidi) featuring a well-in-a-well geometry consisting of two compartments
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(smaller & larger), the smaller compartment is in the bottom of the larger one. Rat
tail type I collagen (2.4 mg/ ml), Matrigel® (2.4 mg/ ml), Matrigel®-collagen and
Myogel-collagen mixtures were used as ECM. In the Matrigel®-collagen and
Myogel-collagen mixtures the final protein concentrations were for
Myogel/Matrigel® (2.4 mg/ ml) and for Collagen (1 mg/ ml). The smaller (bottom)
compartment was first filled with 10 pl of matrix mixture. The plates were kept
gently in an incubator at 37 °C for 30 min to 1 h for polymerization and were then
centrifuged for 20 mins at 200 x g in RT. Cell suspensions (1500 cells/well) were
embedded in 20 pl ECM mixture and placed on top of the polymerized bottom gel.
Then the plates were centrifuged for 10 mins at 100 % g and the upper gel with cells
embedded was allowed to polymerize by overnight incubation at 37 °C ina 5 %
CO; humidified atmosphere. Sterile PBS was added into the outer wells and rim for
better humidity control. 20 ul KGM medium containing 2% heat inactivated fetal
bovine serum (FBS; Life Technologies) was added on top gently prior to 24 h time-
lapse microscopy.

In co-cultures, transduced Ct-H2B and two mutants (A238-H2B & A560-H2B)
were used alongside CAF-GFPs and NOFs. The ratio of SqCC/Y1 cells to
fibroblasts (2:1) was optimized for standard stromal interaction formation. 1000
cancer cells were gently mixed with 500 CAF-GFPs or NOFs separately, and later
the total co-culture cell suspensions (1500 cells/well) were embedded in Myogel-
collagen (2.4 mg/ ml, 1 mg/ ml).

4.13 AK23 antibody treatment against Dsg3 (lll)

Mouse monoclonal antibody acantholytic keratinocyte AK23 (MBL, Japan), which
binds to the first extracellular domain of Dsg3 was used (Tsunoda et al., 2003). We
aimed to test the inhibitory activity of AK23 mouse monoclonal antibodies against
Dsg3 on SqCC/Y1 cell invasion using the 3D sandwich culture assay as explained
in (Akerfelt et al., 2015). AK23 and mouse IgG1 isotype control were mixed gently
in the Myogel-collagen (2.4 mg/ ml, 1 mg/ ml) mixture with 1 pg/ml final
concentration before cell embedding as suggested in the manufacturer’s
instructions. All four transduced fluorescent-labeled cells were then embedded in a
Myogel-collagen matrix containing AK23 and IgG1. Later the cells were treated
with either IgG1 isotype control or AK23, at 1 ng/ml concentration in KGM (Gibco)
medium containing 2% FBS (Life Technologies).
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4.14 3D image acquisition and time-lapse microscopy

4.14.1 Spinning disc confocal microscopy (ll)

In 3D hanging drops, images of transduced HSC-3 cells were taken with spinning
disc confocal microscope (Zeiss, Germany) using Zeiss Cell 21 with EC Plan-
Neoflaur 40x/0.75 M27 objective, and two channels (mCherry and GFP). Images
were taken in every 15 minutes with 19.8 um Z spacing with Hamamatsu Camera#2
controlled by Zen Blue 2012 software (Zeiss, Germany) for 22 hours.

4.14.2 Epifluorescence microscopy and deconvolution (lll)

To visualize the transduced SqQCC/Y1 cell lines and CAFs in 3D sandwich cultures

at 37 °C in 5% CO, humidified atmosphere, CellSens system (Olympus, Japan)

with its top stage incubator was utilized. Images were taken with CPlanFLN PhC

10x/0.30, UPlanFLN 20x/0.50 objectives (Olympus, Japan) for TxRed and GFP

channels. Images were taken every 30 min with 7.9 um Z spacing with Olympus

XM10 CCD controlled by cellSens Dimension for 18—24 h. 3D image stacks were

processed with Huygens Professional (Scientific Volume Imaging, the Netherlands)
deconvolution wizard using initial parameters before quantitative analysis.

415 Myoma disc assay (lll)

Organotypic myoma invasion experiments were done according to the published
myoma model protocols (Nurmenniemi et al., 2009; Teppo et al., 2013). Briefly,
myoma tissues were processed, cut to 5 mm slices and then into discs with an 8-
mm biopsy punch (Kai Industries Co., Japan). Before the experiments, myoma
discs were equilibrated and rinsed by gentle rotation in KGM containing 10% FBS
at 4°C for 48 h. Rinsed discs were carefully placed in the 6.5 mm diameter
Transwell® inserts (Corning, NY, USA) and 7x103 SqCC/Y1 cells suspended in 50
pl of serum free 1:1 DMEM/F-12 medium plus 1% BSA were added on top. 0.5 ml
KGM containing 10% FBS was added in the wells, and the cells were allowed to
attach overnight in an incubator at 37°C in a 5 % CO; humidified atmosphere. On
the following day, myoma discs with cells attached on top were placed onto nylon
discs on curved steel grids in 12 well plates with 1 ml of KGM containing 10%
FBS in each well. The cells were cultured for 14 days. The medium was changed
in the bottom well on days 4, 7, 10, and 13. On the 14th day, the cultures were fixed
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with 4% formalin for 24 h at RT. The results were analyzed after histological
procedures. The invasion patterns of four SqCC/Y 1 cell lines were quantified after
immunohistochemical pancytokeratin AE1/AE3 (Dako) staining to identify
SqCC/Y1 cells. Sections were digitally recorded at x100 magnification with a
DMRB photo microscope connected to a DFC 480 camera using QWin V3 software
(Leica Microsystems). The areas of stained non-invading and invading cells were
measured, excluding the nonuniform invasion in the edges of the myoma. Invasion
area and depth were measured with ImageJ.

416 Statistical analysis (1, II, lll)

Statistical evaluation was performed using student t-test of Microsoft Excel (Office
2013; Microsoft Corp, Redmond, WA) and ANOVA of IBM SPSS 23.0 software
for Windows (SPSS Inc., Chicago, IL, USA). Statistical tests applied for data
analysis are indicated in the figure legends. We considered a P-value of <0.05 to be
statistically significant and are indicated with asterisks. Graphic indications of
calculated p-values are *p < 0.05 and > 0.01, **p <0.01 and > 0.001; ***p < 0.001.

417 Ethical considerations (Il, Ill)

The human myoma studies were approved by the Ethical Committee of the Oulu
University Hospital, Finland (8/2006, 26/2006, 4/2014 and 35/2014).
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5 Results

5.1 Detecting C-terminally truncated mutants

We earlier reported the overexpressed FL (Tsang et al., 2010). The expression of
the C-terminus of FL and truncated Dsg3 proteins were measured by
immunofluorescence using the rabbit anti-Myc tag antibody, which detects the Myc
tag epitope. Strong expression was detected in FL cells, and restricted, cytoplasmic
staining in mutant cell lines A238 and A560. These results indicated the normal
function of exogenous Dsg3 in FL, and the lack of a transmembrane domain in the
two truncated proteins (Fig 10).

Ct

Fig. 10. Fluorescent microscopic images of SqCC/Y1 cell lines with transduction of Ct,
full length FL and two Dsg3 truncated mutants, A238, and A560. Cells were stained with
the rabbit Myc tag Ab and A488 conjugated rabbit IgG. In contrast to FL cells, where
Dsg3 was in the cell membrane, in both mutants the Myc was located in the cytoplasm.
Scale bar, 10 pm.

Western blots with anti-Myc tag antibody of total lysates from SqCC/Y1 cell lines
confirmed that the molecular weights were similar to the calculated ones;
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approximately 200 kDa for Ct, 130 kDa for FL, 40 kDa for A238, and 80 kDa for
A560. For A238 the molecular weight of Dsg3 was slightly larger than the
calculated 35 kDa (Fig 1B in I).

5.2 Expression of Dsg3 truncated proteins caused compromised
cell-cell adhesions

Our previous study has shown that Dsg3 depletion in epithelial cells causes cell
cohesion, which results in an enhanced fragmentation of epithelial sheets, as
assessed by the dispase dissociation assay (Mannan et al., 2011). Tsang et al. (2010)
suggested that Dsg3 overexpression causes disrupted junctional assembly. Later
they supported this finding by showing that Dsg3 acts outside of the DSMs,
combined with E-cadherin and by activating Src signaling (Tsang et al., 2012).

To determine if cell lines which express truncated Dsg3 proteins exhibit the
same phenotypes in cell-cell adhesions we performed a similar dispase dissociation
assay as described above. Fragmentation of epithelial sheets was induced by
mechanical stress through pipetting the samples (Fig 1C, after in I). The results
showed a significant increase of fragments in all mutant cell lines compared to Ct
or FL cells (Bar chart, Fig 1C in I). This suggests that the expression of Dsg3
truncated proteins causes weakening of cell-cell adhesions and disruption of
epithelial integrity. No significant difference was observed between Ct and FL
epithelial sheets, and their integrity was almost intact. During the dispase treatment,
mutant cell lines formed compromised cell-cell adhesions in the monolayer.

To determine the Dsg3 distribution in cell-cell attachments in Ct, FL, and A238
cell lines, IMF experiments were carried out using mouse anti-Dsg3, and rabbit
anti-Myc tag Abs. Strong membrane staining was observed with mouse anti-Dsg3
in all cell lines (Green staining, Fig 2A in I) which indicates membrane localization
of both native and exogenous overexpressed Dsg3. Nevertheless, mutant A238 cell-
cell junctions presented disrupted Dsg3 distribution (Fig 2A in I). Compromised
cell-cell adhesion in mutant cells indicates defected junctional protein organization.
Collectively, these results suggest that, similar to Dsg3 depletion, the expression of
Dsg3 C-terminally truncated proteins reduces the cell cohesion and disrupts
structural integrity in epithelial sheets.

We also studied the adhesion of Ct, FL, A238, and A560 cell lines cultured on
top of BSA, FN, Matrigel®, and Myogel. The adhesion of Ct and FL on top of
Myogel coated wells was lower than on Matrigel® (p < 0.001 and p = 0.04,
respectively, Supplementary Fig S3 in III). By contrast, A560 cells adhered more
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on Myogel (p = 0.04) than on Matrigel®, whereas on every substrate, A238 mutants
adhered almost similarly. Compared to Ct, both mutants, A238 (p <0.01) and A560
(p < 0.001) adhered less on Matrigel® (Supplementary Fig S3 in III). However
compared to Ct on top of Myogel, FL and both mutants did not exhibit significantly
different adhesion (Supplementary Fig S3 in III).

5.3 Dsg3 affects both horizontal and vertical migration in buccal
carcinoma cells

To determine the role of Dsg3 in horizontal cell migration, Ct, FL., A238, and A560
cell lines were cultured in the IncuCyte™ live cell imaging system. After tracking
the cells, we quantified 2D migration pattern, trajectory, and directionality. We also
analyzed the mean velocity, accumulated and Euclidean distances.

After importing the selected datasets, the trajectory of each cell line was plotted
(Fig 1B in III). The majority of Ct cells moved similarly, almost half of the FL cells
migrated further than Ct and they turned differently. Compared to Ct, A238 cells
migrated irregularly and in restricted patterns. AS60 cells migrated far but most of
them returned near to the original point (Fig 1B in III). The directionality of cell
migration in four cell lines are presented by a ‘rose diagram’. FL and mutants
migrated in more limited directions than Ct cells (Fig 1C in III). Compared to the
Ct, mean migration velocities of FL (p < 0.001) and two mutants (p < 0.001) were
higher (Fig 1D in III). FL (p < 0.001) and the two mutants (p < 0.001) had greater
accumulated distances than Ct (Fig 1E in III). Increased Euclidean distances were
measured only in FL (p < 0.001) and A238 (p < 0.001) compared to Ct (Fig 1F in
I10).

For vertical migration analyses, we used Transwell migration assays.
Compared with Ct, after 72 h incubation the cell lines differed in their migration
speed (Fig 2A in III); only the mutant A238 migrated faster (p < 0.001) than other
three cell lines. At 96 h, more FL (p <0.001), A238 (p <0.001) and A560 (p <0.01)
cell lines than Ct had passed through the membrane. The migration of the Mutant
A238 was significantly faster (p < 0.001) than FL and the other mutant A560 cell
lines (Fig 2A in III).

5.4 Myogel is a novel matrix for studying carcinoma cell invasion

Organotypic invasion assays in this study were mainly based on the application of
human uterine leiomyoma tissue derived Myogel. In Myogel, one-third of the total
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proteins were the same as in Matrigel®. Mass spectrometry results on Myogel
identified 765 proteins including major ECM proteins, such as nine laminin chains,
type IV collagen, epidermal growth factor (EGF), heparan sulfate proteoglycans
and nidogen 1, and 2 (Supplementary Table S1 in II). Compared to Matrigel®, the
pH of Myogel is neutral and more stable in cell culture conditions. Myogel
combined with low-melting agarose (LMA), or type 1 collagen, can be used in a
gelatinous form to mimic the TMEM for cancer cells.

To explore different rheological parameters of Myogel compared with
Matrigel®, Matrigel®-collagen, and Myogel-collagen, we tested stiffness and
viscosity. In various frequency ranges, Myogel was softer and less viscous than
Matrigel® (Supplementary Fig S2A-D in III). In the strain sweep technique,
Myogel-collagen was compared with Myogel, Matrigel® and Matrigel®-collagen
(Supplementary Fig S2C-D in III). Myogel-collagen was stiffer and more viscous
than Myogel, but less viscous than Matrigel®, and Matrigel®-collagen. Myogel is
less stiff and viscous than Myogel-collagen & Matrigel® (Supplementary Fig S2C-
D in III). However, Matrigel®-collagen were stiffer and viscous than all other
matrices (Supplementary Fig S2C-D in III).

Myogel is a helpful tool to study carcinoma cell behavior, adhesion, migration
and invasion. Tongue HSC-3 cells adhered significantly more to Matrigel® coated
wells than to Myogel coated ones (Fig 1 in II). In scratch assays, carcinoma cells
migrated faster in Myogel coated wells than in Matrigel® (Fig 3A-B in II), and
similarly, in transwells, HSC-3 cells invaded faster through Myogel than Matrigel®
(Fig 4 in II).

5.5 Buccal SCC cells invade faster in leiomyoma derived matrices

We investigated how variations of Dsg3 structures differentiates the invasiveness
of four buccal SqQCC/Y1 cell lines (Ct, FL, A238, and A560), using Transwell
invasion assays and organotypic myoma discs.

In Transwell invasion assays, Ct (p < 0.01), A238 (p < 0.001) and A560 (p <
0.05) cell lines invaded significantly faster through Myogel-LMA compared to the
Matrigel® coated wells (Fig 2B in III). Through Myogel-LMA coating, FL (p <
0.01) and mutant A238 (p < 0.001) cells invaded faster (Fig 2B in III) than the
controls. Between the two mutants, A238 (p < 0.01) cells invaded faster than A560
cells through Myogel-LMA coating. However, through Matrigel® compared to the
Ct, only the FL (p < 0.01) cells exhibited higher invasion (Fig 2B in III).
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In myoma disc assays, A238 mutants invaded more than Ct (p <0.01), FL (p <
0.01) and other mutant A560 (p < 0.05) cell lines. Mutant A238 invaded deeper
through the myoma discs compared to Ct (p < 0.001), FL (p < 0.001) and mutant
A560 (p < 0.01) cell lines (Fig 6A-C in III). A brief summary of all findings is
presented in Table 1 in (III).

5.6 OSCC cell invasion depends on the microenvironment

To study how the microenvironment affects OSCC cell invasion, tongue HSC-3
cells were embedded within 3D hanging drop cultures and four buccal SqCC/Y'1
cell lines were embedded within the 3D sandwich using different TME matrices for
18-20 h.

5.6.1 Tongue SCC cell invasion in 3D hanging drops

We optimized this technique to observe the cell behavior in different 3D matrices
(I). In hanging drops, HSC-3 cells moved similarly within collagen, Myogel-
collagen, and Matrigel®-collagen. However, tongue carcinoma cells moved faster
in Myogel-collagen than in both collagen and Matrigel®-collagen in the 3D hanging
drop cultures (Supplementary Fig S2 in II).

5.6.2 Buccal SCC cell invasion in 3D sandwich

We used this method to quantitatively analyze speed, accumulated and Euclidean
distances of SQCC/Y1 cell lines embedded within various TME matrices (collagen,
Matrigel®, Myogel-collagen, and Matrigel®-collagen). Both AC-H2B mutants
invaded faster than Ct and FL cell lines within Matrigel® and Matrigel®-collagen
(Fig 3A in IIT). Within collagen and Myogel-collagen, FL and the truncated cell
lines were faster than the Ct (Fig 3A in III). However, AC-H2B mutants moved
faster than FL-H2B in all matrices. The accumulated distances within collagen
were higher in FL and AC-H2B mutants than in Ct (Fig 3B in III). Compared with
Ct, in Matrigel® and Matrigel®-collagen, both mutants had increased accumulated
distances (Fig 3B in III). In Myogel-collagen, three cell lines had higher
accumulated distances compared to Ct (Fig 3B in III). Both mutants had higher
Euclidean distances in collagen, Matrigel®, and Matrigel®-collagen (Fig 3C in III),
and within Myogel-collagen, FL-H2B and A238-H2B had increased Euclidean
distances compared to Ct cells (Fig 3C in III).
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5.7 OSCC cells interact with fibroblasts in 3D sandwich

We investigated how buccal SqQCC/Y1 cell lines behave while interacting with
CAFs or normal oral fibroblasts (NOF) within Myogel-collagen matrix using 3D
sandwich technique. In monocultures, both mutants had higher invasion speeds
compared to Ct (Fig 4A in III). In co-cultures with CAFs, A238 cells invaded faster
than control or A560 cells (Fig 4B in III). In co-cultures with NOFs, Ct moved
faster than both mutants (Fig 4C in III).

5.8 Antibody treatment alters the invasion pattern in buccal SCC
cells in 3D sandwich

We experimented to observe whether the anti-Dsg3 antibody inhibits carcinoma
cell invasion by targeting the adhesion site on the N-terminus of Dsg3. We used the
monoclonal antibody AK23, which binds to the first extracellular domain EC1 of
Dsg3 (III). We tested whether the AK23 antibody is able to inhibit Dsg3 action on
the invasion velocity of SQCC/Y 1-H2B cell lines within Myogel-collagen matrix
using 3D sandwich. Overexpressed FL-H2B cells treated with AK23 moved slower
compared with an IgG1 isotype control (Fig 5B in III). The AK23 antibody did not
affect the invasion speed of other cell lines (Fig 5A, C-D in III).
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6 Discussion

6.1 Dsg3 promotes migration and invasion of OSCC cell lines

Dsg3 was first recognized as a PV antigen while searching PV autoantibody targets
(Wan, 2018). However, the explicit role of Dsg3 in cancer initiation and progression
is still unknown (Brown & Wan, 2015). The traditional view of the Dsg3 function
is that it acts solely as a structural adhesive protein in DSMs. Tsang et al.
demonstrated that Dsg3 overexpression in epithelial cell lines caused dysfunction
of a range of cadherins in both DSMs and AJs (Tsang et al., 2010). In support of
this observation, they later showed that a small pool of Dsg3 functions outside of
the DSMs, being associated with E-cadherin and activating Src signaling within the
E-cadherin complex (Tsang et al., 2012). We previously reported that Dsg3
promotes migration and invasion in epidermoid carcinoma and FL cells by
activation of several signaling pathways, which have a negative impact on E-
cadherin adhesion and the actin cytoskeleton. We measured their invasion in
Matrigel® and Matrigel®-collagen organotypic cultures (Brown et al., 2014; Tsang
et al., 2010). We also showed then that Dsg3 promotes cancer cell migration and
invasion by regulating activator protein 1 (AP-1), and protein kinase C (PKC) in
OSCC (Brown et al., 2014). Moreover, RNAi and shRNA knockdown of Dsg3
inhibits migration of several OSCC cell lines (Chen et al., 2007; Chen et al., 2013).
However, a recent study reported the opposite effect; with overexpression of Dsg3,
HaCaT cells migrate slowly and siRNA silencing of Dsg3 accelerates the cell
migration in a 2D culture setting (Rotzer et al., 2015). The logic for this difference
is unclear, but it could well be due to the different types of keratinocyte cell lines.

We earlier showed that the expression of AC mutants in SqQCC/Y1 resulted in
a defect in DSMs and cell-to-cell adhesion (I), which likely arose from the changes
in cell migratory behavior, as observed in this study. Indeed, we demonstrated the
reduced expression and distribution of both Dsg3 and E-cadherin at the cell
periphery in mutant cells. Based on these findings, we hypothesized that disruption
of the cell to cell adhesion in Dsg3 mutant cells may affect cell migration and
invasion (I). Our findings will report the Dsg3 mutants in cancer cell migration and
invasion, compared it with FL cells which are known to have enhanced cell motility
(11D).

We have reported that reduced surface expression of plakoglobin (Pg) and
p120-catenins along with Dsg3 in mutants, suggesting a defect in surface junction
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protein assembly (I), Pg and p120 are essential for DSM junction formation. The C
truncated mutants also exhibited reduced Rab proteins, which is crucial for
intracellular signaling, and membrane trafficking (I). In 2D culture, FL cells
migrated faster than Ct; which supports our previous findings (Brown et al., 2014;
Tsang et al., 2010). Additionally, we quantified the cell migration in two AC
mutants whose migration behavior had not been studied before, and we found the
mutants also presented similar increased migration activity. Also, we investigated
the role of Dsg3 in SqQCC/Y1 cell invasion by using Myogel and the solid myoma
discs (Nurmenniemi et al., 2009) compared with collagen, and Matrigel®. In
Transwells, FL and two AC mutants invaded faster than the Ct (III), and the results
are consistent with our previous findings (Brown et al., 2014). In our 3D sandwich,
only the AC mutants invaded significantly faster than Ct, and CAFs induced
invasion of the shorter A238 mutant (III). We also used solid myoma discs to study
invasion, where both mutants were more invasive (III). Briefly, cells expressing
Dsg3AC mutants exhibited enhanced migration and invasion, suggesting that loss
of Dsg3 action promotes cell motility in the human TME matrix. This is likely
caused by defects in E-cadherin trafficking, cell-to-cell adhesion, and junctional
assembly in cells expressing Dsg3AC mutants.

There was no clinical evidence of Dsg3 truncated mutations in human diseases
until most recently, a homozygous nonsense mutation in the Dsg3 gene has been
identified in human for the first time, causing recurrent blisters, and erosion in the
oral mucosa of a one-year-old female baby (Kim et al., 2018). Therefore, it is of
great value to learn the biological consequences of these Dsg3 truncated mutants
in a wide range of cellular processes that likely contribute to the pathogenesis of
associated diseases.

6.2 Leiomyoma derived TME matrices affect OSCC cell invasion

The tumor microenvironment (TME) plays a leading role in cancer spreading. Its
components control cancer progression. The interaction between cancer cells and
TME modulates structural and functional changes of solid tumors (Salo et al., 2014;
Teppo et al., 2013). Commonly used commercial models to study cancer cell
invasion are type I collagen and Matrigel®, in which the latter is a basement
membrane (BM) extract (Kleinman et al., 1986). Naturally, BM separates the body
surface from the underlying connective tissue and contains basal lamina, and
underlying layer of reticular connective tissue (Paulsson, 1992). Both
immunologically and chemically, the contents of Matrigel® matches the BMs
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(Engbring & Kleinman, 2003). Matrigel® is commonly used in vitro to mimic BMs,
but its tumor-derived matrix does not consist of all the BM components present in
vivo. BMs act as scaffolds to support tissue structure and also play a role in cellular
function (LeBleu, Macdonald, & Kalluri, 2007). It also acts as a mechanical barrier,
while discouraging cancer cells from invading the adjacent tissues; prevent
endothelial tube formation, and tumor growth (Tanjore & Kalluri, 2006). One study
showed Matrigel® inhibited benign prostatic hyperplasia cell invasion (Albini et al.,
1987). However, Matrigel® does not completely simulate the actual human TME
because of its rodent origin (Jaganathan et al., 2014; Sundquist et al., 2016).
Therefore, we introduced human uterine leiomyoma tissue based myoma discs
(Nurmenniemi et al., 2009) and gelatinous Myogel (II) for 3D in vitro invasion
studies.

Nurmenniemi et al. first described the use of the myomas in 2009, and since
then they are used in invasion studies with various cells in which carcinoma cells
invaded the myomas more than in other matrices. They include several types of
human tongue OSCC cell lines (Aikio et al., 2012; Alahuhta et al., 2015; Al-
Samadi et al., 2017; Astrom et al., 2017; Bitu et al., 2013; Dayan et al., 2012;
Nurmenniemi et al., 2010; Pirila et al., 2015; Salo et al., 2013; Sundquist et al.,
2016; Teppo et al., 2013; Vered et al.,, 2015; Vilen et al., 2012), human
mucoepidermoid carcinoma cells (Korvala et al., 2014), lung adenocarcinoma and
SCC cells (Merikallio et al., 2012), malignant melanoma UT-MUC-1, and ductal
breast adenocarcinoma MDA-MB-231 cells (Sundquist et al., 2016). Among the
many studies included stromal fibroblasts, such as CAFs (Dayan et al., 2012;
Sundquist et al., 2016), NOFs (Sundquist et al., 2016), human gingival fibroblasts
(GFs) (Dayan et al., 2012; Vered et al., 2015), CaDEC12 cells (Vered et al., 2015),
and immune cells like macrophages (Pirila et al., 2015). In our current study with
oral buccal SCC cell lines, the AC mutants invaded more through myoma discs (I1I).

Myogel includes major ECM proteins similar to myoma discs (II). Both
Myogel and Matrigel® contains similar proteins such as laminin, type IV collagen,
heparan sulfate proteoglycans, nidogen and EGF. Although, 34% (259 out of the
765) of the total identified matrix proteins are present in both Myogel and Matrigel®
(II), myoma tissue contains also additional factors required for carcinoma cell
invasion, such as tenascin-C (TNC) (Sundquist et al., 2016), active forms of MMP-
2 (Nurmenniemi et al., 2009), and LOX-1 (Teppo et al., 2013). Furthermore,
multiple soluble growth factors, their receptors, and other binding proteins
identified in myoma discs, and many of them, such as TGF- 1 and 2, HGF, and
FGF2, engage in carcinoma cell movement (Sundquist et al., 2016; Teppo et al.,
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2013). These microenvironmental features are crucial to induce carcinoma invasion.
We even tested to find out whether non-cancerous tissues, such as the human heart
and porcine tongue induce carcinoma cell invasion. Compared to the myomas,
human OTSCC cells invaded decidedly less in human heart tissue, whereas they
did not invade in porcine tongue (Sundquist et al., 2016). However, solid myoma
discs are more realistic for 3D carcinoma cell invasion. In addition to collagen fiber
assembly and other ECM molecules, they also contain non-vital, inflammatory,
endothelial cells, and vessel structures, all of which are necessary for tumor growth
and invasion (Nurmenniemi et al., 2009). As a solid tumor mass, leiomyoma
derived matrices (Myoma discs and Myogel) are ideal for several cancer cell line
experiments in vitro. Currently, other human ECM matrices used to study behaviors
of cancer cell lines are derived either from normal human tissues (such as skeletal
muscle, amnion membrane, and placenta) or are from in vitro cell cultures
[MaxGel™ Human ECM (Sigma), AlphaMAX3D (Neuromics)]. The benefit of
Myogel is that is not a mimic of any normal tissue (including mucosa) structure but
is made by neoplastic cells within a tumor (II).

We demonstrated that Myogel combined with low-melting agarose (LMA) or
with type I collagen provides an easy-to-use gelatinous TMEM for in vitro invasion
studies (I, IIT). Human oral tongue SCC cell lines (HSC-3 and SCC-9), and also
melanoma cell lines (SK-Mel-25 and A2058) invade faster through Myogel in
comparison to type I collagen or Matrigel® (II). Previously, we showed increased
invasion of FL cells compared to controls through rodent based Matrigel®, and
Matrigel®-collagen matrices (Brown et al., 2014). Those results are consistent with
our current findings, where FL and two AC mutants invaded faster through Myogel-
LMA than Matrigel® coated wells in similar Transwells assays. In the sandwich
assays, the cells invaded faster in Myogel-collagen than Matrigel®-collagen (I1I).

Here, we investigated the role of Dsg3 in the invasion with all four buccal SCC
SqCC/Y1 cell lines utilizing soluble Myogel, and the solid myoma discs (III).
Similar to the tongue SCC and melanoma cells, human buccal mucosa carcinoma
SqCC/Y1 cells invade more in myoma tissues (III). Compared with the
commercially available rodent matrices Matrigel® and rat tail type I collagen, we
demonstrated once again that myoma matrices provided superior TMEM to mouse
sarcoma BM extracts by promoting cell movement locomotion in the cell lines
tested (I, I1T). As it is a BM extract, we can easily speculate that Matrigel® inhibits,
while myoma derived matrices induce carcinoma cell invasion because of their
human TMEM texture. The current study reestablishes our earlier finding that
Myogel, alongside with myoma discs are a more physiologically relevant TMEM
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for studying cancer cell movement. Therefore, based on the findings, we can
explicitly say that the TME composition directly influences cancer cell invasion.

6.3 Dsg3 as a potential novel anti-cancer drug target

Monoclonal antibodies targeting EGFR are already in clinical use for OSCC.
However, the clinical outcomes of these antibodies such as Cetuximab and
Panitumumab are unsatisfactory (Yamamoto, Thylur, Bauschard, Schmale, &
Sinha, 2016). To overcome this, researchers have been searching for new targets
for monoclonal antibodies that could be useful against OSCC. As Dsg3 is
overexpressed in OSCC, we hypothesized that Dsg3 could be used for targeted
therapy and developed a novel method of targeting with a monoclonal antibody
against it.

We studied the effectivity of the AK23 antibody, which binds to the EC1
domain of Dsg3 (Di Zenzo et al., 2012). However, this study was preliminary and
the data obtained indicate that AK23 may be able to inhibit invasion of FL cells but
not the mutants (III). ICDs present in FL cells may support AK23 by intercellular
signaling (Fig 11). Dsg3AC mutants had a negative impact on the surface
expression of endogenous Dsg3, which is less likely to be bound by AK23
sufficiently.

On controls, AK23 may have less effect with a 1 pg/ml concentration (III). A
recent study conducted in Dr. Hong Wan’s group in Queen Mary University has
elucidated that a much higher dose (500 pg/ml) is required to inhibit epidermoid
carcinoma A431 cell migration in 2D in vitro studies using an IncuCyte™ system
(Unpublished data). Although the effects of AK series of antibodies on cell-cell
adhesion have been established, their role in inhibiting cancer is unknown.

Our preliminary study suggested that the EC domain of Dsg3 might potentially
serve as a novel target for new anticancer drugs. We have to conduct in vitro
experiments focusing on the EC domain of Dsg3 and validate whether these
monoclonal antibodies (Abs) do not hamper the normal physiological cell-cell
adhesion initiated by the domain. We still have to continue testing AK23 vigorously,
using 2D and 3D techniques in order to eliminate the risk of disrupting EC1 domain,
since there is a possibility of defected cell-cell adhesion by the monoclonal
antibody treatment. We will compare with other Abs targeting Dsg3, such as Kouno
et al. suppressed OSCC cell invasion in vitro by aiming non-pathogenic anti-Dsg3
monoclonal antibody (Px44) by fusing it with an apoptosis-inducing ligand (Kouno,
Minabe, Tachikawa, & Stanley, 2017). After possible promising in vitro results
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with human tissue-derived ECM matrices we should still proceed to in vivo animal
models before clinical trials.

Dsg3 FL
EC\ T
2 Cell membrane
83 i
wCA

AR LN

Intercellular signalling AK23 antibody

Fig. 11. Schematic diagram of monoclonal antibody (AK23) binding with first
extracellular domain (EC1) of Dsg3 in FL cells.
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