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ABSTRACT

[Purpose]

Laryngeal Squamous Cell Carcinoma (LSCC) is the second common cancer of the respiratory
tract and is one of the major representatives of head and neck SCC (HNSCC). The incidence rate
is among twenty most frequent cancers worldwide in 2020. The main reasons of the cancer
frequency, treatment resistance, tumor relapse, and sore consequences for patients are difficulties
of early diagnosis, ubiquitous utilization of platinum-based drugs, and radical surgical solutions.
Glycoprotein NMB (GPNMB) is a crucial mediator of carcinogenesis in versatile cancer origins,
including some representatives of HNSCC. To improve diagnosis and treatment, the novel
marker and a therapeutic target for LSCC are awaited, and GPNMB is one of the promising
candidates. Hence, my aim is to figure out the function and importance of the GPNMB in LSCC

progression.

[Materials and methods]

In the following study, to examine the presence of GPNMB and other targets in HNSCC and
LSCC, I used Western blot (WB), reverse transcription polymerase chain reaction (RT-PCR),
quantitative real time PCR (qQRT-PCR), RNA-sequencing among cell lines derived from the
malignant lesions of LSCC. I analyzed messenger RNA expression patterns from publicly
available The Cancer Genome Atlas (TCGA), based on comparison between the HNSCC
patients vs. non-malignant cases. Immunohistochemistry and immunofluorescence (IHC, IF)

were performed with formalin-fixed, paraffin-embedded (FFPE) sections of tumors from



xenograft models and tissues of LSCC patients cohort. I have implemented enzyme-linked
immunoassay (ELISA) to measure cleaved soluble GPNMB (sGPNMB) concentrations in serum
samples of LSCC patients vs. non-malignant control. To elucidate the physiological function and
molecular mechanism of GPNMB in LSCC progression, I implemented knockdown (KD)
technique by establishing lentivirus-mediated transduction system with constructed plasmids
carrying small hairpin RNA (shRNA) targeting GPNMB messenger RNA (mRNA); transfection
reagent-mediated transduction system including small interfering RNA (siRNA) targeting
defensin beta 4A (DEFB4A). For further investigation I used next assays: cell proliferation
(MTS assay), wound-healing scratch migration, 3D sphere formation, and in vivo tumor

formation by subcutaneous injection of laryngeal SCC cell lines in BALB/cAJcl-nu/nu mice.

[Results]

GPNMB mRNA and protein were abundantly and diversly expressed among LSCC-derived cell
lines and among HNSCC patients cohort from TCGA database with significantly higher levels
compared to control non-malignant groups. Similar patterns were observed in data from IHC/IF
staining of LSCC specimens with undetectable expression of GPNMB in normal squamous
tissues, while there was no significant difference in serum levels of SGPNMB between groups of
LSCC-patients and non-malignant control, assessed by ELISA. Physiologically, GPNMB
silencing significantly hindered cellular proliferation in monolayer cultures, 3D sphere
formation, and wound-healing migration of two examined LSCC cell lines. Furthermore, tumor
formation in vivo was significantly abrogated from GPNMB KD cells. Our data shows GPNMB

silencing in LSCC cell lines has dramatically altered the expression of genes from various



pathways, including major suppression of cellular proliferation, cellular migration, and
lymphovascular-invasion-related (LVI) genes. Interestingly, according to IHC/IF data obtained
from xenograft models and clinical specimens, GPNMB and Ki-67 (proliferation marker) were
mutually inversely expressed in tissues, suggesting the non-proliferative, quiescent nature of
cells with GPNMB expression; however, the qRT-PCR analysis in GPNMB KD cells revealed
significant expression reduction in one out of nine cancer stem cells (CSCs) related markers,
which was BMI]. Finally, GPNMB KD overexpressed DEFB4A in LSCC cells, while the
subsequent KD of DEFB4A could significantly recover sphere formation in one out of two tested

cell-lines.

[Discussion]

These results showed hindered cellular migration in 2D, sphere formation in 3D, and tumor
formation in xenograft models of LSCC cell lines during the silencing of GPNMB, which are
similar outcomes as in previously reported studies in breast cancer or oral SCC. In comparison
with our previous experiments on breast cancer cell lines, where proliferation was affected by
GPNMB KD, this study shows depletion of GPNMB reduced the proliferation ability of LSCC
cell lines in 2D. Plenty of oncogenes were affected by GPNMB silencing, including
downregulation of TGFB2 and upregulation of DAB2, which leads to better overall survival (OS)
prognosis in HNSCC patients. As upregulation of IL6 and of other LVI-related genes leads to
advancement and metastatic feature of LSCC, GPNMB KD could abrogate those expressions,
suggesting that GPNMB is responsible for metastatic phenotype in LSCC. Findings of mutual

inverse correlation between GPNMB and Ki-67 expressions in tissues suggest the non-



proliferative, quiescent nature of cells with GPNMB expression, which recently is considered to
be a link to cancer stem cell phenotype. However, further study of GPNMB involvement in
CSCs populations in LSCC is required, as in this study there was only one consistent significant
decrease among both GPNMB KD LSCC cell lines in BMI1 expression. Finally, GPNMB KD
significantly upregulated the expression of DEFB4A, a target gene of NF-kB pathway, in both
laryngeal cell lines, while the siRNA KD of DEFB4A significantly recovered the sphere forming

ability of a cell line, derived from advanced LSCC origin.

[Conclusion]

Since there are few reports on the GPNMB involvement in HNSCC present up to date, my work
shows the importance of GPNMB functionality and correlation within LSCC progression,
suggesting its involvement in regulation of CSCs population and partially discovers a novel
mechanism of GPNMB — DEFB4A axis. As such, I suggest GPNMB as a diagnostic marker for

surgically obtained specimens and as a novel therapeutic target within LSCC patients.
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CHAPTER 1. INTRODUCTION

1.1. Laryngeal Squamous Cell Carcinoma

1.1.1. The incidence of Laryngeal Squamous Cell Carcinoma

Laryngeal Squamous Cell Carcinoma (LSCC) is the second most common representative of
respiratory tract tumors and one of the most common representatives of Head and Neck Squamous
Cell Carcinoma (HNSCC) (Steuer et al., 2017). SCC occurrence in larynx is more frequent in male
population (5.8 patients per 100,000), while also being present in women (1.2 patients per 100,000)
(Baselga, 2002). The worldwide incidence rates of LSCC in 2020 was 160,265 and 24,350 cases
among male and female patients respectively (Ferlay et al., 2021) (Figure 1.1.1). Whereas the
survival rate of other representatives within HNSCC has increased, LSCC survival was either
decreased (Siegel et al., 2016) or remained static (Pulte & Brenner, 2010) with mortality in 2020
being 85,351 and 14,489 deaths among men and women respectively (Ferlay et al., 2021). Several
complications, as advancement and propagation through lymphovascular invasion (LVI) (Zhang
et al., 2020), metastasis or frequent relapse define the poor progression of LSCC (Johnson et al.,
2020). Among main independent risk factors, underlying the increase of the LSCC incidence by
10 - 30 times, are alcohol and tobacco consumption (Kuper et al., 2002; Talamini et al., 2002).
The occupational exposure to such environmental factors as textile particles or asbestos were also

reported as risks of LSCC occurrence (Paget-Bailly et al., 2012).
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Figure 1.1.1. Estimated LSCC incidence rates worldwide. GLOBOCAN 2020, Ferlay et al.

1.1.2. Molecular landscape in LSCC

Up until recently among plethora of revealed oncogenic pathways in HNSCC and in LSCC, several
have shown a prominent effect on carcinoma progression. One of those candidates are EGFR-
related downstream targets. Ligand-mediated activation and autophosphorylation of EGF receptor
result in stimulation of its pathway — Ras/Raf/MEK/ERK within MAPK axis, PI3K/AKT pathway,
and JAK/STAT3 downstream, which are reported to have an oncogenic role in HNSCC,
decreasing the overall survival (OS) (Kalyankrishna & Grandis, 2006; Leemans et al., 2011). Other
studies revealed the importance of alterations in NOTCH signaling. With HNSCC progression,
consistent accumulation of mutations occurs primarily in NOTCHI, resulting in duality of
functioning (Fukusumi & Califano, 2018). Normally, it acts as a tumor suppressor in HNSCC

(Dotto, 2008), and while most mutations occur in extracellular domain (ECD) of NOTCHI1 and



decrease the affinity of ligand binding (Agrawal et al., 2011; Perdomo et al., 2018; Rivelli et al.,
2014), that results in NOTCHI1 loss of function and further HNSCC progression (Shah et al., 2020;
Stransky et al., 2011). Other reports suggest mutations occurring in heterodimerization domain
(HD) of NOTCHI lead to its activation and a further crosstalk with PI3K and STAT3, resulting in
HNSCC progression (Fattizzo et al., 2020; Shah et al., 2020). As the mutation pattern of head and
neck SCC is heterogenous with possible explicit changes within a gene, NOTCH1 therapeutic
targeting remains inconclusive (Shah et al., 2020). Other abnormalities include mutations in p53
(Bradford et al., 1997; Poeta et al., 2007) or constitutively upregulated STAT3 (Geiger et al., 2016;

Sun et al., 2018).

1.1.3. Chemical and target therapies in LSCC

Towards the end of 20" century total laryngectomy was one of the most frequent solutions for
treatment of advanced LSCC cases, however several decades ago platinum-based chemotherapy
(CT), and later radiation therapy (RT), have become a golden standard of non-surgical treatment
up until nowadays (Department of Veterans Affairs Laryngeal Cancer Study Group et al., 1991;
Zhang et al., 2019). Despite the advantages of CT over the surgical approach alone (Cooper et al.,
2004; Machiels et al., 2020), acquisition of chemoresistance, induced dormancy with further
relapse, and severe side effects are persistent common disadvantages occurring in patients
(Forastiere et al., 2003; Rivelli et al., 2015). To improve the non-surgical methods of LSCC
treatment, several studies aimed to find a potential target for precise therapy. They have confirmed
the relevance of high expression of the epidermal growth factor receptor (EGFR) in HNSCC and
in LSCC in particular (Konti¢ et al., 2015; Kriegs et al., 2019). While phosphorylated EGFR

activates downstream oncogenic pathways through AKT, MAPK and STAT (Leemans et al., 2011),



such EGFR inhibitors, as cetuximab, abrogate the EGFR functionality and result in better
prognosis within advanced, metastatic, or recurrent cases (Herchenhorn & Ferreira, 2011;
Specenier & Vermorken, 2011). Nonetheless, monotherapy with EGFR-inhibitors resulted in
mediocre positive outcomes due to the heterogeneous feature of LSCC, mutations in EGF receptor,
and other resistant mechanisms (Braig et al., 2017; Lefebvre et al., 2013; Magrini et al., 2016).
Despite that fact, more enhanced OS was achieved by utilizing the combination of anti-EGFR
treatment and CT/RT comparing to the solitary utilization of those medical applications, as well
as more prominent existence of side effects within combined treatment (Alsahafi et al., 2019;
Burtness et al., 2005; Vermorken et al., 2008). This confirms the need for further discovery of

alternative novel targets to increase optimistic treatment outcomes.

1.2. Glycoprotein nmb

1.2.1. Outline of GPNMB

Glycoprotein nmb (GPNMB) with another name as Osteoactivin (OA), is a type 1 transmembrane
protein. Generally, the structure is divided into three domains: extracellular (ECD),
transmembrane (TMD), and intracellular (ICD) (Maric et al., 2013) (Figure 1.2.1). Recently our
laboratory performed intramolecular studies. One of those revealed the importance of the kringle-
like domain (KLD), which is a part of ECD, in tumorigenesis of breast cancer in vitro and in vivo,
assisting epithelial-mesenchymal transition (EMT) (Xie et al.,, 2019). In ICD, tyrosine
phosphorylation within the half immunoreceptor tyrosine-based activation motif (hem-ITAM)
leads to EMT and progression of triple-negative breast cancer (TNBC) (Okita et al., 2017), while
serine phosphorylation in position S530 drives TNBC progression in vitro and in vivo (Wang et

al., 2021).



Generally, in normal physiological conditions GPNMB/OA is involved in chondrogenesis and
osteogenesis, facilitating tissue repair through regulation of osteoblasts differentiation
(Abdelmagid et al., 2007, 2010). Also, OA supports bone resorption through upregulation in
osteoclasts (Sheng et al., 2008). Dendritic cell-associated HSPG-dependent integrin ligand (DC-
HIL), another name for GPNMB, facilitates transendothelial migration of antigen presenting cells
(APC) through binding with its RGD to heparan sulfate proteoglycans on endothelial cells
(Shikano et al., 2001). DC-HIL and syndecan-4 axis inhibits the activation of CD4" and CD8" T
cells (Chung et al., 2009). GPNMB is also expressed in melanocytes, where it regulates the
melanosomes synthesis (Zhang et al., 2012).

With the several examples in pathology, GPNMB is not only involved in carcinogenesis from
versatile origins, but also induces insulin resistance with further lipogenesis in white adipose tissue,
while being secreted by liver (Gong et al., 2019). GPNMB inhibits the terminal differentiation of
GLII neural stem cells into oligodendrocytes by upregulation of TGFBR2, favoring demyelination
of the brain tissue (Radecki et al., 2021). In Alzheimer Disease, GPNMB was reported to correlate
with a subset of a distinct microglia population, that cluster around amyloid plaques in patients
with profound neural loss, however it is not clear whether glycoprotein plays a protective or a
deleterious role (Hiittenrauch et al., 2018).

As previously mentioned, GPNMB profoundly regulates the progression of breast cancer, with
TNBC in particular. As a partially discovered mechanism, GPNMB could upregulate
PI3BK/AKT/mTOR signaling axis and elevate PB-catenin activity, which drove breast cancer
progression through enhanced canonical Wnt-1 pathway (Maric et al., 2019). On the other hand,
in drug-resistant melanoma cases GPNMB and other genes like TRP1, TYR, and PMEL17 were

upregulated by microphthalmia-associated transcription factor (MITF) (Rose et al., 2016); the



progression and metastatic behavior of melanoma was dependent on GPNMB immunosuppressive
function (Tomihari et al., 2010). In glioblastoma, GPNMB could regulate the tumorigenesis
directly through binding with o subunits of Na/K-ATPase, activating PI3K/AKT axis (Ono et al.,
2016), as well as, similarly to melanoma case, could regulate through facilitation of

immunosuppressive microenvironment (Hudson et al., 2018).
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Figure 1.2.1. Schematic structure of GPNMB

ECD — extracellular domain, including SP — signal peptide, RGD — integrin recognition domain,
PKD - polycystic kidney disease homology domain, KLD — kringle like domain. TMD —
transmembrane domain. ICD — intracellular domain, including S530 — serine phosphorylation site,

hem-ITAM - half immunoreceptor tyrosine-based activation motif, DLM — dileucine motif.

1.2.2. GPNMB in HNSCC

Up until recently, there are several reports showing the correlation and function of GPNMB in
HNSCC. Arosarena et al. reported that osteoactivin promotes migration of oral SCC (Arosarena
et al., 2016). Briefly, they showed OA was highly expressed in various HNSCC cell lines, while
the function of OA was controversial. Treatment with recombinant OA (rhOA) could promote cell
survival in SCC15 but reduced for UMSCC14a in serum-free-medium condition. Besides, not all

tested cell lines were dependent on OA during migration in wound-healing assay. They could co-

-6-



precipitate OA and several integrins from o and 3 subunits, which could activate MAPK signaling
indicating and promote cellular migration (Hood & Cheresh, 2002; Rizqiawan et al., 2013). Similar
work indicated, that osteoactivin mediates spheroid invasion of HNSCC cell lines (Arosarena et
al., 2018). Among different cell lines OA could regulate matrix metalloproteinases (MMPs),
increasing MMP-2, -3, -9, -10, depending on the cell line. Two independent reports found high
levels of GPNMB expression in tumorous lesions of HNSCC patients (Li et al., 2019; van Schaik
et al., 2020). Furthermore, Hanemaaijer et al. reported, that 92% out of 414 samples with HNSCC
were GPNMB positive, while their prediction model of best targets for antibody-drug conjugates
treatment were GPNMB, SLIT and NTRK family member 6, EGFR, CD74, CD44 (Hanemaaijer
et al., 2018). However until now, there is no structured in vitro and in vivo studies of GPNMB
involvement in LSCC carcinogenesis. There is also lack of understanding how GPNMB affects

and regulates expression of oncogenes, related to LSCC progression.

1.3. Cancer Stemness

The theory of cancer stem cells (CSCs) occurred last century from leukemia studies (Bonnet &
Dick, 1997; Uckun et al., 1995) and recently it attracts more attention. The main principle of this
theory is that the viability of the cancer cells and cancer tissue in general is supported by a small
population of quiescent in nature cells with self-renewal ability. This justifies the facts of drug
resistance, while the targets for chemotherapy are fast proliferative cells. After the treatment,
dormant progenitor cells originate new clusters of mutated proliferating cells, maintaining the
advancement of cancer (Moore & Lyle, 2011). First studies to reveal CSCs were based on the
following method. Initially, from the heterogeneous cancer tissue cells are sorted and isolated.

Those isolated cells had a unique feature of surface protein expression; hence some markers were



identified, which indicate populations of CSCs in multiple-origin cancers (Walcher et al., 2020).
Cancer stem isolated cells could initiate new populations of cancer cells, while making
undifferentiated clones in xenografted immunosuppressed models (O’Brien et al., 2007).
Experiments in vivo became a general tool to examine phenotypically new CSCs expressing
stemness-related biomarkers (Clarke et al., 2006; Wang et al., 2015). Cells are separated based on
their surface expression pattern and further transplanted into immunodeficient mice. After the
tumor formation cells will be sorted and these steps will be repeated several times. The cells, which
can serially induce the tumor formation will be defined as CSCs.

After the leukemia there were reports on the existence of CSCs in breast cancer (Al-Hajj et al.,
2003), brain cancer (Singh et al., 2004), and colon cancer (Ricci-Vitiani et al., 2007), while the
studies in SCC were not an exclusion (Oshimori et al., 2015). It was reported that CSCs in HNSCC
are located on the edges of the invasive cancerous tissues, close to perivascular niches, where
signals from endothelium upregulate maintenance and self-renewal ability of CSCs
(Krishnamurthy & Nor, 2012). Numerous markers were found to represent different pools of CSCs
in HNSCC (Major et al., 2013), which indirectly indicates on heterogeneity of SCC and complexity
of treatment discovery. Thus, it is important to reveal upstream molecules which regulate the

populations of CSCs within cancers of multiple origins, including LSCC.



CHAPTER 2. MATERIALS AND METHODS

2.1. Cells and cell cultivation

We received HPV negative laryngeal SCC cell lines UMSCC-10A, UMSCC-10B, UMSCC-11A,
UMSCC-11B, UMSCC-12, UMSCC-13, and UMSCC-25 from the Head and Neck Cancer
Biology Laboratory at the University of Michigan (Ann Arbor, MI, USA). From the American
Type Culture Collection (ATCC) we received human embryonic kidney (HEK) 293T cells. The
detailed information on cell lines is presented in Table 2.1. For cultivation in 2D monolayer
condition, cells were maintained in Dulbecco’s Modified Eagle’s Medium (DMEM) (Invitrogen),
with addition of 10% fetal bovine serum (FBS) (Gibco), 100 uM MEM Non-essential Amino
Acids Solution (Wako), 100 U/mL penicillin G (Wako), and 100 pg/mL streptomycin sulfate
(Wako). For cultivation in 3D sphere anchorage-independent condition, cells were maintained in
serum-free DMEM/F-12 (1:1) medium (Invitrogen), 2% B-27 supplement (Invitrogen), 20 ng/mL
bFGF (Sigma), 20 ng/mL EGF (Wako), 100 U/mL penicillin G (Wako), and 100 pug/mL
streptomycin sulfate (Wako). To achieve anchor-independent cellular proliferation, 6-well ultra-
low-attachment culture dishes (Corning) were utilized. All cell cultures were sustained in

incubators with a 5% CO;-humidified atmosphere at 37°C.



Table 2.1. LSCC cell lines (Brenner et al., 2010)

Cell line Origin Specimen Grade TNM Stage Previous
site treatment
UMSCC- | true vocal true vocal M-WD T3NOMO I none
10A cord cord
UMSCC- larynx submental M-WD T3NIMO I surgery
10B lymph node
UMSCC- | epiglottis, | hypopharynx - T2N2aMO0 v pretreatment
11A ipsilateral biopsy
lymph node
UMSCC- | supraglottis, | hypopharynx - T2N2aMO0 v CT, surgery
11B ipsilateral
lymph node
UMSCC- larynx larynx MWD T2N1MO I surgery
12
UMSCC- larynx esophagus WD T3INOMO I RT, surgery
13
UMSCC- larynx neck PD T3INOMO I RT, surgery
25

PD — poorly differentiated, MWD — moderately well differentiated, M-WD — moderately to well

differentiated, WD — well differentiated. CT — chemotherapy, RT — radiotherapy.
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2.2. Construction of DNA-plasmids for short hairpin-mediated knockdown

For experiments with stable knockdown (KD), four short hairpin RNAs (shRNAs) against
GPNMB (Nel, No2, Ne3 and Ne4) (Table 2.2) were designed and obtained according to Addgene
protocol for pLKO.1 — TRC Cloning Vector construction. Oligonucleotides were annealed in 10%
NEB2 M (Takara) buffer, then ligated with a pre-digested (EcoR1 and Agel restriction sites)
pLKO.1-puro (Addgene #10878) vector at 16°C overnight. The shRNA with a non-targeting
sequence in the pLKO.1-puro vector was used as a control (shRNA#con) (Table 2.2). After the
transfer of ligated plasmids into E. coli (DH5a), initiation and propagation of bacterial colonies
was dependent on successful ligation of pLKO.1-puro plasmids with resistance to ampicillin, later
colonies were further cultured in LB medium with ampicillin at 37°C. Next, amplified colonies
were subjected to extraction of DNA using FastGene® Plasmid Mini Kit according to the standard
protocol. Later, fragments of amplified plasmids were checked by cutting at EcoR1 and at Ncol
restriction sites, the sequences of shRNA-plasmids were examined, and successful clones were
chosen for the final DNA extraction. All four successfully constructed plasmids were transfected
into HEK 293T cells with overexpressed (OE) GPNMB, and their efficiency was examined by
protein quantification, using Western blotting method. From oligosequences, presented in Table
2.2, numbers 1 and 4 were chosen for subsequent experiments and were named shRNA#1 and
shRNA#2 respectively. The virus was constructed using packaging psPAX2 (Addgene #12260),
envelope pMD2.G (Addgene #12259), and pLKO.1-shRNA plasmids. All plasmids were
transfected using PEI transfection reagent (Polysciences Asia-Pacific) into HEK 293T cells. Media
were changed, collected with constructed virus, and filtered through 0.22 pym membrane. Viral

solutions were aliquoted and kept in -80°C.
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Table 2.2. Sequences of oligonucleotides

Name Forward (5°-3”) Manufacturer
shRNA#con GCGCGCTTTGTAGGATTCG OligoEngine
shRNA#1 (Nel) | AACATTTGCGGTGAACCTGAT Invitrogen
Ne2 AATTGGGACGATGTTCAGTGA Invitrogen
Ne3 AAATTCATCCGACGAAACCTT Invitrogen
shRNA#2 (Ne4) | AACTGCCAGATTAACAGATAT Invitrogen

2.3. Knockdown using lentiviral system

UMSCC-11A and UMSCC-11B cells were seeded for examination of resistance to Puromycin.
From the range of 0 pg/ml to 2 ng/ml of Puromycin in 2D culture medium, cells were cultured for
4 days. The least concentration of Puromycin was chosen, which could successfully eliminate
culturing cells. That is 1 pg/mL for UMSCC-11A and 0.5 pg/mL for UMSCC-11B. Next, cells
were seeded into 6 — well plates (Falcon) and subjected to infection with lentiviral solution,
including 8 pg/mL Polybrene (Sigma). Subsequently, the medium was changed to Puromycin-

containing medium with desired concentration and selection was performed for 4 days.

2.4. Western blotting

Cells were washed with PBS, trypsinized, and centrifugated at 1000 rpm for 5 minutes. After
supernatant was removed, cell pellets were subjected to lysis with Nonidet® P-40 (NP-40, Nacalai
Tesque, Inc.) buffer during 20 minutes at 4°C. Consequently, protein concentration was quantified
using a DC Protein Assay (Bio-Rad) according to the manufacturer’s protocol, and concentrations

were equalized among samples. Next, lysates were solubilized in Sodium Dodecyl Sulfate—
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Polyacrylamide (SDS) buffer. Consequently, after the temporal boiling at 98°C, the total cell
lysates were subjected to 10% SDS—polyacrylamide gel electrophoresis (SDS-PAGE) and blotted
towards a polyvinylidene difluoride (PVDF) membrane (Merck Millipore). For blocking step, the
membrane was incubated in 5% skim milk resolved in Tris-buffered saline with Tween® 20
(TBST) buffer for 1 hour in room temperature. The blocked PVDF membrane was further
incubated with primary antibodies overnight at 4°C. The detailed list of antibodies is presented in
a Table 2.4. After the incubation step, PVDF membrane was washed 3 times for 10 minutes in
TBST buffer. Following the washing step, immunoblotted membrane was incubated with
secondary antibodies conjugated with horseradish peroxidase (HRP) (Table 2.4) for 30 minutes in
room temperature. Subsequently, membrane was washed in TBST buffer 3 times for 10 minutes,
and proteins were detected by applying chemiluminescent kit InmunoStar® Zeta, according to the
manufacturer’s instructions, using EZ capture MG imaging system (ATTO Corporation, Tokyo,

Japan).

Nonidet® P-40 (NP-40) buffer 1% NP-40, 2% 1M Tris-HCI (pH 7.5), 3% 5M
NaCl, 0.2% Aprotinin (Invitrogen), and 0.2%

Leupeptin (Invitrogen)

Sodium Dodecyl Sulfate—Polyacrylamide | 2% SDS, 5% 2-mercaptoethanol (Wako), 10%
(SDS) buffer glycerol, 62.5 mM Tris-HCI (pH 7.5), 2%
dithiothreitol (DTT), and 0.002%

bromophenol blue

SDS—polyacrylamide  gel electrophoresis | 1) Running gel: MQ 7.6 ml, 30% Acrylamide

(SDS-PAGE), 10%, 16x16 cm (Wako) 5.2 ml, 2 M Tris-HCI (pH 8.8) 3.2 ml,
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10% SDS 80 pl, 10% APS 72 pl, N-N-N-N-

tetramethyl-ethylenediamine (Wako) 16 ul

2) Stacking gel: 20% Glycerol 3.5 ml

30% Acrylamide (Wako) 700 pl, 0.5 M Tris-
HCI (pH 6.8) 700 ul, 10% SDS 25 pl, 10%
APS 25

ul, N-N-N-N-tetramethyl-

ethylenediamine (Wako) 5 pl

Tris-buffered saline with Tween® 20 (TBST)

buffer

10 mM Tris-HCl (pH 7.4), 150 mM NaCl,

0.1% Tween® 20

Table 2.4. Antibodies

Primary antibodies

Target Catalog Manufacturer | Dilution (IHC) | Dilution (IF) | Dilution
(WB)
GPNMB | AF2550 R&D Systems | 1:200 1:200 1:2000
Ki-67 ab15589 Abcam 1:500 1:250 -
GAPDH sc-32233 Santa Cruz - - 1:1000
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Secondary Antibodies

Target Catalog Manufacturer Dilution (IF) Dilution (WB)
Alexa 488 anti-goat A11055 Invitrogen 1:200 -
IgG
Alexa 546 anti- A10040 Life 1:200 -
rabbit IgG Technologies
HRP anti-goat IgG P0O160 Dako - 1:10000
HRP anti-mouse NA931V GE Healthcare - 1:10000
IgG

2.5. Reverse transcription and quantitative PCR analysis

Cells were lysed by TRIzol (Life Technologies) for total RNA isolation. RNA was extracted
according to manufacturer’s protocol. Reverse transcription was performed with High-Capacity
RNA-to-cDNA Master Mix (Applied Biosystems) following the manufacturer’s method.
Quantitative PCR (qPCR) analysis was done with SYBR Green I qPCR Master Mix (Applied
Biosystems) and data were measured by QuantStudio 5 (Thermo Fisher Scientific). Expression
levels of the targets were normalized to f-actin levels. Experiments were triplicated and data

represented as the mean of triplicate wells. Primer sequences are listed in Table 2.5.
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Table 2.5. Primers for qRT-PCR

Target Forward (5°-3°) Reverse (5°-3%)
[-actin GCACTCTTCCAGCCTTCCTT CGTACAGGTCTTTGCGGATG
GPNMB TCACCCAGAACACAGTCTGC CAGACCCATTGAAGGTTCGT
BMII GAGGGTACTTCATTGATGCCACC | GCTGGTCTCCAGGTAACGAACA
AAC ATA
SOX2 TGCGAGCGCTGCACAT TCATGAGCGTCTTGGTTTTCC
NANOG TTCCTTCCTCCATGGATCTG CTTTGGGACTGGTGGAAGAA
MSI1 GGGACTCAGTTGGCAGACTAC CTGGTCCATGAAAGTGACGAA
KLF4 CCTTCCTGCCCGATCAGATG GGTGAAGAAGGTGGGGTGAG
PROM1 TTGCGGTAAAACTGGCTAAG TGGGCTTGTCATAACAGGAT
ALDHIAI TGTTAGCTGATGCCGACTTG CTGGCCCTGGTGGTAGAATA
CD44 GGCTTTCAATAGCACCTTGC CAGGTCTCAAATCCGATGCT
POUSF1 AGTGAGAGGCAACCTGGAGA ACACTCGGACCACATCCTTC

DEFB44 CTCCTCTTCTCGTTCCTCTTCA GCAGGTAACAGGATCGCCTAT

2.6. Proliferation assay in 2D

Four thousand cells per well were seeded in triplicate in 96-well flat-bottom polystyrene plates
(TPP®). Cellular proliferation was measured by a CellTiter 96®AQueous One Solution Cell
Proliferation Assay (MTS assay; Promega) according to the manufacturer’s protocol. The optical
density of coated microplates was measured by Varioskan LUX Multimode Microplate Reader
(Thermo Fisher Scientific). Experiments were repeated three times and are presented as the mean

of triplicate wells.
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2.7. Tumor sphere formation assay

Ten thousand cells per well were seeded in triplicate in ultra-low attachment 6-well plates
(Corning) and cultivated in culture medium for 3D sphere condition. In GPNMB stable KD cell
lines the sizes and numbers of spheres with diameters of more than 150 um were counted on day
7. To determine the expression of CSCs genes in stable GPNMB KD cell lines, 10° cells per well
were seeded in ultra-low attachment 6-well plates and cultured for 3 days. Spheres were collected
by centrifugation and subjected to the next step of mRNA isolation. In DEFB4A KD experiments
the numbers and sizes of spheres with diameters of more than 100 um for UMSCC-11A and more

than 60 pm for UMSCC-11B were counted on day 3.

2.8. Wound-healing scratch assay

Cells were seeded for confluency in triplicate to 12-well plates (Falcon) and maintained in 2D
monolayer culture medium. Following 12 h of adhesion, a cross-shape scratch was applied into
the culture. Pictures of scratched wounds were taken twice and relative ratio of healing/closure
was quantified by pixel percentages with ImagelJ software (National Institutes of Health). The time
of migration for UMSCC-11A was 16 hours after application of a scratch and 23 hours for

UMSCC-11B.

2.9. Analysis of mRNA sequencing

After the isolation and extraction of total mRNA by TRIzol (Life Technologies), pellets containing
mRNAs were dissolved in 30 uL of MQ, and integrity of mRNAs was checked by implementing
Agilent RNA 600 Nano Kit (Cat# 5067-1511; Agilent) by a Bioanalyzer (Agilent). While the RNA

Integrity Number (RIN) within all samples was 10, those RNAs were subjected to library
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preparations for mRNA-sequencing. The libraries were created by applying 2.5 pg of each
sample’s RNA using NEBNext Ultra II RNA Library Prep Kit for I[llumina and NEBNext Poly(A)
mRNA Magnetic Isolation Module (New England Biolabs, Cat# E7770S and E7490L) according
to the manufacturer’s instructions. Concentrations and size distributions of the libraries were
measured using Agilent DNA 7500 kit (Cat#5067-1506; Agilent) by the Bioanalyzer. Following
the creation, libraries were diluted to 1 nM and subjected to denaturation and neutralization.
Afterwards, libraries were adjusted to 1.8 pM and sequenced by NextSeq 500 System (Illumina)
using NextSeq500/550 v2.5 (75 Cycles) Kits (Illumina, Cat#20024906). The sequencing was
performed with paired-end reads of 36 bases. After the run, FASTQ files were extracted, and
information of the next-generation sequencing run data was checked on CLC Genomics
Workbench 20.0.3 software (CLC, QIAGEN) to identify GPNMB-KD mediated changes in the
mRNA expression profile. Finally, the PHRED-score (quality score of the reads) over 20 was

confirmed for 99% of the reads, indicating a successful run.

2.10. Analysis of RNA-sequencing results

Differentially expressed genes (DEGs) were restricted with false discovery rates (FDR p-value)
setat <0.05 and a 1.5-fold-change cutoff. Obtained DEGs were categorized into cellular migration,
cellular proliferation (according to the GSEA database) (GO:0016477; GO:0050673), and
lymphovascular-invasion-related genes (Zhang et al., 2020). Heatmaps were constructed in Prism
GraphPad version 8 software using standardized Transcripts Per Kilobase Million (TPM)

expression values.
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2.11. Formation of tumors in vivo

Xenograft experiments were performed with five-week-old female BALB/cAlJcl-nu/nu mice kept
under SPF conditions (CLEA Japan). One million cells from each stable GPNMB KD condition
were subcutaneously injected to form 3 experimental groups (shRNA#con, shRNA#1, and
shRNA#2). Following subcutaneous introduction, mice were sacrificed at 10 (for UMSCC-11A)
and 6 (for UMSCC-11B) weeks. Next formula was used to calculate volumes of the extracted
xenografts: V(volume) = nL(length)W?*(width)/6. The conduction of animal experiments was
approved by the Animal Ethics Committee of the University of Tsukuba in accordance with the

University's animal experiment guidelines and the provisions of the 1995 Declaration of Helsinki.

2.12. LSCC patients and tissue specimens

Seventy-six formalin-fixed, paraffin-embedded (FFPE) clinical tissue samples were obtained from
59 LSCC patients with a single or several surgeries in medical history (Table 2.12). To perform
experiments in this study, patients’ consents and the approval from the Ethical Review Committee

of University of Tsukuba Hospital were acquired. The number of the project is R02-147.

Table 2.12. Clinical specimens from LSCC patients

Number of specimens Manipulation
36 Total laryngectomy
33 Laryngeal microsurgery
4 Neck dissection
2 Transoral CO2 laser & laryngoscopy surgeries
1 Partial laryngotomy
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2.13. Immunohistochemical and immunofluorescence staining

Formalin fixed, paraffin-embedded (FFPE) specimen sections were deparaffinized in xylene, with
further rehydration in ethanol, and autoclaved for 20 minutes in NaOH-citrate buffer at 121°C to
retrieve antigenicity. Blocking solution (Perkin Elmer Life Science) was used to suppress
nonspecific antibody reactions, then sections were incubated with primary antibodies, dilutions are
indicated in Table 2.4. For immunohistochemical (IHC) staining, reacted antibodies were detected
by the Dako EnVision + System/HRP (DAB, DakoCytomation). To perform quantification
analysis, I used NanoZoomer Digital Pathology system (2.0RS, Hamamatsu) and the QuPath
software (Bankhead et al., 2017). For immunofluorescent (IF) staining, sections were incubated
with secondary fluorescent-labeled antibodies and then mounted with DAPI Fluoromount-G®
(SouthernBiotech) for nuclei staining. The fluorescence microscope (Keyence BZ-X710) was

utilized for detection and imaging.

2.14. ELISA sandwich assay

These experiments were performed to quantify the sSGPNMB concentration within serum samples
of LSCC patients and of non-malignant group. The enzyme-linked immunoassay was performed
using DuoSet® ELISA Human Osteoactivin/GPNMB kit (Catalog #DY2550, R&D Systems) and
DuoSet® Ancillary Reagent Kit2 (Catalog #DY008, R&D Systems) according to manufacturer’s
instructions. Twenty-two samples of LSCC cases and thirty samples of control cases were diluted
10 times by Reagent Diluent x1. The optical density of coated microplates was measured by
Varioskan LUX Multimode Microplate Reader (Thermo Fisher Scientific). Photometric results
were obtained by 450 nm and 570 nm wavelengths reads with further wavelength correction. The

standard curve was created by Rodbard equation in Image J software (National Institutes of Health).
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Parameters were extracted and used to quantify the concentration of each 10 times diluted sample
(x) from the next formula: y = d+(a-d)/(1+(x/c)"b). Results were multiplied 10 times to receive the

concentration of undiluted samples. Results are presented as the mean of triplicate wells.

2.15. Statistical analysis

Quantitative data are represented as the means + standard deviations (SDs). Statistical analyses
were performed using one-way or two-way analyses of variance (ANOVA) with the Tukey’s
multiple comparison test using GraphPad Prism 8 software. Probability values (p value) less than

0.05 were considered statistically significant.
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CHAPTER 3. RESULTS

3.1. GPNMB is highly expressed in HNSCC and LSCC

Firstly, I analyzed the GPNMB mRNA expression levels in HNSCC samples in comparison with
non-malignant samples using The Cancer Genome Atlas (TCGA) publicly available database by
UALCAN web resource (Chandrashekar et al., 2017). In carcinoma tissues, mRNA levels of
GPNMB were significantly increased in all clinical stages and grades compared with non-
malignant tissues (Fig. 3.1 A, B, C; Table 3.1). However, according to data obtained from the
Kaplan-Meier Plotter database (Nagy et al., 2021) of patients with HNSCC, the expression of
GPNMB was not significantly different between the poor and the positive prognostic groups in the
OS analysis (Fig. 3.1 D). To evaluate the role of GPNMB in LSCC, I analyzed GPNMB protein
and mRNA expression levels in seven laryngeal SCC cell lines: UMSCC-10A, -10B, -11A, -11B,
-12,-13, and -25 (Fig. 3.1 E, F; Table 2.1). All LSCC cell lines, excluding UMSCC-12, exhibited
diversified expression patterns of GPNMB protein and mRNA levels. At the same time, GPNMB
mRNA and protein levels were identical in each UMSCC laryngeal cell line. The results of these
experiments denote enhanced expression of GPNMB in HNSCC patient tissues and in LSCC cell

lines.

3.2. GPNMB silencing impairs cellular proliferation, sphere formation, and

cellular migration of LSCC cell lines

To examine the role of GPNMB in carcinogenesis, I established stable KD cells from UMSCC-

11A and -11B by infection with a constructed lentivirus expression system using two independent
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shRNAs against GPNMB (shRNA#1 and shRNA#2) and one shRNA with a non-targeting
sequence (shRNA#con). I used WB and qRT-PCR analyses to confirm the efficiency of GPNMB
KD. Expectedly, expression levels of GPNMB were significantly decreased (Fig. 3.2 A-F).
Afterwards, I defined the proliferative ability of UMSCC-11A and -11B in monolayer 2D
condition by an MTS assay, discovering that in both cell lines the growth rate of GPNMB-KD
cells was significantly decreased compared to the control (Fig. 3.2 G, H). To determine the role of
glycoprotein NMB in anchorage-independent 3D proliferation, I assessed the sphere formation
ability of UMSCC-11A and -11B cell lines. Results showed GPNMB-KD cells had impaired 3D
growth with significantly fewer spheres (diameter > 150 pm) compared to controls in both cell
lines (Fig. 3.2 I-N). Next, I examined the role of GPNMB in cellular migration by performing
wound-healing scratch assays (Fig. 3.2 O-R). Similar to previously reported results using oral SCC
cells (Arosarena et al., 2016), the GPNMB silencing effect in UMSCC-11A, -11B laryngeal cell
lines significantly hindered migration ability compared to the control. These results confirm the
function of GPNMB as a key mediator of LSCC monolayer 2D proliferation, of anchorage-

independent 3D sphere growth, and of cellular migration.

3.3. GPNMB silencing downregulates cellular proliferation, migration, and

lymphovascular-invasion-related genes

Thereafter, I investigated the effect of GPNMB silencing in UMSCC-11A and -11B cells on other
genes by RNA-sequence analysis. After the introduction of cutoff criteria on the genes expression
data (false discovery rates (FDR) < 0.05 and greater than 1.5-fold-change), I assessed commonly
affected genes (DEGs) in stable GPNMB KD cell lines. I found that the majority of cellular

migration and cellular proliferation genes were downregulated compared to control in both cell
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lines, which was consistent with in vitro results (Fig. 3.3 A-D). Interestingly, lymphovascular-
invasion-related (LVI) genes (Zhang et al., 2020) (77K, DEPDCI, KIF23, KIF18B, CCNA2, and
PRC1) were also downregulated in the case of UMSCC-11B GPNMB KD cells (Fig. 3.3 E). The
summary of pathways enriched via GPNMB silencing is presented in Figure 3.3 F. I have also
illustrated top 30 most significantly upregulated and downregulated genes, which carry versatile
oncogenic roles (Table 3.3). These data suggest that GPNMB regulates the expression of various
cellular proliferation and cellular migration genes in both cell-lines, and furthermore, affecting the

expression of LVI -related genes in UMSCC-11B.

3.4. GPNMB silencing impairs tumor formation of LSCC cell lines in vivo

As far as GPNMB silencing affects numerous oncogenes in vitro, I further studied GPNMB in vivo
role in carcinogenesis of laryngeal SCC by subcutaneous inoculation of stable GPNMB KD
UMSCC-11A and -11B cells into nude mice. GPNMB silencing reduced tumor growth and
resulted in significantly decreased tumor volume and weight (Fig. 3.4 A-F). Extracted tumors were
subsequently subjected to IHC staining, the analysis revealed that GPNMB protein expression
levels were diminished in GPNMB-KD tumors compared to control, while the ratio of Ki-67-
positive cells was not significantly different between GPNMB-KD and control tumors (Fig. 3.4 G,
H). Additionally, IHC data showed the tendency of cells to differentially express GPNMB and Ki-
67 (Fig. 3.4 G, H). To further understand this phenomenon, I performed IF staining of shRNA#con
tumors (Fig. 3.4 I, J). The findings from this experiment uncovered a mutually inverse relationship
between GPNMB and Ki-67 expressions, in which the majority of GPNMB-positive cells did not

express Ki-67 and vice versa. These results show the key role of GPNMB in the tumorigenic
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growth of laryngeal SCC cells in vivo, as well as the inverse relationship between GPNMB and

Ki-67 proteins suggests that GPNMB expression correlates with quiescent, non-proliferating cells.

3.5. The effect of GPNMB KD on CSCs markers in LSCC cell lines

As the previous findings suggested the correlation of GPNMB and non-proliferating cells, I further
elucidated the involvement of GPNMB silencing in regulation of cancer stem cell markers
expression in UMSCC-11A and -11B. Such CSCs markers as BMI1, ALDHIAI, KLF4, PROMI
(CD133), SOX2, NANOG, POU5F1 (OCT4), CD44, and MSII are reported to correlate with CSCs
population in HNSCC (Lee et al., 2017; Lee et al., 2014; Major et al., 2013; Xiao et al., 2018; Yu
etal.,2013). After obtaining cDNA from GPNMB KD cell lines I quantified the relative expression
of abovementioned markers (Fig. 3.5 A, B). Results showed that GPNMB KD significantly
decreased the mRNA expression of BMII in both cell lines. However, other genes showed
inconclusive data between shRNA#1 and #2 GPNMB KD, as differences in expressions between
UMSCC-11A and -11B. These results suggest that GPNMB is involved in BMII regulation,

though how GPNMB affects other CSCs-related genes remains controversial.

3.6. GPNMB is expressed in malignant lesions of LSCC patients

To investigate the patterns of GPNMB expression in laryngeal SCC tumors, I obtained and
analyzed 76 tissue specimens from 59 LSCC patients (Table 2.12). I compared the expression of
GPNMB between cancerous lesions and normal squamous epithelium (if available in the
specimen). The representative case shown in Figures 3.6 A-C indicated overexpression of GPNMB
in malignant lesions while the expression in normal epithelial layers was undetectable.

Interestingly, the data from QuPath (Bankhead et al., 2017) analysis based on IHC staining did not
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show significant correlation between GPNMB expression and clinical advancement of LSCC (Fig.
3.6 E-I). To confirm the results from two in vivo models of mutually exclusive expression between
GPNMB- and Ki-67-positive cells, I conducted IF analysis of a representative sample (Fig. 3.6 D).
Similar to Figures 3.4 I-J, most GPNMB-negative cells were Ki-67-positive and in contrary. These
findings verify that expression of GPNMB in laryngeal SCC lesions is higher than in normal
squamous epithelium and, together with that, the inverse correlation in expression patterns

between GPNMB and Ki-67 proteins in primary human LSCC cells.

3.7. Soluble GPNMB in LSCC patients and non-malignant cohort

As GPNMB was significantly upregulated in HNSCC patients, according to TCGA database (Fig.
3.1 A-C; Table 3.1), and it was overexpressed in tumorous lesions of LSCC patients (Figures 3.6
A-C), I aimed to examine the soluble GPNMB (sGPNMB) concentrations in serum samples of
laryngeal SCC patients to assess its capacity as a biomarker. For this experiment I included serum
samples from 22 patients diagnosed with SCC in larynx and 30 serum samples from the patients
with no malignancy or diabetes mellitus. Next, | measured the sGPNMB levels using kits described
in material and methods (Fig. 3.7). However, results did not show a significant difference in
expression of sSGPNMB between LSCC cases and control. Moreover, isolated cases in both groups
were reaching prominent levels of concentration (up to 131,159.2 pg/mL). These outcomes suggest
that the cleaved form of GPNMB cannot be used as a biomarker from the systemic blood

circulation to suspect such malignancy as LSCC.
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3.8. GPNMB knockdown-mediated DEFB4A upregulation leads to suppression

of sphere formation in UMSCC-11B

Besides the DEGs related to cellular proliferation, migration, or LVI-mediated processes (Figure
3.3 C-E), one of the most significantly upregulated genes in GPNMB KD cell-lines is DEFB4A4
(Table 3.3). According to the TCGA database, UALCAN web resource analysis (Chandrashekar
et al., 2017) showed no significant increase of DEFB44A mRNA levels between clinical stages
compared to normal tissue (Fig. 3.8 A, B). Interestingly, the expression pattern based on
differentiation grades and nodal status of HNSCC cohort showed a significant decrease of
DEFB4A4 in lower differentiation grades (Grade 3, 4) and in advanced metastatic cases (N2, N3)
(Fig. 3.8 C, D). Subsequently, according to data obtained from the Kaplan-Meier Plotter database
(Nagy et al., 2021) of HNSCC patients, DEFB4A expression was not significantly upregulated in
cases with positive OS (Fig. 3.8 E). After I confirmed expression differences of this gene in
GPNMB KD UMSCC-11A and UMSCC-11B by qRT-PCR (Fig. 3.8 F, G), [ performed DEFB4A
knockdown in shRNA#2 GPNMB KD cells (as most DEFB4A4 upregulated condition) using
transfection of DEFB4A siRNA (siRNA#1 and #2) (Fig. 3.8 H, I). Consequently, I assessed the
tumorigenic effect of DEFB4A silencing in GPNMB KD cells via sphere formation assay (Fig.
3.8 J-M). Interestingly, silencing of DEFB4A resulted in significant recovery of sphere formation
in UMSCC-11B, but not in UMSCC-11A. These findings suggest that GPNMB KD-mediated

upregulation of DEFB4A leads to suppression of sphere formation in UMSCC-11B cell-line.
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Figure 3.1. Elevated expression of GPNMB in patients with HNSCC and LSCC cell lines

(A) GPNMB mRNA profile in primary head and neck squamous cell carcinoma (HNSC)

specimens and normal specimens from the TCGA database (UALCAN analysis). (B, C) GPNMB
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mRNA profile in primary HNSC specimens with different clinical stages and tumor grades
compared to normal specimens from the TCGA database. Respectively, grades 1 to 4 are defined
as: well differentiated, moderately differentiated, poorly differentiated, undifferentiated subtypes.
(D) Overall Survival (OS) results of GPNMB"&VV in patients with HNSCC from Kaplan-Meier
Plotter analysis. (E) Results of western blot analysis exhibiting differentially expressed GPNMB
in laryngeal SCC cell lines. GAPDH was utilized as a loading control. Data represents one of three
independent experiments. (F) mRNA expression levels of GPNMB in LSCC cell lines were
normalized to f-actin. Results are shown as means = SD, a representative of triplicated

experiments.
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Figure 3.2. Role of GPNMB for laryngeal SCC cell lines in monolayer, anchorage-
independent cellular proliferation, and cellular migration in vitro

(A - D) Western blot analyses and protein expression quantification data for GPNMB and GAPDH
detection in UMSCC-11A and -11B cells of shRNA#control and GPNMB knockdown (KD)
(shRNA#1 and shRNA#2). (E, F) qRT-PCR analysis of GPNMB mRNA in UMSCC-11A, -11B
with GPNMB KD. Messenger RNA expression levels were normalized to f-actin. (G, H) MTS
assay results of monolayer cell proliferation in UMSCC-11A, -11B GPNMB KD cell lines. (I, J)

Representative photos and (K-N) results indicate numbers and sizes of 3D spheres formed by
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UMSCC-11A, -11B with GPNMB KD. Scale bars are 100 pm. For both cell lines only spheres >
150 um in diameter were counted. (O - R) Wound-healing scratch assay of UMSCC-11A and of
UMSCC-11B with GPNMB KD. Photos represent the wound-healing scratch assay. Scale bars are
250 um. The closed wound fracture area was measured by ImageJ prior to the open area at 0 h.
All data are presented as means = SD, representative of three independent experiments. n.s., not
significant, *p <0.05, **p < 0.01, ***p <0.001, ****p <0.0001 one-way ANOVA (C-F, I-L, N,

P) and two-way ANOVA (E-F) with Tukey’s multiple comparison test.
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Figure 3.3. GPNMB knockdown-mediated downregulation

migration, and lymphovascular-invasion-related genes
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(A) Principal component analysis illustrates distinction between control (red) and GPNMB KD
(shRNA#1, green; shRNA#2, blue) clusters of samples. (B) Venn diagram illustrates shared,
differentially expressed genes (DEGs) of two KD conditions (shRNA#1 and shRNA#2)
compared to shRNA#control. (C) Heat map represents the DEGs profile of cellular migration-
related genes. (D) Heat map represents the DEGs profile of cellular proliferation-related genes.
(E) Heat map represents the DEGs profile of lymphovascular-invasion-related genes in UMSCC-
11B. (F) Metascape (Zhou et al., 2019) analysis (GO_TRRUST) of DEGs in laryngeal UMSCC-
11A, UMSCC-11B cell lines. Graphs represent most affected up- and down-regulated pathways

through analysis of DEGs.
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Figure 3.4. GPNMB regulates tumor formation in vivo in LSCC cell lines

(A-F) Tumor volumes and weights of UMSCC-11A (A-C) and of UMSCC-11B (D-F) with
GPNMB KD subcutaneously injected cells into BALB/cAlJcl-nu/nu mice. For A, D - incidence
indicates the rate of tumor occurrence vs. the rate of subcutaneous injection. Data are presented as
means = SD. *p < 0.05, **p < 0.01, ***p < 0.001, one-way ANOVA with Tukey’s multiple
comparison test. (G, H) Hematoxylin and eosin (HE) staining of UMSCC-11A and -11B tumor
sections, and immunohistochemical staining of GPNMB and Ki-67. Scale bars are 100 um. Graphs
represent detection of GPNMB™ and Ki-67" cells within xenografted tumors based on QuPath
analysis with single threshold of color intensity is 0.25. (I, J) Immunofluorescence staining of
shRNA#con tumors from UMSCCC-11A and -11B with GPNMB (green), Ki-67 (red), and DAPI

(blue). White scale bar is 200 pm, yellow scale bars are 50 um.
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Figure 3.5. Expression of CSCs markers affected by GPNMB KD in UMSCC-11A (A) and
UMSCC-11B (B) cells after sphere formation assay

Messenger RNA expression levels of BMI1, ALDHIAI, KLF4, PROMI1,SOX2, NANOG, POU5F1,
CD44,and MSII in UMSCC-11B cell line were normalized to S-actin. Results are shown as means

+ SD, representatives of triplicated experiments.
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Figure 3.6. Expression of GPNMB and Ki-67 in tissue specimens of LSCC patients

(A) HE and THC staining for GPNMB and Ki-67 in a representative clinical specimen. Scale bars
are 1 mm. (B, C) The tumorous and normal epithelium of the clinical sample from the annotated
areas in (A). Scale bars are 100 um. (D) IF staining of a representative clinical specimen with
GPNMB (green), Ki-67 (red), and DAPI (blue). White scale bar is 200 um, yellow scale bars are
50 um. (E) QuPath analysis of GPNMB" cells within laryngeal SCC specimens. Grade 1 stands
for well-differentiated cases, Grade 2 — moderately-differentiated cases. Single threshold of color
intensity is 0.25. (F) QuPath analysis of GPNMB" cells within laryngeal SCC specimens with
multiple thresholds of color intensity. Class 1 represents the threshold at 0.25, Class 2 — at 0.4,
Class 3 — at 0.6. (G) QuPath analysis of Ki-67" cells within laryngeal SCC specimens. Single
threshold of color intensity is 0.25. (H, I) QuPath analysis of GPNMB" (H) and Ki-67" (I) cells
within laryngeal SCC specimens compared to the clinical advancement. Single threshold of color

intensity is 0.25.
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Figure 3.7. Concentrations of soluble GPNMB in serum samples of LSCC patients vs. control

The measurements represent the concentrations in both groups in pg/mL.
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Figure 3.8. DEFB4A role in HNSCC

(A) DEFB4A mRNA profile in primary head and neck squamous cell carcinoma (HNSC)
specimens and normal specimens from the TCGA database (UALCAN analysis). (B-D) DEFB4A
mRNA profile in primary HNSC specimens with different clinical stages, tumor grades and nodal
metastasis status compared to normal specimens from the TCGA database. Respectively, grades 1
to 4 are defined as: well differentiated, moderately differentiated, poorly differentiated,
undifferentiated subtypes. Nodal metastases are defined as: NO — no regional lymph node
metastasis, N1 — metastases in 1 to 3 axillary lymph nodes, N2 — metastases in 4 to 9 axillary
lymph nodes, N3 — metastases in 10 or more axillary lymph nodes. (E) Overall Survival (OS)
results of DEFB4AM&V*Y in patients with HNSCC from Kaplan-Meier Plotter analysis. (F, G)
GPNMB silencing-mediated upregulation of DEFB44 mRNA levels in UMSCC-11A and -11B.
Expression levels were normalized to S-actin. (H, I) mRNA expression levels of DEFB44 affected
by transient KD with small interference anti-DEFB4A mRNA in UMSCC-11A shRNA#2 and -
11B shRNA#2 cell lines. Messenger RNA expression levels were normalized to f-actin. (J-M)
Results indicate numbers and sizes of 3D spheres formed by UMSCC-11A shRNA#2, -11B
shRNA#2 with siRNA-mediated DEFB4A KD. For UMSCC-11A shRNA#2 only spheres > 100
pum in diameter were counted. For UMSCC-11B shRNA#2 only spheres > 60 um in diameter were

counted. Results are shown as means + SD, a representative of triplicated experiments.
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Table 3.1. Statistical significance values of GPNMB in HSNCC cohort

Probability values of the Figure 3.1 A

* - the result is significant

Comparison

Statistical significance

*Normal-vs-Primary

1.62E-12

Probability values of the Figure 3.1 B

* - the result is significant

Comparison Statistical significance

*Normal-vs-Stage 1 1.76E-04
*Normal-vs-Stage 2 9.04E-11
*Normal-vs-Stage 3 6.46E-09
*Normal-vs-Stage 4 <1E-12

Stage 1-vs-Stage 2 1.82E-01
*Stage 1-vs-Stage 3 4.65E-02
*Stage 1-vs-Stage 4 4.78E-03
Stage 2-vs-Stage 3 4.62E-01
Stage 2-vs-Stage 4 1.71E-01
Stage 3-vs-Stage 4 7.63E-01
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Probability values of the Figure 3.1 C

* - the result is significant

Comparison Statistical significance
*Normal-vs-Grade 1 1.37E-07
*Normal-vs-Grade 2 <1E-12
*Normal-vs-Grade 3 3.02E-13
*Normal-vs-Grade 4 4.08E-03
*Grade 1-vs-Grade 2 5.17E-04
Grade 1-vs-Grade 3 2.91E-01
*Grade 1-vs-Grade 4 1.26E-03
*Grade 2-vs-Grade 3 9.52E-03
Grade 2-vs-Grade 4 1.96E-01
*QGrade 3-vs-Grade 4 1.56E-02
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Table 3.3. Differentially Expressed Genes (DEGs) in UMSCC-11A, -11B.
Top 30 upregulated and downregulated genes in UMSCC-11A, -11B. The order of presented genes

is based on their absolute fold change from highest to lowest.

Upregulated genes Downregulated genes
UMSCC-11A UMSCC-11B UMSCC-11A UMSCC-11B

RPL17 C18orf32 AP003108.2 PINX1 1 AC005670.2
PCDHGA3 DEFBI103B GPNMB MYODI1
PI3 EBF1 MXRAS SOST
ARMCXS GPRASP2 | H2BSI CCNS PRICKLE4
MEFV S100A12 C4B PCDHI19
VNNI1 LCE3E LRRC7 SLCIA6
IL13RA2 SIGLEC9 MMP12 SLAIN1
TREXI1 TMEM238L PTHIR APLN
ANKRD22 RSAD2 AC008581.2 WNT3A
TCIM TDRD9 CCL2 MGARP
LRRIQI EIF4EBP3 FN1 CSNK2A3
HSD17B2 CARD17 CGB3 KISS1R
ACOX2 IFNLI CYP26A1 GPNMB
SPRR1B IF144L CA9 ANKRD34B
RASGRP1 SAMSNI CDH2 IGFLI
DEFB4A LCE3D PPARGCIA SCARA3
TM4SF19 SERPIND1 DIO2 NEURLI1B
S100A8 CLECS5A KRT13 CCK
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ANKRD33

SERPINB2

HBEGF

RP1

LCE3D

S100A9

RHCG

NTSRI1

AC138969.1

CCL20

TIGD7

KYNU

MYCT1

PNLIPRP3

Cllorf96

DEFB4A

CALCR

P2RY38

CEACAMG6

AKRICl1

SPRR1B

P13

CMPK2

DEFB103A

ITGA4
KANK4
ZNF608
CCN2
MATN2
WNT5B
PSG5
APLN
TBX10
BCAM
COMMD3_BMII

EDIL3

MATN2

CYFIP2

LZTS1

C4orf36

TMEM255A

SERTADA4

FBXO043

MYLK

KIF26A

NOX4

UPKI1B

RRM2

- 49 -




Table 3.8. Statistical significance values of DEFB4A in HSNCC cohort

Probability values of the Figure 3.8 A

No significant result

Comparison

Statistical significance

Normal-vs-Primary

5.68E-01

Probability values of the Figure 3.8 B

No significant result

Comparison Statistical significance
Normal-vs-Stage 1 7.10E-01
Normal-vs-Stage 2 7.91E-01
Normal-vs-Stage 3 7.23E-01
Normal-vs-Stage 4 3.66E-01
Stage 1-vs-Stage 2 4.34E-01
Stage 1-vs-Stage 3 9.57E-01
Stage 1-vs-Stage 4 2.94E-01
Stage 2-vs-Stage 3 4.39E-01
Stage 2-vs-Stage 4 1.64E-01
Stage 3-vs-Stage 4 9.48E-02
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Probability values of the Figure 3.8 C

* - the result is significant

Comparison Statistical significance
Normal-vs-Grade 1 7.39E-01
Normal-vs-Grade 2 6.91E-01
Normal-vs-Grade 3 1.58E-01
Normal-vs-Grade 4 1.03E-01
Grade 1-vs-Grade 2 1.29E-01

*QGrade 1-vs-Grade 3 1.63E-04
*QGrade 1-vs-Grade 4 3.54E-05
*QGrade 2-vs-Grade 3 3.21E-04
*QGrade 2-vs-Grade 4 2.17E-05
Grade 3-vs-Grade 4 2.01E-01
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Probability values of the Figure 3.8 D

* - the result is significant

Comparison Statistical significance
Normal-vs-NO 8.85E-01
Normal-vs-N1 6.26E-01
Normal-vs-N2 1.32E-01
Normal-vs-N3 7.54E-02

NO-vs-N1 4.96E-01
*NO-vs-N2 1.3E-03
*NO-vs-N3 3.8E-05
*N1-vs-N2 1.2E-02
*N1-vs-N3 6.97E-04
N2-vs-N3 1.47E-01
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CHAPTER 4. DISCUSSION

In this study, I presented the role of GPNMB as a key mediator of LSCC formation and progression.
Being overexpressed in malignant cells, GPNMB regulates migration in 2D cultures, as well as
proliferation in monolayer, anchorage-independent, and in vivo conditions. Glycoprotein NMB
condition also affects expression profile of versatile pathways in cancer, resulting in differential
expression of oncogenes and further malignant progression. GPNMB expression patterns correlate
with the quiescent state of LSCC cells, suggesting that it participates in dormancy. Finally, in
advanced LSCC, GPNMB could exhibit its negative regulation of DEFB4A, which later results in

cancer progression.

The findings represent similar outcomes of hindered 2D cellular migration, 3D sphere formation
in vitro, and tumor formation in vivo in LSCC during GPNMB silencing (Fig. 3.2 I-R; 3.4 A-F),
as in previous studies with OSCC (Arosarena et al., 2016) or breast cancer (Okita et al., 2017).
Although previous studies from our laboratory showed that GPNMB silencing does not restrain
monolayer proliferation in 2D of breast cancer cell lines (Okita et al., 2017), it does impair cellular
proliferation in the case of LSCC cell lines (Fig. 3.2 G, H). Thereby, the function of GPNMB
ought to be diversified in different systems and organs; however, it is substantial for carcinogenesis

in multiple cancer types.

The results from RNA-sequencing analysis have verified the importance of GPNMB in various

LSCC tumorigenic processes. For instance, it was reported that simultaneously upregulated
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TGFB2 and downregulated DAB2 in HNSCC correlate with poor survival, cellular proliferation,
and metastatic progression (Hannigan et al., 2010) while GPNMB silencing downregulates TGFB2
gene in both LSCC cell lines and also upregulates DAB2 in UMSCC-11B (Fig. 3.3 C, D) to create
a tumor suppressive microenvironment. Another crucial mediator of carcinogenic cellular
processes is IL-6, which facilitates HNSCC progression and metastasis via lymphangiogenesis
(Choudhary et al., 2016); while GPNMB KD significantly suppressed /L6 expression in UMSCC-
11B cell line, which was established from the post chemotherapeutic surgical site (Fig. 3.3 D).
Furthermore, lymphangiogenesis was recognized as an underlying mechanism of lymph node
metastasis in LSCC that worsens patient prognosis (Zhang et al., 2020). Zhang et al. reported six
lymphovascular-invasion-related genes to be upregulated in SCC of head and neck; however, the
stable GPNMB KD UMSCC-11B model presented decreased transcription of these genes (Fig. 3.3
E), exhibiting the uniqueness of glycoprotein NMB and its vast regulatory role in carcinogenesis

of the larynx.

On the other hand, Ki-67 is a biomarker which denotes actively proliferating cells in G1, S, and
G2 cell-cycle phases (Schrader et al., 2005). This marker serves as a prognostic factor during
treatment for breast cancer (Soliman & Yussif, 2016), although its prognostic value was found to
be indecisive in HNSCC patients using conventional treatment approaches (Chatzkel et al., 2017;
Lavertu et al., 2001; Silva et al., 2004; Sittel et al., 2000). The evaluation of xenograft tumors
formed from GPNMB KD and control cells did not exhibit significant differences in the ratio of
Ki-67" cells in the tumors (Fig. 3.4 G, H). Nevertheless, a significant impairment in tumor

formation was attained from GPNMB-depleted cells (Fig. 3.4 A-F). Consequently, Ki-67 status
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cannot be a representative biomarker of carcinogenic activity changes with regard to GPNMB, at
least within in vivo tumor models.

In addition, I have revealed that GPNMB" cells primarily do not express nuclear Ki-67, an inverse
relationship that seems solid (Fig. 3.4 1, J; 3.6 D) and directive that GPNMB" cells are in non-
proliferating state in LSCC. Moreover, recent scientific studies have contributed to the theory that
cancer stem cells (CSCs) are involved in cancer dormancy, drug resistance, relapse, and further
carcinogenesis (Ayob & Ramasamy, 2018; Najafi et al., 2019; Yang et al., 2020). Previous works
from our group have confirmed the involvement of GPNMB exposed on the cell surface in onset
and sustenance of CSCs in breast cancer cell lines (Chen et al., 2018). Thereby, I suggest that the
GPNMB/Ki-67 cells are a population of cancer stem-like cells in LSCC. To examine this
possibility, I assessed the expression of nine CSC-related genes (Fig. 3.5). As for now, I could
confirm that GPNMB KD suppressed BMII expression in both primary and advanced
representatives of laryngeal SCC. BMII is a target gene of E2F1 pathway (Nowak, 20006).
Interestingly, among most downregulated genes in both cell-lines (Fig. 3.3 F), there were presented
numerous target genes dependent on E2F1. Based on these expression patterns, I suggest that
GPNMB KD reduces the activity of E2F1, partially resulting in suppression of self-renewal ability,
proliferation, and migration (Meng & Ghosh, 2014). However, expression of other 8 CSC-related
genes was inconsistent between knockdown conditions as well as between cell-lines (Fig. 3.5).
One of the reports suggests the existence of several subpopulations of CSCs in HNSCC, while
POUSF1(0OCT4), SOX2, and PROM1 (CD133) were not expressed consistently (Han et al., 2014).
Besides, GPNMB might explicit different capabilities among primary and advanced types of
cancer. Therefore, it is necessary to further investigate the expression patterns of CSCs markers in

other laryngeal representatives, including primary and metastatic derivatives. These findings
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suggest that GPNMB is partially involved in the regulation of CSC populations in LSCC and it
has yet to be fully elucidated.

GPNMB has a potential to be cleaved by such metalloproteinase (MMP), as ADAM 10 (Rose et
al., 2010), and explicit various functions, including tumorigenic or metabolic properties locally
and systemically (Gong et al., 2019; Liguori et al., 2021). There were reports in which serum levels
of sGPNMB might serve as a marker for classification between resistant types of non-small cell
lung carcinoma (Chung et al., 2019). As such, I hypothesized that the presence of sGPNMB in a
systemic blood circulation can be a supplementary marker for SCC clinical diagnosis. However,
the results represented that low and high concentrations of soluble GPNMB were measured in both
non-malignant and LSCC cases (Fig. 3.7). This outcome suggests that sGPNMB might be not a

unique and suitable marker for laryngeal SCC diagnosis.

Among most upregulated genes I have found several defensins to be dramatically increased in
GPNMB KD samples compared to control (Table 3.3). Among those, lower expression of
DEFB44 significantly correlated with the progression of advanced HNSCC according to TCGA
database (Fig. 3.8 C, D). As DEFB4A expression is regulated by activation of NF-xB, GPNMB
KD resulted in significant upregulation of the NF-kB/RELA pathway (Fig. 3.3 F). According to
Wang et al. (Wang & Tatakis, 2018), cohort of smoking patients exhibited significantly
downregulated DEFB4A from palatal biopsies, compared to non-smoking cohort; whereas
smoking is considered to be a crucial risk factor for carcinogenesis of HNSCC. Among few
published reports up to date, confirming the DEFB4A involvement in tumorigenesis, higher
expression of DEFB4A was associated with migration in colorectal cancer (Wu et al., 2020) and

with invasion in esophageal SCC (Shi et al., 2014). In opposite, OSCC was associated with loss
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of B-defensins as HBD-1, HBD-2 (DEFB4A), and HBD-3 (Joly et al., 2009). Interestingly, within
my models, DEFB4A expression pattern and functionality between two cell lines appeared to be
different. While strongly upregulated in parental and GPNMB KD conditions in UMSCC-11B,
silencing of DEFB4A could result in significant recovery of 3D sphere forming ability. Mostly, -
defensins are reported to be antibacterial molecules, where DEFB4A forms a positively-charged
octamer and makes pores in anionic bacterial cell walls (Hoover et al., 2000); however, some
reports show the function of DEFB4A as a ligand for CCR6 chemokine receptor presented on
immune cells (Koeninger et al., 2020) as well as on metastatic HNSCC cells (Wang et al., 2004).
CCR6 presence was related to more advanced/metastatic LSCC progression (Chen et al., 2013).
Nevertheless, GPNMB KD-mediated abundant expression of DEFB4A within this mechanism
could abrogate tumor sphere formation in my model of the advanced LSCC cell line. Therefore, I
hypothesize that GPNMB promotes malignant progression of advanced or metastatic LSCC
through downregulation of DEFB4A expression. Whether GPNMB regulates this downstream

directly or indirectly is yet to be understood.
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CHAPTER 5. CONCLUSION

Recent discoveries in molecular biology, evolution of precision medicine, and advancements in
surgery have improved the care for patients diagnosed with cancer leading them to have less
possible side effects, organ-preserving solutions, and increased quality of life. Nevertheless,
laryngeal squamous cell carcinoma, as a part of HNSCC, remains to be heterogeneous in nature,
highly treatment-resistant, and life-threatening disease. Until now total laryngectomy continues to
be a frequent approach in advanced cases, while patients tackle the consequences of dysphonia. In
other common scenarios, patients have to compromise with the outcomes of as saving as disabling
chemotherapy. Precise medicine remains to be in embryonic state until now, with understandably
slow and extremely expensive clinical trials. To increase the chances of effective and safe
treatment there is a need to investigate mechanisms underlying the causes of initiation, progression,
or relapse of the cancer. This study shows glycoprotein NMB as a unique oncogene within LSCC.
One of the interesting features lies within the outcome, that GPNMB regulates proliferation in 2D
and 3D, however, is expressed in non-proliferative cells. GPNMB expression was not in
correlation with the clinical progression of LSCC within our cohort and the protein levels were
decreased in more advanced cell lines, like UMSCC-10B, -11B, over UMSCC-10A, -11A, albeit
in such an advanced representative as UMSCC-11B, it could significantly regulate the expression
of DEFB4A, which under suppression lost such anti-tumorigenic function, as inhibition of 3D
sphere formation. UMSCC-11A and -11B were derived from the same patient, although, RNA-
sequencing results showed the different gene signature during the GPNMB KD experiments, thus
it confirms the heterogeneous nature of LSCC. Finally, CSCs populations were affected in

different manner, suggesting that GPNMB can play versatile roles in dissimilar origins of LSCC.
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Since there are few reports on the GPNMB involvement in HNSCC present up to date, my work
shows the importance of GPNMB functionality and correlation within LSCC progression, suggests
its involvement in regulation of CSCs population and partially discovers a novel mechanism of
GPNMB — DEFB4A axis. As such, I suggest GPNMB as a diagnostic marker for surgically

obtained specimens and as a novel therapeutic target within LSCC patients.
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CHAPTER 6. GRAPHICAL SUMMARY

A cell membrane
nucleus membrane
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A. GPNMB knockdown reduces LSCC progression
B. GPNMB partially promotes cancer stemness properties of LSCC via BMI1 upregulation

C. GPNMB induces malignant progression of advanced LSCC through DEFB4A inhibition
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