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Abstract

Background

Vasculogenic mimicry (VM) is an angiogenesis independent alternative mechanism of tumor
perfusion through generating blood containing pseudo-vascular channels, associated with high
tumor grade, metastasis, chemo-resistance and prone to poor prognosis in genetically
dysregulated and highly aggressive cancers including oral squamous cell carcinoma (OSCC).
Understanding the underlying mechanism associated with VM and combating with
phytochemicals may help scientists and clinicians for better prognosis and development of new
anticancer therapy against OSCC.

Objectives

Our work aims to solve three major problems in oral oncology.

The first objective of our study is to demonstrate the functional association of
vasculogenic mimicry with HIF-1a induced EphA2 signaling cascade in correlation with the
clinicopathological traits in oral squamous cell carcinoma (OSCC) and subsequently to evaluate
their orchestrated expression as promising prognostic marker which will offer a novel therapeutic
target for OSCC which will be helpful to understand responsiveness of tumor to different drugs
in near future.

Our second objective focused on the in vitro mechanistic exploration of hypoxia in
facilitating Vasculogenic mimicry in human oral squamous cell carcinoma cells through HIF-
1*/EphA2/Laminin 5y2 signaling which may be a potential therapeutic target against the
malignant phenotypes of OSCC.

Our third objective emphasized on the evaluation of the possible mitigating properties of
phytochemical Lupeol in combination with a common chemo-therapeutic drug Paclitaxel in

regulating the pseudo-vascularization in hypoxic conditions using different OSCC cell lines and
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Abstract

patient derived ex vivo platform which may emerge a new treatment strategy for aggressive oral
cancers.

Materials and Methods

Our study includes 116 clinically diagnosed OSCC patients from Chittaranjan National Cancer
Institute, Kolkata. The formalin fixed paraffin embedded (FFPE) blocks were prepared from the
surgically resected OSCC tumor specimens obtained from the patients with ethical consent.
From the FFPE Dblocks the VM structures were identified using CD31/PAS
immunohistochemistry and the total patients were stratified into VM positive (VM+) and VM
negative (VM-) cohorts. Characterization of VM associated signaling molecules including HIF-
la, EphA2, pERK1/2, MMP2, Laminin 5y2 were done using immunohistochemistry to compare
the VM+ and VM—cohorts followed by their correlation with the clinico-pathological parameters
and survival end points of OSCC cohorts. Kaplan Meir and Cox regression analysis were
performed to assess the survivability and prognostic implications. For the in vitro studies two
OSCC cell lines UPCI:SCC154 and UPCI:SCC090 were chosen and the hypoxic condition was
stimulated by incubating cells in a hypoxic chamber flushed with a gas mixture of 1% O/ 5%
CO2/94%N,. 3D matrigel mediated tube forming assay was performed to evaluate the VM
forming potential of OSCC cell lines Transfection with HIF-1a siRNA resulted in gene
knockdown. The in vitro proliferation, invasion/migration and stemness property were detected
using MTT, transwell migration and sphere forming assays with the treatment of the
phytochemical Lupeol and conventional chemotherapeutic drug Paclitaxel. Annexin-V/PI
staining was used to detect apoptosis. The expression levels of molecular markers were analyzed
by immunohistochemistry, western blot and real time PCR. Patient derived tumor explant culture

was established to manifest ex vivo OSCC model.
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Results

Our investigations with the patient samples indicated that based on the CD31/PAS staining,
vasculogenic mimicry (VM) was identified in 29.31% of OSCC tissue specimens and the total
patient population was stratified into VM+ and VM- cohorts. The presence of VM had a
significant correlation (P<0.0001) with the expression of HIF-1a as well as its downstream
players involved in ECM remodeling (VE-Cadherin, EphA2, pERK1/2, MMP2 and Laminin-
5y2), EMT and cancer stemness which was also reflected by their significant expressional
alterations in the VM + and VM- cohorts. Additionally, the expression of HIF-10, Laminin-5y2,
and VM-HIF-1a and VM-Laminin-5y2 was strongly correlated with the TNM stage, lymph node
metastasis, tumor grade, and primary tumor size but not with the patients' age, gender, or
cigarette or alcohol using habits. It is also noteworthy that the disease-free survival (DFS) and
overall survival (OS) rates were significantly lower in the VM-HIF-1a and VM-Laminin-5y2
double positive cohorts. Interestingly the individual expression of VM, Laminin-5y2 and their
subsequent dual expression also proved to be independent prognostic indicators for DFS and OS
in OSCC patients.

In the next part of the work, we have shown that the extracellular matrix (ECM)
remodeling and EMT traits that are mechanistically related to the propensity for VM formation
were enhanced by the hypoxia-induced overexpression of HIF-1a. Experimental HIF-la
stimulation significantly changed the expression of EMT and CSC markers (E-Cadherin,
Vimentin, Snail, Twist, CD133) and improved cell migration/invasion and spheroid formation
effectiveness. The disruption of matrigel-mediated tube formation and Laminin-5y2 expression
that followed the targeted reduction of HIF-1a caused by siRNA transfection was synchronized

with the down-regulation of VE-Cadherin, total and phosphorylated (S-897) EphA2, pERK1/2,
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and MMP2. Next, we discovered that Paclitaxel and Lupeol together caused in vitro apoptosis
with alteration of VM-associated phenotypes and pertinent molecular signalling. In a patient-
derived tumour explant culture model of oral malignancy, we further confirmed the effectiveness
of this unique interventional strategy. By inhibiting the HIF-1/EphA2/Laminin5/2 cascade, the
ex vivo tumour model replicated the in vitro anti-VM capability of the Lupeol-Paclitaxel
combination.

Conclusion

In conclusion our research work revealed that the expression of HIF-1a and the extracellular
matrix protein Laminin-5y2 coordinated with VM are significantly associated with tumor grade,
primary tumor size, lymph node metastasis and TNM stage. Co-expression of vasculogenic
mimicry with HIF-1a and Laminin-5y2 significantly correlates with the decreased disease free
and overall survival in OSCC patients with the more specific emphasis on VM- Laminin-5y2
duality as an independent prognostic biomarker for OSCC. The study also concluded HIF-1 a as
a key regulator of vasculogenic mimicry formation by modulating EphA2-Laminin 5y2 cascade
in the hypoxic microenvironment of OSCC and being a phytochemical with no side effects
whatsoever Lupeol in synergistic association with Paclitaxel will emerge as a new direction of
cancer treatment for OSCC progression and after series of clinical trials this potential drug

combination may be used as an effective and definitive therapeutic modality against OSCC.
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Chapter 1: Introduction

Oral squamous cell carcinoma (OSCC) is specifically defined as the heterogeneous group of
malignant neoplasm occurring as the ulcero-proliferative lesions originating from the epithelium
of mucosal surface affecting the oropharynx, together with the lips, cheeks, tongue, sinuses, hard
and soft palate, and the base of the mouth (Borse et al., 2020; PIRES et al., 2013; Usman et al.,
2021). The most common anatomical sites include gingivobuccal sulcus of mandible followed by
tongue and floor of mouth (Deshmukh & Shekar, 2021). It is well known that some potentially
malignant conditions (PMDs) such as lichen, dyskeratosis congenita, inflammatory oral
submucosa, fibrosis, erythroplakia, leukoplakia, candidal leukoplakia, and leukoplakia precede
the onset of OSCC. (Mortazavi et al., 2014; Mustafa et al., 2021; Warnakulasuriya et al., 2021).
OSCC contributes more than 90% of oral cancer subtypes and worldwide it ranks 6" among all
types of cancers (Borse et al., 2020; Puneeta et al., 2022). Globally it accounts for over 6,50,000
new cases and 3,30,000 deaths annually (Sung et al., 2021). About one-fourth of all cases
worldwide roughly in India, there are 77,000 new cases and 52,000 fatalities per year (Basak &
Ara, 2022; Gupta, n.d.; Kshersagar et al., 2020). In India, oral cancer is a much bigger worry
than it is in the west since over 70% of cases are reported to be at an advanced stage. Long term
use of tobacco in smoke and smokeless form, chewing of areca nut, betel quid, alcohol
consumption, human papillomavirus (HPV) infection (for oropharyngeal cancer) are the major
risk factors associated with OSCC (Dhull et al., 2018; Maasland et al., 2014). During the past
few decades the overall survival rate (OS) of oral cancer didn’t improve significantly due to the
detection in the advanced age followed by local lymph node metastasis and/or uncontrolled post-
operative recurrence (Ferlito et al., 2001;.0 Nigro et al., 2017).

It is widely acknowledged that angiogenesis is a critical process for tumor invasion, metastasis

and recurrence (Teleanu et al., 2019), however the routine anti-angiogenic therapy is still
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Chapter 1: Introduction

unsatisfactory for patients’ survival due to the complex tumor vasculature as well as the
alternative mechanism of re-vascularization (Vasudev & Reynolds, 2014). Traditionally solid
tumors require sufficient blood supply for tumor growth and accessibility to oxygen and
nutrients. The term "vasculogenic mimicry"” was initially put forth in this context by (Maniotis et
al., 1999) in genetically dysregulated and aggressive uveal melanoma cells which facilitates
tumor perfusion through generating blood containing pseudo-vascular channels de-novo,
independent of surrounding endothelial blood vessels. VM has been identified as lumen like
small vesicular structures (surrounded by tumor cells on the non-luminal side) which is Periodic
acid-Schiff (PAS) positive but CD31/CD34 negative (Maniotis et al., 1999; B. Sun et al., 2004,
2006, 2008; Valdivia et al., 2019). Vasculogenic mimicry has been described in two distinctive
types including tubular type (resembles with endothelial cell lined blood vessels) and patterned
matrix type (does not resemble with blood vessels morphologically). The pseudo-vascular
structures have since been shown to be rich in several glycoproteins including type I, IV, VI
collagen, fibronectin, laminin and glycosaminoglycans specially heparan sulfate proteoglycan. In
oral squamous cell carcinoma (OSCC) tissue specimens the VM structure was observable in
linear, tubular and network pattern (Wang et al., 2018). The absence of CD31/CD34 staining
eliminated the involvement of endothelial cells on the luminal side of the VM structures. In some
cases the presence of red blood cells were observed in the lumen (Liu et al., 2008) but no
microscopic field with inflammatory infiltrates, necrosis and hemorrhage near VM structures
was considered for evaluation (Wu et al., 2017). VM is associated with the worse prognostic
clinico-pathological attributes such as tumor grade, tumor size, lymph node metastasis and TNM
stage considering it as an independent prognostic factor for overall and disease free survival rate

in various cancer models including OSCC considering VM as a new molecular target for
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Chapter 1: Introduction

therapeutic intervention. Numerous research shed new light on the molecular complexity of VM
involving different underlying potential mechanism such as Epithelial-mesenchymal transition
(EMT) (Liu et al., 2016), Cancer stem cells (CSCs) (Murugesan et al., 2021; Seftor et al., 2001)
and various molecular pathways which include vascular (VE-Cadherin, EphA2, VEGFR)
(Hendrix et al., 2003; Hess et al., 2007; Koch et al., 2011; Wang et al., 2018), Embryonic/stem
cells (Nodal, Notch4, Wnt) (Gong et al., 2016; Hardy et al., 2010), hypoxia (HIF-1a, Twistl)
(Gustafsson et al., 2005; Li et al.,, 2016; Sun et al., 2010) tyrosine kinase (FAK, PI3-K)
(Chiablaem et al., 2014), extracellular matrix (ECM) remodelers including MMPs, Laminin5y2,
tissue factor (TF), tissue factor pathway inhibitor (TFPI) promoting cellular invasion, migration
matrix remodeling and the aggressive metastatic phenotypes (Ruf et al., 2003; Seftor et al.,
2001).

Under tumor microenvironment, hypoxia plays a pivotal role in different cancer types including
OSCC through contributing vast oxygen and energy consumption of tumor cells (Emami Nejad
et al., 2021; Muz et al., 2015). When the volume of solid tumor exceeds 2mm?, the cells in the
region are exposed to hypoxic environment due to the starvation of oxygen and nutrients.
Hypoxia inducing factor-1 (HIF-1) is one of the most critical regulatory molecules orchestrating
tumor metabolism, immune escape, angiogenesis and cell survival (Jing et al., 2019; Walsh et al.,
2014). Under hypoxia, o subunit of HIF-1 (HIF-1a) can be translocated into nucleus, where it
combines with the  subunit of HIF-1 to form HIF-1 heterodimer (Ziello et al., 2007). One of the
major drivers of VM has been attributed to hypoxia in several cancer models (Du et al., 2014;
Jin-lu et al., 2011; Lietal., 2017; Mao et al., 2013; Sun et al., 2007), however, very limited work
has been focused on oral squamous cell carcinoma (OSCC). VE-cadherin, Ephrin type-A

receptor 2, platelet endothelial cell adhesion molecule (PECAM), vascular endothelial growth
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Chapter 1: Introduction

factor (VEGF) (Saito et al., 2015) and focal adhesion kinase (FAK) up-regulations are followed
by the induction of VM channel-forming cells by HIF-1a in hypoxic conditions. This cascade of
cellular responses leads to the formation of VM channels by invasive cancer cells through matrix
metallo-proteases (MMPs) (Ju et al., 2014). When exposed to a hypoxic condition, cancer cells
start expressing the HIF (Hypoxia Inducing Factor) -the protein which further activates the
Ephrin family of proteins (Zhou & Sakurai, 2017). The entire mechanism is believed to be
triggered by two major signaling proteins i.e. ERK % and PI3-K. Once these two proteins get
activated via various upstream signaling axis including the VE- Cadherin, FGF and VEGF, both
of them are able to activate pro-MMP 14 to active MMP-14 (Miao et al., 2001) which, in turn
cleaves Laminin and creates the vascular like structures (Delgado-Bellido et al., 2017).

In patients with locally advanced primary OSCC often get chemotherapeutic treatment or
ionizing radiation at a high dose (Ko & Citrin, 2009; Minhas et al., 2017). It is a well established
fact that these chemotherapeutic drugs and radiotherapy come with their limitations and adverse
side effects which may lead to poor prognosis of the patient (Mittal et al., 2015; Nguyen et al.,
2006). This necessitates developing alternative strategies that may overcome chemotherapy
resistance and prove to be more effective while minimizing toxicity.

Photochemical’, a diverse group of naturally occurring metabolites, have been reported to be
effective as anticancer drugs with limited toxicity to normal cells of the body. They act primarily
by suppressing abnormal cell proliferation, inducing apoptosis and inhibiting metastasis and
angiogenesis (Shu et al., 2010). Lupeol is a naturally occurring triterpene (phytosterol) that is
pharmacologically active and can be found in a variety of fruits and vegetables (e.g., olive,
mango, strawberry, and grapes) as well as in a number of therapeutic plants (Ojewole, 2005). In

mouse melanoma and human leukaemia cells, Lupeol therapy has been shown to induce tumor

10|Page



Chapter 1: Introduction

differentiation and decrease tumor growth (Hata et al., 2002; Aratanechemuge et al., 2004). The
effect of Lupeol as an effective EGFR signaling inhibitor in OSCC has been studied by Rauth et
al., 2016 to implicate its role in triggering antitumor efficacy (Rauth et al., 2016). A very recent
study by (Bhattacharyya et al., 2019) also indicated that Lupeol can become a proficient agent in
treating the progression of murine melanoma by inhibiting vasculogenic mimicry. The effect of
Lupeol on the hypoxia induced and ephrinA2 pathway mediated VM has not been evaluated in
any cancer model yet. So our study also aims to establish Lupeol as an alternative
chemotherapeutic drug with no side effects and more efficacies in treating aggressive oral
cancers. We further delineated the mechanistic consequences emanating from the synergistic
cooperation of Lupeol and Paclitaxel in the coordinated regulation of HIF-1a induced EphA2
pathway and epithelial mesenchymal transition (EMT) and cancer stemness in OSCC cell lines

as well as in patient-derived ex vivo system.

11|Page



Chapter 2: Review of Literature

Chapter 2

Review of Literature

12|Page



Chapter 2: Review of Literature

2.1. Histology and potentially malignant changes in oral squamous cell carcinoma

Oral squamous cell carcinoma may be defined as the invasive neoplasm of the epithelial layer
with varying degrees of differentiation. Tobacco and alcohol abuse are the predominant risk
factors of oral squamous cell carcinoma (OSCC) (Mayne et al., 2009). In India and other South-
east Asian countries smokeless-tobacco or chewing tobacco is a major cause of OSCC specially
when consumed in the form of betel-quid with areca nut and slaked lime (Gupta et al., 1996).
Human papillomavirus infection is also responsible for a fraction of OSCCs (Gillison et al.,
2000). Histological grading of neoplasm based on cellular differentiation, has been a traditional
tool used by pathologists for descriptively categorizing OSCCs and this is known as Broder’s
classification (Akhter et al., 2011). The tumors are graded as well differentiated (containing
<25% undifferentiated cells) having abundant pink cytoplasm with proper nuclear to cytoplasmic
ratio, mild to moderate atypia, well developed keratinisation, moderately differentiated (<50%
undifferentiated cells) showing focal keratinization, poorly differentiated (<75% undifferentiated
cells) containing no/minimal keratinization, high nuclear to cytoplasmic ratio, markedly atypical
or anaplastic cells. Some scientists believed that well-differentiated oral neoplasm usually
metastasizes to regional lymph nodes while the poorly differentiated type is more aggressive and
causes not only regional metastasis but subsequently distant metastasis as well (Fortin et al.,
2001). But it has been well established that there is lack of correlation between degree of
differentiation and prognosis of the carcinoma mainly because OSCCs comprise of a
heterogeneous population of cells with marked differences in invasiveness, differentiation and
metastatic potential (Anneroth et al., 1987). The TNM clinical classification (T, tumor size; N,
regional lymph node compromise; M, metastasis) authorized by the American Joint Committee

on Cancer (AJCC) is mainly used for prognostic evaluation.
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Pre-neoplastic alterations, such as mild, moderate, and severe dysplasia, can occur before the
onset of an invasive carcinoma and are distinguished from reactive epithelial changes, such as
hyperkeratosis, hyperplasia, and acanthosis, by their histological appearance (Wang et al., 2009;
Rivera & Venegas, 2014; Sagheer et al., 2021). Oral cancer develops from an epithelial dysplasia
and is defined by abnormal squamous cell proliferation on the epithelial layer's surface, which
leads to the breakdown of the subepithelial basement membrane (BM). Local devastation and
distant invasion through metastasis are brought about by BM degradation. The epithelial cells in
the islets and cords invade the underlying tissue locally (Fuentes et al., 2012). Similar to how
neoplastic tissue architecture and healthy epithelium are correlated with neoplastic tissue, the
ability to metastasize is directly correlated with the differential grade of tumor cells.

2.2. Structural evolution of VVasculogenic mimicry

The growth of solid tumors depends on vascular networks to supply blood, nutrients and oxygen
(Nishida et al., 2006; Ribatti et al., 1999). Conventionally, sprouting angiogenesis was
considered to be the exclusive route of tumor vascularization (Hillen & Griffioen, 2007).
However, over the years it has been accepted that tumors have several other mechanisms of neo-
vascularization including endothelial precursor cells (EPCs), Intussusceptions or vessel splitting,
Vessel cooption and Vasculogenic mimicry (VM) (Belotti et al., 2021; Dunleavey & Dudley,
2012) . In 1999, Vasculogenic mimicry was first identified by (Maniotis et al., 1999) in highly
aggressive and genetically dysregulated melanoma cells to describe their unique ability to form
vascular like matrix embedded networks containing plasma and red blood cells without the
involvement of endothelial cells. The term ‘“Vasculogenic mimicry” was coined because
“vasculogenic” indicates formation of pseudovascular channels, not from the pre-existing vessels

and in spite of not being true blood vessels they mimic the function of blood vessels by
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distributing plasma and red blood cells, hence the term “mimicry” has been devised (Folberg &
Maniotis, 2004). Several matrix proteins including collagens IV and VI, laminin, heparan sulfate
proteoglycan have been identified in this pseudo vascular architecture (Ferndndez-Corteés et al.,
2019; Luo et al., 2020). Although angiogenesis, lymph vessels and VM share the fluid
conducting features, VM vessels exhibit some unique features in comparison with traditional
blood vessels and lymph vessels. Both the blood vessels and lymph vessels contain a single layer
of endothelial cells surrounding the inner layer of basement membrane (luminal side), where as
the VM structures contain cancer cells surrounding to the non-luminal side of glycoprotein rich
matrix (Valdivia et al., 2019). Two unique subtypes of VM have been identified, including
tubular type and patterned matrix type. While the patterned matrix type of VM has tumour cells
and tissue that are wrapped in several PAS-positive matrix proteins like laminin, heparan
sulphate proteoglycan, and collagens 1V and VI, the tubular type of VM has tubular channels
lined by tumor cells rather than endothelial cells and covered by secretory glycoprotein. VM has
been identified as a lumen like small vesicular structure (surrounded by tumor cells on the non-
luminal side) which is PAS positive but CD31/CD34 negative (Maniotis et al., 1999; Valdivia et
al., 2019; Sun et al., 2004, 2006, 2008). In oral squamous cell carcinoma (OSCC) tissue
specimens the VM structure was observable in linear, tubular and network pattern (Wang et al.,
2018). The absence of CD31/CD34 staining eliminated the involvement of endothelial cells on
the luminal side of the VM structures. In some cases the presence of red blood cells were
observed in the lumen (Liu et al., 2008) but no microscopic field with inflammatory infiltrates,
necrosis and hemorrhage near VM structures was considered for evaluation (Wu et al., 2017). In
Laryngeal squamous cell carcinoma (LSCC), Wang et al.,, 2010 and Lin et al., 2012 have

detected VM structures where the PAS positive substances lining the VM channels form a
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basement membrane like structure. The review of Salem & Salo, 2021 and Hujanen et al., 2021
evaluated a comprehensive phenotypic characterization of VM in the aggressive HNSCC tumors.
It has been also well established by several groups of investigators that VM is associated with the
worse prognostic clinico-pathological attributes such as tumor grade, tumor size, lymph node
metastasis and TNM stage (Wang et al., 2010; Wang et al., 2018; Wu et al., 2017) considering it
as an independent prognostic factor for overall and disease free survival rate specifically in
OSCC and LSCC. The systemic review and meta-analysis by Hujanen et al., 2020 assessed the
prognostic implications of VM on the overall survival (OS) and other survival endpoints with its
correlation with the clinico-pathological characteristics in different HNSCC models confirming
VM as a new molecular target for therapeutic intervention.

Blood Vessel Lymph Vessel Vasculogenic Mimicry

__ Pericyte Glycoprotein
matrix

Basement Basement ....»
_ Membrane Membrane

Lumen Lumen

‘Endothelial el Endothelial cell  Cancer cell

Figure 1: Structural differentiation among VM, conventional blood vessel and lymph vessel
(adapted from Valdivia et al., 2019)

2.3. Molecular phenotype in regulating vasculogenic mimicry

Cancer metastasizes to other parts of the body in order to evade the hostile environment within
the tumor mass created by hypoxia. When exposed to a hypoxic condition, cancer cells start
expressing the HIF (Hypoxia Inducing Factor), the protein which further activates the Ephrin
family of proteins (Hess et al., 2007). The entire mechanism is believed to be triggered by two
major signaling proteins i.e. ERK %2 and PI13-K. Once these two proteins get activated via various
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upstream signaling axis including the VE- Cadherin, FGF and VEGF, both of them are able to
activate pro-MMP 14 to active MMP-14 (Dauvis et al., 1994) which, in turn cleaves Laminin and
creates the vascular like structures. Typically, the cell-cell adhesion feature of normal epithelial
cells is extremely stable. The result is significant because tyrosine-phosphorylated EphA2
negatively affects cell growth and invasion and binds ligands that are attached to the cell
membrane (Zantek et al., 1999; Zelinski et al., 2001; Miao et al., 2000, 2001; Zschiesche et al.,
1997). In cancerous cells, things change drastically. Cancer cells commonly have unstable
intercellular connections, which reduces the duration and intensity of EphA2 ligand binding
(Ben-Ze’ev et al., 1994; Zelinski et al., 2001). As a result, EphA2 is typically not tyrosine
phosphorylated in cancerous cells. Notably, this EphA2 still has enzymatic function, but the
unphosphorylated EphA2 encourages tumor cell proliferation, invasion, and survival (rather than
inhibiting these processes) (Pratt & Kinch, 2003).

2.4. Signaling pathways and molecular factors associated with VM in head and neck cancer
The narrative review of Yue et al., 2021 emphasized on the effect of Epstein Barr virus, immune
cells in VM formation along with the involvement of a few molecular markers including HIF-1a,
EphA2, JAK-2/STAT3 where as our review incorporated several other recent articles to portray a
more comprehensive interconnected signaling axis including crosstalk among more diversified
molecular markers regulating VM formation in different subtypes of HNC. The regulatory
mechanism of VM proposed by several groups of investigators in different HNC subtypes has

been described below and outlined in Figure 1 and Table 1.
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Figure 2: Overview of the signaling crosstalk implicated in the formation of VM networks in
different subtypes of head and neck cancers

Table 1: Molecular markers regulating VM in different subtypes of Head and Neck cancer

Molecular Types of Effect on VM
Molecular target References
regulators HNC formation

EMT  associated  molecules

EphA2 including E-cadherin, vimentin, HNSCC  Promote Wang et al., 2014
Twist, Claudin4, DSG3

Mac-MTDH VEGFA-FIt1 HNSCC  Promote Liu et al., 2021

Collagen XVI-NC11  VEGFRL1, VEGFR2, uPAR 0sccC Promote Bedal et al., 2015
EMT  associated  molecules

MDSC including E-cadherin, vimentin, OSCC Promote Pang et al., 2020

N-Cadherin, Twist, Snail, Slug

IL-17F - 0sccC Inhibit Almahmoudi et al., 2021
SOX-7 VE-Cadherin 0SscC Inhibit Hong et al., 2021
Hypoxia/ HIF-1a VEGFA SACC Promote Wang et al., 2019

18|Page



Chapter 2: Review of Literature

CD133 VE-Cadherin, MMP2, MMP9 SACC Promote Wang et al., 2016
JAK2/STAT-3 MMP2, VEGF LSCC Promote Hu, , etal., 2015
EBV-LMP1 VEGFA/VEGFR1 NPC Promote Xu etal., 2018
EGFR, VE-Cadherin, MMP2,
Foxql NPC Promote Luo etal., 2021
MMP9
BPIFB1 GLUT1 NPC Inhibit Jiang et al., 2022
STAT-3 osccC Inhibit Lietal., 2018
miR-124
Foxql NPC Inhibit Luo et al., 2021
miR-195-5p NEAT-1, VEGFA SNSCC Inhibit Lu & Kang, 2020
miR-125a TAZ NPC Inhibit Wan et al., 2022

2.4.1. Role of EMT and Cancer stem (like) cell (CSC)
In HNSCC, EphA2 plays a major role in the formation of VM through regulating the Epithelial-
Mesenchymal transition (EMT). The correlation of EphA2 and EMT associated molecules such
as E-cadherin, vimentin, Twist, Claudin4, DSG3 with VM was deduced by (Wang et al., 2014)
in the surgical tissue specimens and in vitro HNSCC model. The siRNA mediated knockdown of
EphA2 impaired the formation of channel like networks in matrigel matrix and after rescuing the
EphA2 expression, the tubular structure was retrieved, which interpreted the contribution of
EphA2 molecule in VM formation. The disruption of EphA2 expression also led to the reversal
of EMT associated molecules which indicated that EMT may be an alternative mechanism of
VM formation in HNSCC (different from the remodeling of extracellular matrix) regulated by
EphA2.

VEGFA is also a significant downstream component that promoted the hypoxia induced
VM through regulating EMT and stemness in SACC (Wang et al., 2019). Their study first
demonstrated that under hypoxic niche, VEGFA expression was noticeably upregulated in the

SACC tube-forming cells. The expression of VE-Cadherin in accordance with VEGFA was also
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assessed in the hypoxic microenvironment. In hypoxia, the exogenous VEGFA enhanced the
MRNA and protein level of VE-Cadherin, while the VEGFA inhibitor (Bevacizumab) reversed
the changes indicating the possible downstream target of VEGFA in the regulation of hypoxia
inducing VM formation in SACC. Moreover, the VEGFA stimulation enhanced mesenchymal
markers (N-Cadherin, Vimentin) and stemness marker (CD44, ALDH1) in the VM forming cells
whereas on contrary VEGFA inhibitor led to the reversal of the expressional status of EMT
markers and stemness markers indicating that the VM formation in SACC can be mediated
through Cancer stem cells and the EMT process. The positive association of VM in SACC
specimens with another CSC marker CD133 was previously proved by the same group of
investigators (Wang et al., 2016). Their study indicated that compared to the CD133- ACC cells
the CD133+ cancer stem like cells exhibited enhanced migration, invasion and tube forming
capability in vitro. Their study further demonstrated that the expression of the endothelial cell
markers VE-Cadherin, MMP2, MMP9 in CD133+ cancer stem like cells and xenograft tumors of
CD133+ cell injected nude mice was significantly higher than in CD133- ACC cells, interpreting
the capacity of CD133+ cancer stem like ACC cells in trans-differentiation and acquiring the
endothelial cell phenotype through expressing VE-Cadherin to promote VM structures.

2.4.2. JAK-2/STAT-3 pathway

The involvement of JAK-2/STAT-3 pathway in the VM formation of laryngeal SCC has already
been studied by (Hu et al., 2015). Their study indicated that the potent inhibitor of JAK2
(AG490) downregulated pSTAT-3 production and significantly disrupted the tube forming
ability in type | collagen consisting 3D matrix as well as other VM associated events such as

growth, proliferation and migration of Hep2 cells. Blocking of the JAK-2/STAT-3 pathway also
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resulted in consecutive downregulation and suppression of MMP2 and VEGF protein associated
with VM formation.

2.4.3. EBV-LMP1/ VEGFA axis

The VEGFA/VEGFR1 signaling is associated with VM formation in nasopharyngeal carcinoma
involving the onco-viral protein EBV-LMPL1 (Xu et al., 2018). The relevance of VEGFR subtype
VEGFRL1 on the tubular network formation, induced by EBV-LMPL1 in nasopharyngeal cancer
cells has been investigated in this study. The significant correlation of LMP1 expression with
VEGFR1 and occurrence of VM in primary NPCs has been observed by (Xu et al., 2018). On the
other hand, the SiRNA mediated knockdown of LMP1, VEGFR1 and VEGFA distinctly
disrupted the tubular network formation in NPC cells, whereas the downregulation of VEGFR2
didn’t cause any significant observable change in the main geometrical features of the tubular
structures, indicating that VEGFR1, but not VEGFR2 signaling was associated with VM
formation in NPC. Moreover, the LMP1- siRNA transfected cells exhibited reduced expression
of LMP1 accompanied with decreased VEGFA expression which confirms the involvement of
LMP1/ VEGFA axis in association with VM in NPC.

The induction of VM by EBV infection has been reported by (Xiang et al., 2018). They have
indicated that the EBV induced VM formation is associated with HIF-1a accumulation via
involvement of PI3K/AKT signaling pathway which is also partly mediated by LMP2A.

2.4.4. Foxql

The study of (Luo et al., 2021) indicated the role of Foxql in regulating VM formation in NPC
via up-regulating EGFR signaling followed by VM associated genes including AKT, MMP2 and
MMP9. Foxql and EGFR expression was found to be positively correlated with the expression

of VM in 114 NPC patients. The contribution of Foxgl in VM formation was confirmed by
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characterizing the loss of VM forming capability in Foxql depleted NPC cells (5-8F and CNE1)
as well as the VM promoting capacity in Foxql over-expressing cells and in-vivo BALB/C nude
mice xenograft model. Furthermore, the abrogation of Foxql induced VM formation by EGFR
inhibitor Erlotinib confirmed the VM promoting effect of Foxgl through EGFR. Moreover, the
luciferase reporter gene and CHIP assay showed that Foxqgl directly binds to the EGFR promoter
and regulates its transcription which further stimulates NPC growth, metastasis and VM
formation.

2.4.5. BPIFB1

In NPC, BPIFB1 plays an important role in VM formation through regulating metabolic
reprogramming. For the first time (Jiang et al., 2022) reported the specific mechanism of
BPIFB1 as a tumor suppressor gene involving in reduction of VM formation via inhibiting
GLUT1 mediated H3K27 acetylation and glycolysis in in vitro and in-vivo NPC model. Through
the comprehensive analysis they also elucidated that GLUT1 could be inhibited by BPIFB1
through JNK/AP1 pathway to reduce the acetyl CoA production in glycolysis and subsequent
decrease in the acetylation of H3K27 and expression of VM associated VEGFA, VE-Cadherin
and MMP2.

2.4.6. MTDH/VEGFA-165/FIt-1 axis

The effect of macrophage derived MTDH on VM formation has been depicted by (Liu et al.,
2021) in the in vitro and in vivo HNSCC model. Over-expression of MTDH triggered the tumor
associated macrophage polarization into M2 type and secretion of VEGFA-165 isoform to
activate FIt1 which further transmit signal through pSTAT-3/Twist/VE-Cadherin cascade and

promotes VM formation, migration, invasion and metastasis of cancer cells.
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2.4.7. Myeloid derived suppressor cells (MDSC)

The study of (Pang et al., 2020) reported the role of tumor associated MDSCs in modulating VM
formation through induction of EMT in OSCC cells. Cells treated with MDSCs derived from
OSCC patients exhibited typical vascular architecture along with the upregulated expression of
VE-Cadherin and mesenchymal markers (Vimentin, N-Cadherin) and downregulation of E-
Cadherin expression indicating MDSC a novel inducer of EMT in OSCC.

2.4.8. Role of miRNAs

2.4.8.1. miR-124: The miR-124/STAT-3/VM axis has been established in oral cancer using in
vitro as well as in vivo xenograft mouse model by (Li et al., 2018). To assess the interplay of
miR-124 and STAT-3 signaling pathway in VM formation the stably expressing miR-124 oral
cancer cell line (HN6-miR-124) was generated through transfecting WSU-HNG6 cell line with the
plasmid carrying miR-124 overexpression cassette which exhibited reduced number of VM
channels as well as the downregulated expression pSTAT-3 compared to the control cells.miR-
124 also targets Foxql to downregulate EGFR signaling pathway and relevant VM associated
molecules to inhibit the metastasis of NPC.

2.4.8.2. miR195-5p: In a very recent study (Lu & Kang, 2020) found that via miR195-5p/
VEGFA axis, the downregulation of NEATL1 inhibited the viability and VM formation in
sinonasal SCC. They investigated that miR195-5p was negatively correlated with both NEAT1
and VEGFA in SNSCC patients’ tissue. NEAT1 and VEGFA were silenced, which decreased the
survival of SNSCC cells and prevented them from forming capillary-like tubes. They have also
discovered that miR195-5p can competitively bind to NEAT1 and target VEGFA. Since VEGFA
is @ miR195-5p target, overexpressing VEGFA reversed the effects of miR195-5p, and vice

versa, downregulating miR195-5p reversed the effects of silencing NEAT1 on the expressional
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status of NEAT1, miR195-5p, tube-forming capacity, and the downstream activation of
PI3K/Akt pathway, which details the role of NEAT1 at the molecular level in SNSCC via the
miR195-5p/VEGFA axis.

2.4.8.3. miR-125a: The inhibitory role of miR-125a in the NPC VM formation has been
demonstrated by (Wan et al., 2022) and identified TAZ, which is the key functional component
of Hippo pathway as the direct downstream target of miR-125a.miR-125a containing exosomes
isolated from artificially engineered human mesenchymal stem cell inhibited VM formation in
the in vitro and in vivo NPC model.

2.4.9. Additional molecular markers regulating VM in Head and Neck Cancer

A very interesting study of (Bedal et al., 2015) suggested that the NC11 domain of collagen XVI
triggers VM in 2D and 3D OSCC cells via up-regulated expression of endothelial receptors
VEGFR1, VEGFR2 and uPAR. The study of (Wu et al., 2017) indicated the positive association
of LGR5 (a regulated target of Wnt signaling pathway) with VM in OSCC patients and (Wang et
al., 2018) also reported a positive correlation of VM with ALDH1 (CSC marker) and Beclin 1
(Autophagy marker) but the underlying molecular mechanism is still unexplored. Our study
(Saha et al., 2022) recently reported a significant positive correlation of VM with matrix proteins
MMP2 and Laminin-5y2 in OSCC patients’ specimen with the establishment of VM-Laminin-
5y2 orchestration as a prognostic marker of OSCC. A recent study by (Hong et al., 2021)
revealed an inverse relationship between the expression of SOX7, a member of the sex
determining region Y box family, and the presence of VM channels in OSCC specimens. By
inhibiting the expression of VE-Cadherin, SOX7 could be a potential regulator of OSCC

metastasis. The investigation of (Almahmoudi et al., 2021) confirmed that Extracellular
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Interleukin-17F (IL-17F) exhibited in vitro VM inhibitory potential in the OSCC cell line HSC3

but its mechanistic approach remained unexplained.

Table 2: Head and Neck cancer associated signaling molecules regulating VM in several other

types of cancers

Signaling . . Cancer types other than
Molecules Mechanisms regulating VM Head and Neck Cancer References
HIF-1a Promotes VM by modulating VE-Cadherin-EphA2-Ln5y2  Esophageal Tang et al., 2014
Signaling pathway
Directly targets the EMT regulator LOXL2 which in turn  Hepatocellular Shao et al., 2019
represses E-Cadherin expression and promotes metastasis
and EMT
Through inducing phosphorylation of Akt Liver Nishida et al., 2006;
Ribatti et al., 1999
Directly targets transmembrane glycoprotein NRP1 and Lung adenocarcinoma Fu et al., 2021
further promotes VE-Cadherin, MMP2 and Vimentin
Induces the expression of pro-tumoral c-MYC and anti- Breast Cancer Scatozza et al., 2020
apoptotic Bcl2 protein
EphA2 Promotes VM through phosphorylation at Ser897 residue, Prostate Wang etal, 2016
regulated by PI13-K
Induces EphA2-FAK-Paxillin pathway Gallbladder Lu etal, 2013
VEGF Induces VM by activating PI3K/AKt signal transduction Choroidal Melanoma Xu etal, 2019
pathway
Induces VM by activating VEGF-EphA2-MMPs signaling  Ovarian Wang et al, 2008
cascade
VE-Cadherin  FAK dependent phosphorylation of VE —Cadherin (Y-658) Melanoma Bellido et al, 2018

upregulates Kaiso dependent genes such as CCDN1 |,
WNT11 to accelerate VM

VE-Cadherin fusion protein (consisting of VE-Cadherin
extracellular domain and 1gG- Fc region) elevates the
expression of endogenous VE-Cadherin and activates VE-
cadherin/PI3K/IMMPs  and VE-cadherin/EphA2/FAK/p-
VE- cadherin axes to promote VM.

Induces VM under hypoxia regulated by Bcl2

Regulates the ligand mediated phosphorylation of EphA2
to induce VM

Hepatocellular

Melanoma

Melanoma

Shuai et al, 2012

Zhao et al, 2012

Hess et al, 2006
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CSC markers CD133+ cells upregulates VM mediators MMP2 , MMP9  Breast Cancer Liuetal, 2012
and promotes VM

STAT3 p-STAT3 influences VM by affecting EMT marker Colorectal Cancer Han et al, 2017
Vimentin

2.5. Chemotherapy against oral cancer

Standard chemotherapeutic regime for metastatic OSCC contains Cisplatin or Carboplatin in
combination with other chemotherapy agents, such as 5-FU, Docetaxel, and Paclitaxel (Hartner,
2018). Cisplatin is a heavy metal which is believed to cause DNA cross-linking. In determining
dose-intensity of Cisplatin, renal toxicity and neurotoxicity act as the most important limiting
factors. Nowadays Cisplatin is applied with pre- and post-therapy hydration along with mannitol
infusion that protect against renal toxicity. 5-fluorouracil (5-FU) is a pyrimidine analogue which
is converted to fluorodeoxyuridine monophosphate in the cells. This inhibits thymidylate
synthase which is required for thymidine formation thus in turn blocking DNS synthesis. 5-FU
also produces fluorouridine triphosphate that hampers RNA synthesis.

2.5.1. Paclitaxel

Paclitaxel is the first microtubule stabilizing antitumor drug that exhibits promising activity in
human malignancies including breast, ovarian, lung, head and neck cancers (Nawara et al., 2021,
Weaver, 2014). Paclitaxel was identified as an active ingredient of the crude extract from the
bark of the western yew tree Taxus brevifolia (Wall, 1998; Wall & Wani, 1995, 1996; Wani et
al., 1971).The research group of Robert A Holton developed a four step procedure to convert 10-
deacetylbaccatin into Paclitaxel (Holton, 1992, 1998).

2.5.1.1. Chemical structure of Paclitaxel

Paclitaxel is a tetracyclic diterpenoid. Its empirical formula is C47Hs:NO14 and the molecular

weight is 853.9 units. A four-member oxetan ring connected to a taxane ring structure at
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positions C-4 and C-5 makes up the alkaloid ester Paclitaxel and its taxane rings are linked to an
ester at C-13 (Mekhail & Markman, 2002). It is highly lipophilic in nature and the melting point

is around 216-217°C (K & U, 2012).

Figure 3: Chemical structure of Paclitaxel

2.5.1.2. Mechanism of action of Paclitaxel

Paclitaxel is a microtubule stabilizing drug. It binds to the N terminal 31 amino acids of the
tubulin subunit of the microtubule (Parness & Horwitz, 1981). Microtubules are very vital in
forming the mitotic spindle during cell division as well as maintenance of cellular shape,
motility, intracellular signal transduction and transport (KI & Dh, 1981; Rowinsky et al., 1990).
Paclitaxel causes the polymerization of tubulins, resulting into the formation of extraordinarily
stable and dysfunctional microtubules, promoting cell death by disrupting the microtubule
dynamics required for the conventional cell division and interphase (Bharadwaj & Yu, 2004;
Brito et al., 2008; Ganguly et al., 2010; K & U, 2012). So Paclitaxel protects and stabilizes
microtubule against disassembly and even at higher dose it suppresses the detachment of the
minus end of microtubules from centrosomes. More elaborately (Gard & Kirschner, 1985)
showed that Paclitaxel stimulates the phosphorylation of B tubulin in both differentiated and

undifferentiated NI15 cells leading to the stabilization and polymerization of microtubule
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causing cell death. Furthermore (Horwitz, 1992) found that Paclitaxel also stabilizes
microtubules and arrests somatic cell mitosis at G2/M phase of cell cycle. In human oral
squamous cell carcinoma (OSCC) cell line, OECM-1, Paclitaxel showed synergistic cytotoxic
activity with Cisplatin whereas it acted additively in combination with Carboplatin and 5-FU.
Thus, Taxol/cisplatin was more effective against these OSCC cells than Taxol/Carboplatin or
Taxol/5-FU therapy. (Huang et al., 2004) .The mechanism of action of Paclitaxel in different
models of head and neck cancers have been described in Table 3.

Table 3: Evidences of anti-tumor efficacy of Paclitaxel in Oral Cancer

Mechanistic involvement of Paclitaxel References

Enhanced apoptosis via increasing the expression of Bim and Bid Choi et al., 2020; Hu et al.,
protein. 2015; Nonaka et al., 2006;
Growth inhibition via downregulating EGFR cascade. Okamoto et al., 2015

Enhanced immune function and inflammatory response of patients via Zhang & Zhao, 2022
increased expression of IL-2, IFN-y, CD3+, CD4+, CD4/CDS.
Anti-angiogenic efficacy via reduced expression of VEGF and CD31 Myoung et al., 2001

Induction of antibody dependent cellular cytotoxicity (ADCC) Sawatani et al., 2020

2.5.1.3. Side effects of Paclitaxel

Chemotherapeutic drugs work by killing rapidly dividing cells. However, along with cancer cells
several other essential cells of our body divide rapidly including cells of the skin, scalp, lining of
the stomach and bone marrow, which results in a serious deleterious effects on one’s health
(Coates et al., 1983; Griffin et al., 1996). It has been reported that patients who are receiving
chemotherapy experience an average of almost 20 symptoms, most of which are physical while

some are psychosocial. The major physical side effects of chemotherapy that have been reported
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are nausea, vomiting, tiredness, difficulty in sleeping, hair loss, loss of taste and appetite,
frequent passing of urine, sore mouth and dry skin. Besides these side effects Paclitaxel induced
toxicity includes several major hypersensitive reactions (dyspnea, bronchospasm, urticaria, and
hypotension) and minor hypersensitive reactions (flushing and rashes) (Eisenhauer &
Vermorken, 1998; Rowinsky et al., 1990). Though it can be dealt with the lower infusion rate of
Paclitaxel and dexamethasone treatment (Peereboom et al., 1993), but this approach is not
always successful. Another principal toxic effect of Paclitaxel is neutropenia (Rowinsky,
Eisenhauer, et al., 1993) which arises after 8-10 days of treatment and recovery is completed
within 15-21 days. Paclitaxel at higher doses (>250mg/m?) may cause neurotoxic effects
showing peripheral neuropathy characterized by several sensory symptoms including numbness
and paresthesia (Gelmon et al., 1999; Rowinsky, Chaudhry, et al., 1993). Furthermore, Paclitaxel
may also cause muscular and cardiac toxicity (IMAI et al., 2012; Rowinsky et al., 1991). This
compels the need for developing alternative strategies that may overcome chemotherapy
resistance and prove to be more effective and less toxic against the disease.

2.6. Phytochemicals against cancer treatment

Phytochemicals are the plant derived naturally occurring biologically active compounds, which
serve as promising resources for novel drugs to improve treatment efficacy and decrease adverse
reactions of cancer therapy. Phytochemicals possess anticancer mechanism via scavenging free
radicals to increase the antioxidant (Lee et al., 2013), suppression of cellular proliferation
through induction of cell cycle arrest and apoptosis (Zhao et al., 2017), inhibition of
angiogenesis and invasiveness of tumor cells (Zhang et al., 2020). Several taxol analogues, vinca
alkaloids, podophyllotoxin analogues are some of the examples of typical phytochemicals. The

different molecular targets of phytochemicals include several membrane receptors, kinases,
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transcriptional factors, miRNAs, cyclins etc (Cojocneanu Petric et al., 2015; Deleu et al., 2004;

Deng et al., 2017).

2.6.1. Therapeutic potential of phytochemicals targeting VM

The resistance of VM towards the anti-angiogenic therapy causes the treatment evasion in

several aggressive tumors and leads to the poor prognosis of cancer patients (Potente et al., 2011;

Qiao et al., 2015) which potentially may establish VM as a novel target for cancer therapeutic

strategy. Phytochemicals targeting several signaling cascades related to the vascular network

formation have been enlisted in Table 4.

Table 4: Phytochemicals targeting VM related proteins in different cancer models

Name of Category of Source of the Types of

Phytochemicals  Phytochemicals  photochemical Cancer

Mechanism of
action of VM
inhibition

References

Resveratrol Non  flavonoid Grapes, Apples, Prostate cancer

polyphenol Blueberries, Plums,

Peanuts

Melanoma

Curcumin Polyphenol Turmeric (Curcuma LSCC

longa)

HNSCC

Glioblastoma

Hepatocellular
Carcinoma

Breast cancer

Inhibits
EphA2/Twist/VE-
Cadherin/AKT
cascade

Inhibits VEGF,
VEGF-R, VEGF-R2

Inhibits JAK2 and
pSTAT-3expression
Reduces the
expression of MMP2
and VEGF.
Activates SIRT1,

ATM/CHK2 pathway

and inhibits NF«p.
Inhibits EphA2, PI-
3K and MMP2
Inhibits STATS3, PI-
3K/AKT

Inhibition of PI-3K
/AKT and EMT

Han et al., 2022

Vartanian et al.,
2007

Hu et al., 2015

Hu et al., 2015

Liang et al., 2014

Chiablaem et al.,
2014

Morales-
Guadarrama et
al., 2022
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Dehydroeffusol ~ Phenanthrene Traditional Chinese Non small cell Inhibits hypoxia Wei et al., 2020
Medicine (TCM) lung cancer induced EMT and
Juncus effuses inactivation of

Wnt/B-Catenin
Gastric cancer Inhibits VE-Cadherin  Liu et al., 2015
and MMP2
Crocetin Diterpenoid Saffron Gastric cancer Inhibits Sonic Zang et al., 2021
Hedgehog pathway
Celastrol Triterpenoid Chinese herbal Glioblastoma Inhibits PI- Zhu et al., 2020
medicinal plant 3K/AKT/mTOR
Tripterygium
wilfordii Hook F

Thymoquinone  Monoterpene Black cumin (Nigella  Breast cancer Inhibits PI-3K, Wnt Haiaty et al,
sativa) 3a, VE-Cadherin 2021
Epigallocatechi  Flavonoid Green tea Prostate cancer  Inhibits Twist/VE- Yeo etal., 2020
n-3-Gallate Cadherin/AKT
Breast Cancer Inhibits STAT-3 Gonzalez Suarez
phosphorylation etal., 2021
Luteolin Flavonoid Vegetables and fruits ~ Gastric cancer Inhibits Notch-1- Zang et al., 2017
such as celery, VEGF signalling

parsley, broccoli,
onion leaves, carrots,
peppers, cabbages,
apple skins, and

chrysanthemum
flowers
Ginsenoside Tetracyclic Korean Red Ginseng  NPC Downregulates the Wang et al., 2010
Rg3 triterpenoid root (Panax ginseng) expression of VEGF
Pancreatic Downregulation of JingQiang et al.,
cancer VE-Cadherin, EphA2 2017
Silibinin Flavonolignan Milk thistle seeds HNSCC Activates miR-494 Chang et al,
(Silybum marianum) and inhibits Bmil 2015
and ADAM10

2.6.2. Lupeol
Lupeol is a naturally occurring, pharmacologically active pentacyclic triterpenoid that is found in
many edible fruits (olive, fig, mango, strawberry, red grapes) and vegetables (white cabbage,

pepper, cucumber, tomato) as well as some medicinal plants (American ginseng, Shea butter
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plant, Tamarindus indica, Allanblackia monticola, Himatanthus sucuuba, Celastrus paniculatus,
Zanthoxylum riedelianum, Leptadenia hastata, Crataeva nurvala, Bombax ceiba and Sebastiania
adenophora). Native Americans use American ginseng, Shea butter plant, Tamarindus indica,
Allanblackia monticola, Himatanthus sucuuba, Celastrus paniculatus, Zanthoxylum riedelianum,
Leptadenia hastata, Crataeva nurvala, Bomba Under in vitro and in vivo circumstances, Lupeol
has demonstrated a number of advantageous pharmacological effects against inflammation,
cancer, arthritis, diabetes, cardiac problems, renal toxicity, and hepatic toxicity. (Beserra et al.,
2019; Huang et al., 2021; Li et al., 2022; Saha et al., 2020; Song et al., 2022; Tiwari et al., 2019).
The content of Lupeol in different fruits and vegetables has been summarized in Table 5.

Table 5: Lupeol content in Different fruits and plants

Name of Plant Lupeol (ng/g)

Olive Fruit 3 pg/ g of fruit
Mango fruit 1.80 ug/ g mango pulp
Aloe Leaves 280 pg / g dry leaf
Elm Plant 880 ug/ g bark
Japanese Pear (shinko) 175 pg/g twig bark
Ginseng Qil 15.2.mg/100 g of oil

2.6.2.1. Chemical structural analysis of Lupeol

The chemical formula of Lupeol is CsoHsoO, with a molecular weight of 426.7174 g/mol
(PubChem, NIH library, Compound ID 259846). Properties evaluated from the chemical
structure exhibited its melting point of 215-216 °C. The infra-red spectrum of Lupeol depicted
the presence of hydroxyl spectrum at 3235 cm™ and an olefinic moiety at 1640 cm™. The
presence of seven methyl singlets and an olefinic function in the 1H-NMR spectrum confirmed

that Lupeol is pentacyclic triterpenoid in nature. Furthermore, the HPLC and mass spectroscopy
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(MS) data revealed the presence of a parent ion peak at m/z 409 [M+H-18]*1] for Lupeol. The

chemical structure of Lupeol has been represented in Figure 4.

Figure 4: Chemical structure of Lupeol
2.6.2.2. Mechanistic activity of Lupeol against different cancer models
Lupeol is a multi-target agent with an enormous anti inflammatory potential targeting key
molecular signaling involving nuclear factor kappa B (NF«B), cFLIP, Fas, Kras,
phosphatidylinositol-3-kinase (P13 K)/Akt and Wnt/B-catenin in various cells. The molecular
mechanism indicating the anticancer potential of Lupeol in various cancer models has been
summarized in Table 6.

Table 6: Mechanism of action of Lupeol in various cancer models

Cancer model Mechanism of action of Lupeol References

Gastric Cancer Promotes the proliferation of NK cells through increasing the Wu et al., 2013
expression of PEP, IFN-y and CD107a via the activation of PI3K/Akt
and Wnt/p-catenin signaling pathways.

Lung Cancer Inhibition of MAPK/ERK pathway along with the expression of N- Bhatt et al., 2021
Cadherin and Vimentin.
Induction of apoptosis, ROS generation and downregulation of He et al., 2018
mTOR/PI-3K/AKT signaling pathway

Cervical cancer Induction of S phase cell cycle arrest and apoptosis Prasad et al., 2018

Head and Neck Triggers G1 cell cycle arrest through upregulating the expression of Bhattacharyya et
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cancer

Pancreatic cancer

Prostate cancer

Melanoma

Oral cancer

Breast cancer

Liver cancer

Renal cancer

Retinoblastoma

Osteosarcoma

CDKN2A and inhibition of CyclinD1.

Inhibition of NF-kp activity

Reduces the expression of Ras oncoprotein, and NF-«kf signaling
cascade via modulating the expression of PKCo/ODC, PI3K/Akt and
MAPK pathways.

Disruption of microtubule assembly via decreased expression of
stathmin, cFLIP, and survivin.

Reduction of the expression of $-Catenin, TCF and MMP2

Induction of apoptosis by arresting G1-S cell cycle phase, increased
Bax/Bcl; ratio, increased expression of Caspase and p21 and
decreased expression of Cyclin D1, Cyclin D2 and CDK2.
Reduction of expression of EGFR, COX2 and NF«[}

Induction of autophagic cell death by inhibiting Akt-mTOR pathway
and reversal of EMT

Induction of apoptosis via upregulated expression of Caspase 3 and
anti-migratory effect via decreased expression of MMP9

Induction of apoptosis via decreased expression of Bcl, and the

increased expression of active Caspase 3.

Downregulation of Death receptor (DR3) and elevated expression of
FADD to induce apoptosis

Modulation of mitochondrial dynamics

Promotes autophagy and apoptosis by inhibiting P1-3K/AKT/mTOR
pathway.

modulation of miR-212-3p/HMGA2 axis

al., 2017
Lee et al., 2007

Saleem et al., 2005

Saleem et al., 2009

Saleem et al., 2009

Saleem et al., 2008

Rauth et al., 2016

Zhang et al., 2022

Malekinejad et al.,
2022
Eldohaji et al.,

2021

Zhang et al., 2009

Sinhaetal., 2019

Che et al., 2022

Zhong et al., 2020

2.6.2.3. Pharmacological and toxicity study of Lupeol

The physiologic concentration of Lupeol (in blood) through diet can be analyzed through

pharmacokinetic parameters from the concentration vs. time profile of the drug in the living
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system. Though the study of (Saleem, 2009) reported that the Lupeol content in per gram of
fruits (Mango and olives) is 1.80-3 pg, the specific and direct pharmacokinetic studies
concerning Lupeol has not been performed yet in humans as the compound is still at early
preclinical study phase. However, there is a good amount of work to provide indirect evidence in
this regard. For example, the study of (Chéirez-Ramirez et al., 2019) determined the plasma
level of Lupeol in CD1 mice strain after oral administration of 200 mg/kg body weight dose,
which revealed a maximum Lupeol concentration (Cmax) of 6.1242.17 ng/uL in plasma at 8 h
post-administration. Another study conducted by (Priyanka et al., 2017) reported that after oral
administration of a Ficus religiosa L. extract, which is equivalent to 50 mg/kg of Lupeol in
Wistar Rat model, the Cmax in rat plasma was 178.61 £ 24.6 ng/mL. Similarly, (Khatal & More,
2019) also indicated that after oral (30mg/kg) and intravenous (1mg/kg) administration of Lupeol
in Wistar Rats, the Cmax in plasma were 133.33 ng/ml and 12,485.69 ng/ml respectively. They
have also reported that the bioavailability in oral route was <1%. Furthermore, the study of
Zhang et al., 2019 exhibited that the intravenous administration of Lupeol loaded liposomes at a
dose of 10mg/Kg body weight in SD male rat, the Cmax in plasma was found to be 64.96 + 6.66
pug/mL. One can attribute the difference in the findings mainly to the model systems used. To
get a more comprehensive profile, the bioavailability of Lupeol in experimental animal models
can be further extended to phase-1 human pharmacokinetic study after feedback from PK/PD and
toxicity profiling in large experimental animals like dogs as an integrated part of developmental
pipeline.

Several in vitro studies have reported about the cytotoxicity of Lupeol within the dose range of
~15-100 pM, including breast carcinoma, lung cancer, renal carcinoma and melanoma and head

and neck cancer (Malekinejad et al., 2022; Min et al., 2019; Pitchai et al., 2014; Sinha et al.,
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2019; Bociort et al., 2021; Lee et al., 2007). There are several other in vitro and in vivo studies
indicating the off-tumor non-toxicity of Lupeol in non-malignant cells. For example, the study
(Nyaboke et al., 2018; Pitchai et al., 2014) reported the non-toxic nature of Lupeol towards
normal breast epithelial cells (MCF-10A) and normal hepatocytes AML-12. Similarly, the study
of Al-Rehaily et al., 2001; Bani et al., 2006; Lee et al., 2007; Patocka, 2003; Saleem, 2009 also
reported the non-toxicity of Lupeol, providing the further evidence of no mortality and systemic
toxicity (as defined by key parameters like infection, diarrhea, loss of body weight etc) in
experimental animal models at a dose of 2-2000 mg/kg body weight.

2.7. Therapeutic strategies targeting VM in Head and Neck Cancer

Though the conventional chemotherapeutic drugs including Cisplatin, 5-Fu, Paclitaxel/Docetaxel
improve the treatment outcome of head and neck cancers, the chemoresistance due to DNA
damage repair, evasion of apoptosis, activation of growth factor receptors, drug efflux reveal
critical challenge for clinicians (Kanno et al., 2021). The study of Li et al., 2014 reported the VM
inhibitory property of Paclitaxel loaded liposomes modified with multifactorial tandem peptide
[R8-c(RGD)] in Glioma. The investigation by Peri et al., 2021 indicated that 5-FU
chemoresistance can enhance vasculogenic capacity in gastric cancer cell lines but no evidence
has been established regarding the anti-VM property of the conventional chemotherapeutic drugs
in head and neck cancers. Several evidences of novel anti-cancer agents targeting VM-related
molecules inhibiting VM formation in different HNC subtypes including OSCC have been
described below.

2.7.1. Niclosamide

It has been proposed by Li et al., 2018 that the FDA approved oral anti helminthic drug

Niclosamide exerts an anti VM property in oral cancer in vitro and in vivo through the
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upregulation of miR-124 and downregulation of STAT-3.Moreover, Niclosamide markedly
inhibited the expression of VM associated genes VEGFA, MMP2, ROCK1, Cdc42 at mRNA and
protein level. The authors also demonstrated that in Niclosamide treated WSU-HNG6 cells, there
was significant protein-level downregulation of pPSTAT-3 and mRNA-level upregulation of miR-
124 which ultimately exhibited reduced mobility, invasiveness and VM forming ability
compared to the control cells.

2.7.2. Melatonin

The study of Liu et al., 2018 proved the inhibitory effect of melatonin (secreted by pineal gland
and involved in chrono-biological rhythm regulation) in ROS driven cellular proliferation,
apoptosis resistance, EMT as well as VM through the blockage of ROS reliant AKT/ERK
signaling pathways involving HIF-1a. Moreover at molecular level, melatonin also
downregulated the expression of pro-survival proteins (cyclin D1, PCNA, Bcl2) and upregulated
the expression of pro-apoptotic protein Bax. Melatonin induced inactivation of ROS reliant Akt
signaling also significantly abolished the invasion and migration of oral cancer cells and altered
the expression of EMT associated molecules (E-cadherin, Vimentin and Snail). The employment
of ROS scavenger (NAC) and ERK and PI3K/AKT inhibitors (U026 and LY?294002
respectively) also exhibited the significant downregulation of HIF-1a and VEGF in Cal27 and
FaDu cells which confirmed the inhibitory role of melatonin in tumor progression and
vasculogenic mimicry formation through targeting ROS induced ERK/AKT signaling.

2.7.3. Curcumin

Curcumin (polyphenol derived from turmeric) has been found to be associated with the
suppression of VM formation in LSCC (Hu, et al., 2015) in vitro through the inhibition of JAK-

2/STAT-3 pathway. Additionally, the potent dose of Curcumin also hindered the other VM
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associated phenotypes including cellular growth, proliferation and migration. Corresponding
with the selective inhibitor of JAK 2 (AG490), pretreatment of Hep2 cells with Curcumin
significantly inhibited JAK 2 and pSTAT-3. Furthermore, the inhibition of JAK-2/STAT-3
pathway also resulted into the downregulation of MMP2 at mRNA and protein level which is a
crucial player of extracellular matrix degradation. In addition to the direct effects on VM,
Curcumin also exerted its anti-angiogenic effect through the inhibition of endothelial nitric oxide
synthase (eNOS) and VEGF expression of Hep2 cells.

The anti-migratory and anti-vasculogenic mimicry potential of Curcumin has also been
observed by (Hu et al., 2015) in HNSCC cell lines (FaDu and Cal27) through the induction of
SIRT1 activity which catalyzes NAD+ dependent protein deacetylation yielding nicotinamide
and O- acetyl ADP-ribose. They have also demonstrated that the anticancer activity of Curcumin
relies upon the induction of apoptosis through the activation of ATM/CHK2 pathway and
inhibition of NFKP as well as triggering the extrinsic (Caspase 8) and intrinsic (Caspase 9)
apoptotic pathways. Interestingly they have also reported that the inhibition of SIRT1 pathway
resulted in the suppression and downregulation of MMP2 and VEGF proteins which are
associated with VM formation.

2.7.4. Silibinin

The study of (Chang et al., 2015) indicated Silibinin (polyphenolic flavonoid isolated from milk
thistle plant Silybum marianum) to cause inhibition of vasculogenic mimicry in the tumor
initiating cells (TICs) of HNSCC in a dose dependent manner. In this study CD44+ and
ALDH1+ tumor infiltrating cells (TICs) were isolated which resulted in the relapse and
metastasis of HNC. The suppression of their self-renewal, tumor initiation and chemoresistance

properties by the dose dependent treatment of Silibinin has been reported through activation of
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miR-494 and inhibition of Bmil(Chromatin structure regulator) and ADAM10 (responsible for
angiogenesis, tumorigenesis). The in vivo validation using xenograft model also confirmed
Silibinin, a potential anticancer drug for the treatment of HNC.

2.7.5. Ginsenoside Rg3

In nasopharyngeal carcinoma, there is evidence of inhibition of VM in vitro by Ginsenoside Rg3
(biologically active steroid saponin groups). Wang et al., 2010 indicated the negative correlation
of number of tube like structures of human nasopharyngeal carcinoma HNE-1 cells on matrigel
and the concentration of ginsenoside Rg3 in association with the down regulation of VEGF
protein expression in HNE-1 cells.

2.7.6. Axitinib

The study of Duo et al., 2018 indicated that in oral mucosal melanoma the tyrosin kinase
inhibitor Axitinib could modulate vasculogenic mimicry in patient derived xenograft models.
With the reduction of tumor volume and number of vasculogenic mimicry the protein expression

of Epha2 and MMP2 was found to be decreased in Axitinib treated group.
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Figure 5: Proposed VM inhibitors with the approved standard of care chemotherapeutic drugs

against Head and Neck cancers
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Since the limited efficacy and treatment with conventional anti-angiogenic agents didn’t
significantly improve patients’ survival time hence the discovery of VM provides a new
therapeutic strategy for patients confronting aggressive cancers. Here we have encapsulated
several investigations focusing on the VM associated key regulators involved in cellular
adhesion, hypoxia, EMT, CSC and microRNA mediated post-transcriptional regulation of VM
related proteins in different head and neck cancer models however deciphering the critical
molecular mechanism underlying VM formation in HNCs deserves further studies.

The exploration and development of new and specific molecular imaging techniques might be
helpful for investigating the true structural and functional relevance of VM structures in tumors.
Finally the discovery of novel and potent anti-VM agents and their combination with other
therapeutic strategies such as anti-angiogenesis, anti-lymphangiogenesis, and chemotherapy will
provide an avenue to improve the treatment modalities and clinical outcomes of head and neck

cancer patients
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The aim of our work is to decipher the effect of hypoxia in modulating EphrinA2 signaling
pathway and inducing epithelial-mesenchymal transition (EMT) and in association with
vasculogenic mimicry in OSCC and to establish Lupeol as an alternative chemotherapeutic agent
targeting VM with no side effects and more efficacies.

It is a well-established fact that to treat the cancer patient, the delivery of
chemotherapeutic drugs and radiotherapy comes with their limitations and adverse side effects
which may lead to poor prognosis of the patient. The elucidation of the underlying molecular
mechanism leading to VM formation may provide a viable therapeutic target in OSCC. With no
side effects and more efficacies, the establishment of the anti-VM property of phytochemical
Lupeol can indicate a novel therapeutic regimen in treating very aggressive oral cancer.

The molecular mechanism involved in VM progression through hypoxia induced
EphrinA2 and EMT signaling is yet to be explored in OSCC. Elucidation of the anti VM
property of Lupeol in combination with common therapeutic drug Paclitaxel may lead to a novel
therapeutic regimen in combating OSCC.

The proposed research work has been subdivided into three main objectives-

1. To decipher the expressional status of the HIF-1a induced EphA2 pathway molecules in
correlation with vasculogenic mimicry in OSCC tissues and their probable prognostic
significance.

2. Deterministic investigation of the role of HIF-1a in modulating EphA2 pathway and the
induction of EMT in correlation with vasculogenic mimicry in OSCC cell lines.

3. Evaluation of the possible mitigating properties of phytochemical Lupeol in combination

with a common chemo-therapeutic drug in regulating the HIF-1a induced pseudo-
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vascularization using different OSCC cell lines and ex vivo platform (patient derived

cancer tissue culture) at transcription and post- transcriptional level.

43|Page



Chapter 4: Scope of Thesis

Chapter 4

Scope of Thesis

44|Page



Chapter 4: Scope of Thesis

Oral cancer is one of the most important health related crises in our country which is emerging
rapidly among men and women due to the tobacco addiction habit in urban as well as in rural
India. Since neoplastic transformation and progression is a multistep process that involves
various stages and molecular changes in aggressive tumor microenvironment, in this regard
vasculogenic mimicry (VM) highlights the aggressive tumor behavior in a new and exciting way.
It has been observed that the presence of VM is mostly abundant in aggressive and genetically
dysregulated tumors including melanoma, glioblastoma, breast cancer, prostate cancer, which
make this phenomenon an obvious target to investigate clinical prognosis and responsiveness to
chemotherapy and radiotherapy in cancer patients. However the underlying molecular
mechanism of VM influencing the prognosis and therapeutic intervention in oral cancer is still
less elusive. Therefore the thesis work aims to solve three major problems in the field of oral
oncology.

The first part of the thesis intended to establish VM as a unique prognostic indicator for
oral squamous cell cancer (OSCC). It emphasized on the morphological characterization of VM
structures using CD31/PAS staining in OSCC microenvironment, in association with the
expressional status of the associated biomarkers. Furthermore the significant association of the
simultaneous existence of VM and relevant biomarkers in the tumor microenvironment with the
clinico-pathological parameters will be helpful in specifying their relevance in the malignant and
metastatic progression of OSCC. Moreover after following up the patients up to 5 years, it has
also been evident that the dual expression of VM with Laminin-5y2 and MMP2 correlated with
decreased disease free and overall survival with the independent prognostic impact of Laminin-

5v2 which will be helpful in providing better therapeutic guidance against OSCC.
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The second part of the study provided a novel regulatory mechanism of VM formation in
the OSCC model which is still a less explored area. HIF-1a was found to induce VM channel-
forming cells in hypoxic conditions, which was followed by up-regulations of VE-cadherin and
ephrin type-A receptor 2 (EphA2). This cascade of cellular responses led to the formation of VM
channels in invasive cancer cells via matrix metallo-proteinases (MMPs) and cleavage of
Laminin-5 into pro-migratory y2x and y2’ fragments. Furthermore, targeting HIF-1 a and its
downstream signaling cascade is a possible therapeutic target for the treatment of OSCC has
been justified given that the hypoxic milieu has also been shown to play a significant role in
controlling VM development by retaining stemness and inducing EMT.

A standard chemotherapeutic regime for OSCC contains Cisplatin or Carboplatin in
combination with other chemotherapy drugs, such as 5-fluorouracil (5-FU), taxanes (Paclitaxel
or Docetaxel) and Cetuximab (a humanized monoclonal epidermal growth factor receptor
antibody). Taxol (Paclitaxel) and taxotere (Docetaxel) act as chemotherapeutic agents by
stabilizing microtubules and enable the assembly of cytoplasmic free microtubules, thus
inhibiting cell division. However these chemotherapeutic drugs target rapidly dividing cells and
in turn damage several rapidly proliferating non-malignant healthy cells essential for our body
mainly in the skin, mucous membrane, scalp, lining of the stomach and bone marrow and often
attribute to serious adverse effects. This necessitates developing alternative strategies that may
overcome chemotherapy resistance and prove to be more effective while minimizing toxicity.

Therefore the third part of our study explored the synergistic effect of Lupeol and
Paclitaxel in obstructing VM as well as its associated aggressive phenotypes in the in vitro and

ex vivo OSCC model.
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Hence the thesis will contribute to the existing knowledge for better understanding the
molecular basis of the association of HIF-1a induced vasculogenic mimicry via modulating
extracellular matrix remodeling along with EMT and CSC phenotypes in oral cancer. Being a
phytochemical with no side effects whatsoever, the restorative effect of Lupeol in reversing the
vaculogenic mimicry will emerge a new field of cancer treatment for aggressive oral cancers and
after series of clinical trials, the drug may be used as a chemotherapeutic as well as chemo-

preventive agent against OSCC.
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Evaluation of the functional association and
prognostic significance of vasculogenic
mimicry (VM) with HIF-1a induced EphA2
signaling cascade in oral squamous cell

carcinoma (OSCC)
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5.1. Background

Oral Cancer is the 6™ most common malignancy in the world (Borse et al., 2020). Oral squamous
cell carcinoma (OSCC) accounting for over 90% of oral cancers (Tandon et al., 2017), is one of
the most common causes of cancer related deaths in the developing countries including India and
the South East Asia. The estimated incidence and mortality due to lip, oral cavity cancer in the
world is 2.0% and 1.8% respectively (Sung et al., 2021). Annually 75000-80000 new oral cancer
cases are being reported in India (Mishra, 2019). Use of tobacco in various forms including
cigarette, bidi, hookah, betel nut, betel quid is the major risk factor for OSCC (Tenore et al.,
2020). Severe alcoholism, HPV infection, dietary deficiencies and poor oral hygiene are the
other common identified risk factors (Sun et al., 2022). Metastasis and postoperative recurrence
are the most common reasons for poor 5 year survival (Sun et al., 2019) that further increases
failure of treatment. There are multiple clinico-pathological factors responsible for this poor
outcome. Growing tumors survive in the nutrients and oxygen  deficit state using diverse
strategies. In 1999, Maniotis et al demonstrated that when blood supply cannot meet the need of
rapid tumor growth, some aggressive, metastatic and genetically dysregulated cancer cells mimic
the endothelial cells and form pseudo-vascular channel like structures called vasculogenic
mimicry (VM) (Maniotis et al., 1999). It was first described in human uveal melanoma as
Periodic acid Schiff (PAS) positive patterned vascular network and enables the tumors to form
matrix-embedded vascular structures carrying plasma and blood cells to fulfill the increasing
nutrient and metabolic demands in tumor microenvironment (Folberg et al., 2000). Core matrix
proteins such as laminin, heparan sulfate proteoglycan, and collagens IV and VI have been
identified in these patterns (Folberg & Maniotis, 2004). Though Vasculogenic mimicry is

considered as an established prognostic marker in melanoma (Bhattacharyya et al., 2019; Zhang
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et al., 2019), breast cancer (Andonegui-Elguera et al., 2020; Mitra et al., 2020), glioblastoma
(Yue & Chen, 2005), ovarian cancer (Yu et al., 2017), lung cancer (Wang, Yang, et al., 2018),
prostate cancer (Sharma et al., 2002), digestive cancers (Ren et al., 2019) the underlying
molecular phenotypes inducing it in OSCC and their prognostic significance is poorly
understood.

When exposed to a hypoxic condition, cancer cells start expressing the HIF (Hypoxia Inducing
Factor), the protein which further activates the Ephrin family of proteins (Hess et al., 2007). The
entire mechanism is believed to be triggered by two major signaling proteins i.e. ERK % and
P13-K. Once these two proteins get activated via various upstream signaling axis including the
VE- Cadherin both of them are able to activate pro-MMP 14 to active MMP-14 (Seftor et al.,
2001) which, in turn cleaves Laminin and creates the vascular like structures. Normal epithelial
cells generally have highly stable cell- cell adhesion properties.

Laminin-5 (Ln-5), a component of extracellular matrix (ECM) adhesion molecules, is expressed
predominantly in the epithelial basal membrane structure that promotes static adhesion and
hemidesmosome formation (Giannelli & Antonaci, 2000). However, the cleavage of short arm of
y2 subunit of Laminin-5 by matrix metalloproteinases (MMPSs) such as MMP-2 and MT1-MMP
leads to its switching from static to migratory form resulting in cell migration and/or invasion
(Malina et al., 2004; Rousselle & Scoazec, 2020). In the context of the molecular mechanism
influencing VM, the downstream signaling of VE Cadherin, EphA2 and VEGF choreographs the
cleavage of Laminin-5 in to the pro-migratory y2x and y2’ fragments through activated MMP2,
implicating the roles of the extracellular matrix remodeling in positively regulating the formation

of VM network (Delgado-Bellido et al., 2017).
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Here we aim to investigate the phenotypic characteristics of VM structures in OSCC tumor
tissues and evaluate the expression of HIF-1a and its downstream modulator Laminin-5y2 as
well as their correlation in the process of the acquisition of VM structure in OSCC
microenvironment. Finally, we have undertaken the survival and risk factor assessment of VM-
HIF-1a and VM-Laminin-5y2 coordination in a defined patient cohort to enlighten a novel and
promising therapeutic target of OSCC.

5.2. Materials and methods

5.2.1. Patients and tissue samples

The surgical and clinically confirmed OSCC tissue specimens from a sum total of 116 patients
(median age: 54 years, range: 28-80 years) were obtained from Chittaranjan National Cancer
Institute, Kolkata during May, 2014 - April, 2015. Patients with history of recurrence or
preoperative chemotherapy, radiotherapy were excluded (Figure 6). Informed written consents
were obtained from all the patients prior to specimen collection. The study was approved by the
Institutional Ethics committee (IEC Ref: A-4.311/53/2014) in accordance with the ethical
guidelines of Declaration of Helsinki (1964) and its later amendments. Tumor-node-metastasis
stages were evaluated according to the 8" edition of American Joint Committee on Cancer
(AJCC) and tumor grade was classified according to World Health Organization (WHO)
standards. For OSCC patients with complete clinico-pathological information and follow-up
data, the overall survival (OS) time was calculated as the time interval from the date of surgery
of the patients to their oral cancer related death and disease free survival (DFS) was noted as the
time interval from the date of surgery to the first documentation of local recurrences or distant

metastasis.
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Figure 6: Schematic representation of patients’ selection criteria

5.2.2. Antibodies

The primary antibodies used for Immuno-histochemistry (IHC) are as follows. Rabbit polyclonal

anti-HIF 1a [Novus Biologicals, Cat# NB100-479, dilution: 1:100], Mouse monoclonal anti-VE-

Cadherin [Novus Biologicals, Cat# NB600-1409, dilution: 1:100], Rabbit monoclonal anti-

EphA2 [Cell signaling technology, Cat#6997, Clone

D4A2, dilution: 1:100], Rabbit

monoclonal anti phospho p44/42 MAPK (Erk1/2) (Thr202/Tyr204) [Cell signaling technology,

Cat#4370, Clone : D13.14.4E, dilution: 1:100], , Mouse monoclonal anti- MMP2 [Novus

Biologicals, Cat #NB200-114,Clone 8B4,dilution: 1:100], mouse monoclonal anti-Laminin-5

(Y2 chain) [Merck, Cat #MAB19562, Clone D4B5, dilution: 1:100 (IHC)], Rabbit monoclonal

anti CD-31 or PECAM-1 (Santa Cruz Biotechnology, Cat # sc-1506-R, Clone M-20,
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dilution:1:100], Rabbit monoclonal anti-E-Cadherin [Novus Biologicals, Cat #NBP2-67540,
Clone ST54-01,dilution: 1:100], Mouse monoclonal anti- Vimentin [Santa Cruz Biotechnology,
Cat # sc-6260, Clone V9, dilution: 1:100], Mouse monoclonal anti-Snail [Novus Biologicals, Cat
#NBP2-50300, Clone 20C8, dilution: 1:200], Mouse monoclonal anti-Twistl [Novus
Biologicals, Cat #NBP2-37364, Clone 10E4ES, dilution: 1:200], Rabbit polyclonal anti-CD133
[Novus Biologicals, Cat # NB120-16518, dilution: 1:100 were used as primary antibodies in this
study.

5.2.3. CD-31/PAS staining and Immunohistochemistry

Immuno-histochemistry (IHC) was performed according to the manufacturer’s instruction of
Millipore IHC Select DAB150 Immuno-peroxidase secondary detection system kit. 4 uM tissue
sections from Formalin Fixed Paraffin Embedded (FFPE) tissue blocks were deparaffinized in
xylene and sequentially rehydrated using graded ethanol solutions. Antigen retrieval in Sodium
citrate buffer (10mM sodium citrate, 0.05% Tween-20, pH-6), followed by exhaustion of
endogenous peroxidase activity was performed by immersing the tissue sections into 3%
hydrogen peroxide in methanol. Subsequently the tissue sections were incubated with respective
primary antibodies for 1 hour at room temperature. The tissue sections were incubated with
biotinylated secondary antibody and followed by HRP tagged streptavidin. Finally, the
immunoreactivity of the tissue sections was visualized by chromogenic reagent DAB (3,3-
diaminobenzidine) and counterstained with Mayer’s hematoxylin. For PAS staining coupled with
IHC (Sun et al., 2008), the tissue sections were immersed for 10 mins with 0.5% periodic acid
solution, after the application of DAB and then stained with Schiff's reagent (Merck) for 10 mins

in dark condition, followed by washing in lukewarm water and counterstaining with hematoxylin
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solution for 2 min. Ultimately the sections were examined under 200X and 400X magnification
using the bright field microscope (Carl Zeiss, model: Primo Star).

5.2.4. Evaluation of Vasculogenic mimicry and IHC markers

The immuno-histochemical score of our studied markers was determined by considering
intensity of staining and proportion (%) of stained cells (Gkouveris et al., 2017; Krajewska et al.,
1996; Kukita et al., 2019; McCarty et al., 1986; Wu et al., 2018; Zhou et al., 2021). All the
staining results were blindly evaluated by two experienced pathologists in a semi quantitative
manner. To account the intra-tumoral heterogeneity of antibody expression, ten randomly
selected represented fields (under 400X magnification) from different areas of each slide was
evaluated by two qualified pathologists (manual method). The staining intensity was determined
on the following scale: 0-negative, 1- mild, 2-moderate, 3-strong staining and the percentage
(proportion) of positively stained cells per field was scored as follows: 0- <10%, 1- <25% of
positively stained cells, 2- <50% positively stained cells, 3- >50% positive cells (Dong et al.,
2018; Sun et al., 2008; Sun et al., 2017). The final immuno-histochemical staining score of each
sample was determined by summation of staining intensity and percentage (proportion) of
positively stained cells, which ranged from 0-6. The final staining score 0-3 was considered as
negative staining and that of 4-6 was considered as positive staining (Shao et al., 2008; Wang et
al., 2018). The semi-quantitative evaluation of pathologists was further validated by IHC profiler
plugin (Varghese et al., 2014) compatible with Image J (Figure 7). To normalize the digital
image analysis with the pathologists’ manual analysis, the IHC profiler generated four tier
staining pattern was scored from 0-3 scale (0- Negative, 1- Low positive, 2-Moderately positive,
3-High positive) similar to the manual assessment. Further the total percentage of positive

staining (1- Low positive, 2-Moderately positive, 3-High positive) was determined from their
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individual percentage contribution and also scored from 0-3 scale in accordance with the
pathologists’ consideration of score for proportion (%) of stained cells (Dong et al., 2018; Sun et
al., 2008; Sun et al., 2017). The final immuno-histochemical score (0-6) of each sample was
determined by summation of the percentage score of total positive staining and the total intensity
score contributed by different degree of positive staining pattern to harmonize the digital
assessment with the manual findings inferring the final score <3 as negative staining and that of
>3 as positive staining. The figure 7 showed the significantly positive correlation (R square >
0.9, P < 0.001) between the IHC scoring of two pathologists as well as between digital and
manual methods. Kappa statistics was used to assess the inter-observer and inter method
agreement which revealed almost perfect strength of agreement (x = 0.81-1.00) between the
scoring of two pathologists and substantial strength of agreement (x = 0.61-0.80) (Landis &

Koch, 1977) between digital and manual methods confirming the reliability of our IHC scoring

method.
Table 7: IHC score calculation and determination of inter-observer and inter-method
agreement
Digital (IHC Profiler) Manual (Pathologist) Kappa Score (P value)
Intensity Percentage .
Degree of Percentage Intensity
. score (0-3) score (0-3)
staining score  (0-3) . . . score  (0-3) . Agreement
. contribute  Final  contribute . Final . Agreement
Image pattern contributed contributed (Pathologist 1 .
. . by Score d by . Score . (Digital vs
(assigned by different . . by different vs Pathologist
. different (0-6) different . (0-6) Manual)
score) staining o o staining 2)
staining staining
pattern pattern
pattern pattern
Laminin Pixel count 4915200 5 Not determined 5 Almost perfect Substantial
=0.817), =0.761),
2 Total positive 56.3805 (3)  1.759 (~2) 5378(3)  1.866(~2) (;<00012 (;:00012
positive  pigh  Positive 13.8183 0.735 16.19 0.903 ' ‘
(©)
Moderately 15.2055 0.539 14.25 0.529
positive (2)
Low positive (1) 27.3567 0.485 23.34 0.434
Negative (0) 43.6195 0 46.22 0
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Laminin
5v2

Negative

MMP2

Positive

MMP2
Negative

Pixel count
Total positive
High  Positive
(©)

Moderately
positive (2)

Low positive (1)
Negative (0)
Pixel count
Total positive
High  Positive
(©)

Moderately
positive (2)

Low positive (1)
Negative (0)
Pixel count
Total positive
High  Positive
(©)

Moderately
positive (2)

Low positive (1)

Negative (0)

133668
15.0047 (1)
0.6757 0.135
22185 0.296
12.1105 0.807
84.9954 0
133668
801754 (3)  2(2)
22.5078 0.842
35.2048 0.880
22.3728 0.279
19.8246 0
134091
9.3678 (0)
1.0412 0.333
15314 0.327
6.7952 0.725
90.6321 0

1.238 (~1)

1.385 (~1)

Not determined

11.02 (1) 1172 (1)

0.23 0.062
1.45 0.263
9.34 0.847
88.98 0

Not determined

79.53(3) 2.059 (~2)

25.23 0.952
33.76 0.849
20.54 0.258
20.47 0
Not determined

4.46 (0) 1.318 (~1)
0.43 0.289
0.56 0.251
3.47 0.778
95.54 0

5

Almost perfect
(x=0.837),
P<0.001"

Substantial
(xk=0.754),
P<0.001"

Intensity score contributed by total positive staining pattern =Sum of (Percentage contribution

for degree of positive staining/Percentage contribution for total positive staining) X Assigned

score for degree of positive staining pattern

Final Score = Percentage score (0-3) for total positive staining pattern + Intensity score (0-3)

contributed by total positive staining pattern
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Figure 7: Normalization of the digital image analysis with the pathologists’ manual analysis
(a) Flowchart demonstrating the steps involved in the quantification of IHC image using Image J
(IHC profiler) and its normalization with manual method. (b) Example of computed IHC score of
raw image and digital (Image J generated) image for Laminin-5y2 and MMP2 marker. (c)
Linear correlation between the IHC scoring of two pathologists and two methods for Laminin-
5y2 and MMP2 marker.

5.2.5. Statistical analysis

Association between clinico-pathological parameters and VM, Laminin5y2, HIF-1o was
analyzed using two tailed Chi-square (y?) tests and correlation among Laminin5y2, HIF-1a
expression and VM was determined by Spearman Correlation. Statistical analysis of differences

between VM positive and VM negative groups were performed by paired Student’s t- test. The
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Syear survival rate was determined by Kaplan- Meier method and differences in mean survival
time (months) were compared by Log rank tests. The patients’ death caused by oral cancer (in
case of OS) and loco-regional recurrence or development of distant metastasis (in case of DFS)
were considered as outcomes and death by other causes unrelated to oral cancer or lost to follow-
up cases were considered as censored. Independent prognostic factors were analyzed using
Univariate and Multivariate Cox Proportional Hazard Regression Model. All the statistical
analyses were performed using SPSS 17 software (SPSS Inc, Chicago, IL, USA) and Graph-pad
Prism version 7.00 software (California, USA). A value of P<0.05 was regarded as statistically
significant.

5.3. Results

5.3.1. Clinico-pathological features of OSCC patients

The demographic and clinico-pathological details of the total 116 patients (median age: 54 years,
range: 28-80 years) have been recorded in Table 8. Parameters which are correlated with
diagnosis, prognosis and treatment of OSCC such as age at the time of diagnosis, anatomic
location of primary tumor, histological grade, habit of tobacco and alcohol consumption, tumor
size, lymph node metastasis, TNM stage group have been considered. At the end of the of
follow-up period (median follow up period was 56 months with a range of 16-60 months), 36
patients (31.03%) were dead due to local recurrence or metastasis after surgery and 62 (53.45%)
patients were alive with the rest being lost to follow up or died due to other diseases unrelated to

OSCC. they were considered censored for further analysis.
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Table 8: Demographic and clinicopathological profile of OSCC patients

Patients’ characteristics n (%)
Age (Years)
<55 62 (53.45)
>=55 54 (46.55)
Gender
Male 85 (73.28)
Female 31 (26.72)
Tobacco consumption
Yes 50 (43.10)
No 66 (56.90)
Alcohol consumption
Yes 10 (8.62)
No 106 (91.38)
Tumor location
Lip 8 (6.89)
Tongue 17 (14.65)
Buccal Mucosa 39 (33.62)
Gingiva 24 (20.69)
Floor of Mouth 4 (3.45)
Retromolartrigone (RMT) 5(4.31)
Others? 19 (16.38)
Grade
Well 73 (62.93)
Moderate 41 (35.34)
Poor 2(1.72)
Primary Tumor status
T1 64 (55.17)
T2 8 (6.89)
T3 18 (15.52)
T4 26 (22.41)
Lymph Node metastasis
NO 66 (56.89)
N1 27 (23.27)
N2 21 (18.10)
N3 2(1.72)
TNM stage group
1 (TLNOMO) 50 (43.10)
11 (T2NOMO) 5 (4.31)
111 (T3NOMO, T1-3N1MO) 23 (19.83)
IV (TANOMO-T1-4N1-3MO0) 38 (32.76)

Others? include alveolar mucosa, hard palate, soft palate
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5.3.2. Evaluation of VM in OSCC tissue specimens

Vasculogenic mimicry (VM) was identified through the detection of CD-31 negative and PAS
positive lumen like structures surrounded by tumor cells (but not with endothelial cells) with or
without red blood cells inside the lumen (Liu et al., 2012; Meng et al., 2019; You et al., 2021)
(Figure 8). The vascular structures were observed for structural integrity with no incidence of
hemorrhage, necrosis or inflammatory cell infiltration in close proximity (Cheng et al., 2020; B.
Shao et al., 2019; Sun et al., 2006; Yu et al., 2021). The VM density with respect to the overall
vascular density has been assessed according to the modified method described by (Shao et al.,
2008; Weidner et al., 1991; Zhou et al., 2019). The total number of CD31+ and CD31- lumen
like vascular structures, surrounded by tumor cells or endothelial cells were considered as the
overall vascular density. The areas of highest vascular density were found by observing the
slides at 200X magnification. VM vessels were individually counted in 5 randomly selected
200X magpnification field. The average percentage of VM has been evaluated relative to the
overall vascular density and graded on the basis of following score 0: negative, 1: <20%, 2: 20-
<40%, 3: 40-<60%, 4: >60%). Vasculogenic mimicry (VM) was identified in 29.31% of OSCC
tissue specimens. Based on the CD31/PAS staining, the total patient population was stratified
into VM positive (VM+) and VM negative (VM-) cohorts (Figure 8). Total 34 of 116 (29.31%)

cases were VM positive and 82 (70.69%) cases were VM negative.
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Figure 8: CD31-PAS staining showing VM (with different score) and endothelial structures in
OSCC. Red arrows indicate PAS positive and CD31 negative VM architecture (200X and 400X
magnifications). Black arrows represent endothelial structure showing CD31 positive staining

with or without PAS staining (200X and 400X magnifications)

5.3.3. Differential expression pattern of HIF-1a along with its downstream EphA2 signaling
molecules, EMT and CSC markers in VM stratified OSCC cohorts

The immuno-histochemical staining pattern of HIF-1a, VE-Cadherin, EphA2, pERK1/2, HIF-1a
and Laminin-5y2 were represented in Figure 9. HIF-1a and pERK1/2 exhibited both nuclear and

cytoplasmic expression. EphA2 expression was widely distributed in tumor cytoplasm. VE-
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Cadherin expression was observed around the tumor cytoplasm and vascular architectures. The
expression of Laminin-5y2 and MMP2 was observed in OSCC tumor cell cytoplasm as well as in
tumor stroma. In most of the cases, Laminin-5y2 showed positive expression to the tumor cells,
adjacent to the stroma (S) or tumor stromal interfaces (TS). On the other hand, the expression of
MMP2 was distributed in the lining of basement cells around the nests of tumor cells, which in
some cases, has been overlapped with the signal of PAS staining. The quantitative data indicated
the significantly elevated expression of the above markers in VM positive cohorts (P<0.0001)
compared to the VM- specimens. Similarly the differential immuno-histochemical expression of
EMT markers (E-Cadherin, Vimentin, Snail Twist) and CSC marker (CD133) was also analyzed
among the VM stratified cohorts (Figure 10). Strong positive expression of Vimentin was
observed in cytoplasm and infiltrative margin of OSCC tissue. E-Cadherin and CD133
expression was observed in cell cytoplasm whereas Snail and Twist exhibited both cytoplasmic
and nuclear expression. All the mesenchymal markers (Vimentin, Snail Twist) and CD133
expression was found to be significantly higher in VM+ cohorts whereas E-Cadherin exhibited

significantly reduced expression in VM+ cohorts compared to the VM- group.
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Figure 9: Representative images for immuno-histochemical status (coupled with PAS
staining) of HIF-1a, VE-Cadherin, EphA2, pERK1/2, MMP2 and Laminin-5y2 in VM positive
and VM negative OSCC cohorts (200X and 400X magnifications) with their comparative
immuno-histochemical scores. Red arrows indicate PAS positive networks. The differences
between VM positive and VM negative groups were calculated by paired Student’s t test

(P<0.0001).
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Figure 10: Representative images for immuno-histochemical status (coupled with PAS
staining) of E-Cadherin, Vimentin, Snail, Twist and CD133 in VM positive and VM negative
OSCC cohorts (200X and 400X magnifications) with their comparative immuno-histochemical
scores. Red arrows indicate PAS positive networks. The differences between VM positive and
VM negative groups were calculated by paired Student’s t test (P<0.0001).

5.3.4. Correlation between VM, HIF-1a and its downstream effectors molecules in OSCC
The correlation of VM with the relevant molecules, i.e., HIF-1a, VE-Cadherin, EphA2, pERK
1/2, HIF-1a and Laminin 5Y2 as well as EMT markers (E-Cadherin, Vimentin, Snail Twist) and
CSC marker (CD133) are depicted in Table 9. Data revealed significant positive correlation of
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the presence of VM with the expression of all of the downstream molecules except E-Cadherin.
Unlike E-Cadherin all of the markers were also significantly correlated with the positive
expression status of HIF-1a. These data indicate that HIF-1a along with the downstream effector
molecules may act as a deterministic factor in OSCC progression and VM occurrence.

Table 9: Correlation of VM and HIF-1a with the molecular markers involved in EphA2/

Laminin5y2 cascade, EMT and CSC phenomenon in OSCC patients.

EphA2/ Laminin5y2 cascade VM HIF-1a
r 0.6511 -
HIF-1a
P value <0.001 -
r 0.5103 0.5765
VE-Cadherin
P value <0.001 <0.001
r 0.5290 0.4584
EphA2
P value <0.001 <0.001
r 0.4167 0.4201
Perk1/2
P value <0.001 <0.001
r 0.6008 0.4997
MMP2
P value <0.001 <0.001
r 0.5743 0.7369
Laminin5y2
P value <0.001 <0.001
EMT markers
r -0.3796 -0.2152
E-Cadherin
P value <0.001 <0.001
) ) r 0.3900 0.3702
Vimentin
P value <0.001 <0.001
) r 0.4097 0.4393
Snail
P value <0.001 <0.001
) r 0.3519 0.4406
Twist
P value <0.001 <0.001
CSC marker
r 0.5099 0.3233
CD133
P value <0.001 <0.001
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5.3.5. Association between VM, HIF-1a, Laminin-5y2 expression and patients’ clinico-
pathological characteristics

The association of VM and expression of HIF-1a, Laminin 5y2 with the clinico-pathological
characteristics of patients has been summarized in Table 10. The presence of VM in OSCC was
significantly associated with tumor grade (P=0.002), primary tumor status (P=<0.001) and lymph
node metastasis (P=0.005) and TNM stage group (P=<0.001) but not with patient’s age, sex and
tobacco or alcohol consumption habit. It has been significantly found that 50% (1/2) cohort of
the poorly differentiated tumor grade developed VM whereas 48.78% (20/41) of the moderately
differentiated group and 17.80% (13/73) of the well differentiated group were found to be VM
positive. It is also noteworthy that 59.09% (26/44) patients of T3 and T4 primary tumor status
significantly developed VM compared to T1 and T2 group [11.11% (8/72)]. Similarly the
occurrence of VM was also significantly prevalent in the patients with positive nodal status
compared to the negative ones [46 % (23/50) vs 16.66% (11/66) as well as in the patients with
TNM stage group Il and 1V [47.54% (29/61)] compared to | and Il TNM stage group [9.09%
(5/55)] . The positive rate of VM was also significantly associated with the expression ofHIF-
loand Laminin-5y2 OSCC. 41.38% (48/116) showed higher expression (staining score: >3) of
HIF-1a and 43.9% of the patients (51/116) showed higher expression (staining score: >3) of
Laminin-5y2. Among them the VM positive group was found to have significantly increased
level of expression of HIF-1a (91.18%, P<0.001) and Laminin-5y2 (88.23%, P<0.001) compared
to the VM negative counterparts. The associations of patients’ clinico-pathological attributes
were also analyzed with the expressional status of HIF-1a and Laminin-5y2. The expression of
both HIF-1a and Laminin-5y2 were significantly associated with primary tumor status (P<0.001

and P<0.001, respectively) and TNM stage group (P=0.002 and P<0.001 respectively). However,

66|Page



Chapter 5

Laminin-5y2 exhibited significant association with no other clinico-pathological parameters but

positive rate of HIF-1oexpression was significantly associated with tumor grade (P=0.002) and

nodal status (P=0.005).

Table 10: Association between the expression of VM, HIF-1a and Laminin-5y2 with the

clinico-pathological characteristics of oral squamous cell carcinoma (OSCC) patients

Patients’ VM HIF-1a Laminin-5y2

characteristics Positive Negative e P value Positive Negative e P Positive Negative e P value
n (%) n (%) n (%) n (%) value n (%) n (%)

Age (Years)

<55 17 (14.65) 45 (38.79) 0.230 0.632 23(19.83)  39(33.62) 1.007 0.315 23(19.83) 39(33.62) 2.55 0.110

>=55 17 (14.65) 37 (31.89) 25(431) 29 (25) 28 (24.14) 26 (22.41)

Gender

Male 23(19.83) 62 (53.45) 0.778 0.378 35(30.17) 50 (43.10) 0.005 0.941 37(31.89) 48(41.38) 0.246E  0.875

Female 11 (9.48) 20 (17.24) 13(11.20) 18 (15.52) 14 (12.07) 17 (14.65) -01

Tobacco

consumption

Yes 12 (10.34) 38 (32.76) 1.20 0.274 15(12.93)  35(30.17) 4.691 0.030 19 (16.37) 31(26.72) 1.27 0.260

No 22 (18.96) 44 (37.93) 33(28.45)  33(28.45) 32(27.59)  34(29.31)

Alcohol

consumption

Yes 2(1.72) 8 (6.89) 0.458 0.499 2(1.72) 8(6.89) 2.062 0.151 2(1.72) 8(6.89) 2.55 0.110

No 32(27.59) 74 (63.79) 46 (39.65) 60 (51.72) 49 (42.24) 57 (49.14)

Grade

Well 13(11.21) 60 (51.72) 126 0.002" 26(22.41) 47 (40.52) 2.697 0.259 28 (24.14)  45(38.79) 253 0.283

Moderate 20(17.24) 21 (18.10) 21(18.10) 20 (17.24) 22(18.96) 19 (16.38)

Poor 1(0.86) 1(0.86) 1(0.8) 1(0.8) 1 (0.86) 1(0.86)

Primary

Tumor status

T1 5 (4.31) 59 (50.86)  33.6 <0.001°  12(10.34) 52 (44.83) 32.024 <0.001 17 (14.65) 47 (40.52) 185 <0.001"

T2 3(2.59) 5 (4.31) 4(34.48)  4(3.45) 4 (3.45) 4 (3.45)

T3 10 (8.62) 8 (6.90) 12(10.34) 6 (5.17) 12(10.34) 6 (5.17)

T4 16 (13.79) 10 (8.62) 20 (17.24) 6 (5.17) 18 (15.52) 8 (6.89)

Lymph Node

metastasis

NO 11 (9.48) 55(47.41) 129 0.005" 16 (13.79) 50 (43.10) 17.221  <0.001 20 (17.24) 46 (39.65)  6.91 0.075

N1 14 (12.07) 13 (11.21) 16 (13.79)  11(9.48) 16 (13.79)  11(9.48)

N2 8 (6.89) 13 (11.21) 14 (12.07)  7(6.03) 14 (12.07)  7(6.03)

N3 1 (0.86) 1 (0.86) 2(1.72) 0 1(0.86) 1(0.86)

TNM stage

group

1+11 5(4.31) 50 (43.10) 20.6 <0.001" 11 (9.48) 44 (37.93) 19.708  0.001 16 (13.79) 39(33.62) 9.39 0.002"

H+1v 29 (25) 32 (27.59) 37(31.89) 24 (20.69) 35(30.17) 26 (22.41)

VM

Positive - - - - 31(26.72)  3(2.59) 49.169  <0.001 30(25.86) 4 (3.45) 38.3 <0.001"

Negative - - 17 (14.65) 65 (56.03) 21(18.10) 61 (52.59)
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5.3.6. Association of VM- HIF-1a and VM-Laminin-5y2 dual positive expression with the
clinico-pathological characteristics of patients

The relationship of patients’ clinico-pathological parameters with VM-HIF-1a and VM-Laminin-
5y2 double positive status have been shown in Table 11. The result showed 31 (26.72%) VM-
HIF-1a double positive cases, 3 (2.59%) VM positive and HIF-1o negative group, 17 (14.65%)
VM negative and HIF-1a positive cases and 65 (56.03%) VM-HIF-1a double negative cases.
Similarly, 30 (25.86%) cases belong to VM-Laminin-5y2 double positive group, 4 (3.44%) cases
belong to VM positive Laminin-5y2 negative group, 21 (18.10%) cases belong to VM negative
Laminin-5y2 positive group and 61 (52.58%) cases belong to VM-Laminin-5y2 double negative
group. Interestingly, double positive expressional status of VM- HIF-1a and VM- Laminin-5y2
were significantly associated with tumor grade (P=0.018 and P=0.010), primary tumor status
(P<0.001 and P<0.001), lymph node metastasis (P=0.013 and P<0.001) and TNM stage group
(P<0.001, P<0.001).

Table 11: Association between the expression of VM-HIF-1a dual expression and VM-
Laminin-5y2 dual expression with the clinico-pathological characteristics of oral squamous

cell carcinoma (OSCC) patients

VM & HIF-1a dual expression VM &Laminin-5y2 dual expression
Patients’
. Positive Negative Positive Negative
characteristics Ve P value e P value
n(%) n (%) n (%) n (%)
Age (Years)
<55 15 (12.93) 47 (40.52) 14 (12.07) 48 (41.38)
0.4355 0.509 0.748 0.387
>=55 16 (13.79) 38 (32.76) 16 (13.79) 38 (32.76)
Gender
Male 22 (18.96) 63 (54.31) 20 (17.24) 65 (56.03)
0.1151 0.7344 0.903 0.342
Female 9 (7.76) 22 (18.96) 10 (8.62) 21 (18.10)
Tobacco
consumption
Yes 10 (8.62) 40 (34.48) 12 (10.34) 38 (32.76)
2.029 0.1543 0.159 0.690
No 21(18.10) 45 (38.79) 18 (1552) 48 (41.38)

Alcohol
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consumption

Yes

No

Grade

Well

Moderate

Poor

Primary Tumor
status

T1

T2

T3

T4

Lymph Node
metastasis

NO

N1

N2

N3

TNM Stage
Group

1+11

HI+1V

2(1.72)
29 (25)

60 (51.72)
24 (20.69)
1(0.8)

5 (4.31)
3 (2.59)
8 (6.89)
15 (12.93)

10 (8.62)
12 (10.34)
8 (6.89)
1(0.86)

5 (4.31)
26 (22.41)

8 (6.89)
77 (66.38)

13 (11.20)
17 (14.65)
1(0.8)

59 (50.86)
5 (4.31)
10 (8.62)
11 (9.48)

56 (48.27)
15 (12.93)
13 (11.21)
1(0.86)

50 (43.10)
35 (30.17)

0.2527

8.0653

27.782

10.783

16.607

0.615

0.018

<0.001

0.013

<0.001

2(1.72)
28 (24.14)

12 (10.34)
17 (14.65)
1(0.86)

4 (3.45)
3 (2.59)
8 (6.89)
15 (12.93)

8 (6.89)
13 (11.21)
8 (6.89)
1(0.86)

4 (3.45)
26 (22.41)

8 (6.89)
78 (67.24)

61 (52.59)
24 (20.69)
1(0.86)

60 (51.72)
5 (4.31)
10 (8.62)
11 (9.48)

58 (50)
14 (12.07)
13 (11.21)
1 (0.86)

51 (43.96)
35 (30.17)

0.196

9.19

30.4

15.7

0.658

0.010*

<0.001*

0.001"

<0.001"

5.3.7. Survival analysis correlating positive expression of VM, HIF-1o and Laminin 5y2

with 5 years of disease free survival and overall survival

To understand the collaborative prognostic significance of VM and its associated markers, the 5

year survival rate was calculated for total 116 patients with respect to the survival endpoints

including DFS and OS. The Kaplan Meier plot of DFS and OS in OSCC patients with

differential status of VM, HIF-1a, Laminin-5y2 as well as their dual existence has been shown in

Figure 11 and Figure 12. The follow up data demonstrated that the mean DFS of VM positive

cohort (31.735 + 2.605 months), HIF-1a positive cohort (39.272+2.488 months), Laminin-5y2

positive cohort (39.814 + 2.455 months) were significantly inferior to that of VM negative

(58.255 * 0.451 months, log rank= 92.052, P<0.001), HIF-1a negative (58.472+0.569 months,

log rank= 48.646, P<0.001), Laminin-5y2 negative (58.786 +0.357 months, log rank=40.575,
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P<0.001) ones. VM- HIF-1a and VM-Laminin-5y2 double positive cohort also had significantly
worse DFS compared to the respective double negative cohorts (30.548+2.695 months vs
59.028+0.367 months, log rank= 100.758, P<0.001 respectively and 27.633 + 2.006 months vs
58.964 * 0.344 months, log rank= 125.283, P<0.001). The distinguishing DFS rate among these
groups was also reflected with the OS time. The mean OS of VM positive cohort (41.206 = 2.077
months), HIF-1a positive cohort (46.359£1.841 months), Laminin-5y2 positive cohort (46.666 +
1.798 months),VM- HIF-1a double positive cohort (40.509+2.204 months) and VM- Laminin-
5y2 double positive cohort (37.583 + 1.527 months) was significantly poorer than that of VM
negative (58.906 + 0.322, log rank= 80.363, P<0.001), HIF-1a negative (59.058+0.399 months,
log rank= 55.852, P<0.001), Laminin-5y2 negative (59.261 + 0.288, log rank=45.209,
P<0.001),VM- HIF-1a double negative (59.465+0.263 months, log rank = 97.133,P<0.001) and
VM- Laminin-5y2 double negative (59.349 + 0.280 months, log rank= 114.464, P<0.001)
cohorts respectively. These results implied that VM, HIF-1a and Laminin5y2 either alone or
together are indicators of DFS and OS with oral cancer.

Table 12: Results of univariate analyses of disease free survival (DFS) and overall survival

(OS) time
Disease free survival (DFS) Overall Survival (OS)
Variables n (%) Mean DFS (Months) Mean OS (Months)
Log rank P value Log rank P value
+SE +SE
VM
Negative 82 (70.69) 58.255 + 0.451 . 58.906 + 0.322 .
92.052 0.000 80.363 0.000
Positive 34 (29.31) 31.735 + 2.605 41.206 + 2.077
HIF-1a
Negative 68 (58.62) 58.472+0.569 59.058+0.399
48.646 0.000" 48.317 0.000"
Positive 48 (41.38) 39.272+2.488 46.359+1.841
VM and HIF-1a
combined
Both VM and HIF-la
. 65 (56.03) 59.028+0.367 . 59.465+0.263 .
negative 100.758 0.000 89.147 0.000
VM positive and HIF-1a. 3 (18.75) 44.000+8.083 48.333+4.234

70|Page



Chapter 5

negative
VM negative and HIF-
17 (14.65) 55.357+1.416 56.861+1.010
la positive
Both VM and HIF-1a
. 31(26.72) 30.548+2.695 40.509+2.204
positive
Laminin § y2
Negative 65 (56.03) 58.786 +0.357 . 59.261 + 0.288 R
. 40.575 0.000 45.209 0.000
Positive 51 (43.96) 39.814 £ 2.455 46.666 = 1.798
VM and Laminin § y2
combined
Both VM and Laminin 5
. 61 (52.59) 58.964 + 0.344 59.349 £ 0.280
Y2 negative
VM positive and
. 4 (3.45) 56.250 +1.949 58.000 £ 1.732
Laminin 5 y2 negative .
. 125.283 0.000 114.464 0.000*
VM negative and
21 (18.10) 56.139 + 1.364 57.589 £ 0.910
Laminin 5 y2 positive
Both VM and Laminin 5
. 30 (25.86) 27.633 £ 2.006 37.583 + 1.527
Y2 positive
Abbreviation: SE, Standard error
a
(a) (b) (©)
1 e HIF-la * — Laminin 572
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Figure 11: Kaplan Meir survival analysis for disease free survival. Kaplan Meir analysis of the

disease free survival (DFS) rate of patients with OSCC in relation to (a) differential expressional
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status of (a) VM, (b) HIF-1a, (c) Laminin-5y2, (d)VM-HIF-1a dual status and (e) VM-Laminin-

5y2 dual status

(a) () ©
L ™ : R HIF-la o 2 | Laminin §y2
" A [mvarve Ty - HIF-1a -ve = L :

“‘ W™ -~ HIF-la +ve - Laminin §72 -ve
VM +ve L & :
]" =+ -Censored l» + -Censored Laminin §72 +ve

S, ' -+ Censored “+ -Censored
<+ Censored « + Censored

by

Cumulative Survival
Cumulative Survival
{
A
Cumulative Survival

P<0.001 | P<0.001 | P<0.001

Overall Survival (Months) Overall Sun:l\'al (‘)lonl‘h\) : Overall Survival E.\Ionlhs) ‘

(d) ©
1 VM and HIF-la ]

-~ VM -ve HIF-1a -ve
VM -ve HIF-1a +ve

VM and Laminin §y2

- VM -ve Laminin $y2 -ve

E <+ VM +ve HIF-1a -ve E‘ ’ £= -~ VM -ve Laminin $y2 +ve
£ - VM +ve HIF-la +ve s L. | -» VM +ve Laminin 5y2 -ve
] - (_eu\ov\'d B -~ VM +ve Laminin §y2 +ve
@7 «+ -+ Censored t «+ - Censored

g 33 Qommores H <+ Censored

= T = +. Censored

_g = =+ ++ Censored

B ]

= -]

(s} o

. P=0.001 1 P<0.001

Overall Survival (Months) ‘ Overall Survival (Months)

Figure 12: Kaplan Meir survival analysis for overall survival. Kaplan Meir analysis of the
overall survival (OS) rate of patients with OSCC in relation to (a) differential expressional status
of (@) VM, (b) HIF-1a, (¢) Laminin-5y2, (d)VM-HIF-1a dual status and (e) VM-Laminin-5y2

dual status

5.3.8. Prognostic impact of paired VM-Laminin-5y2 positivity on disease free and overall
survival

Based on the significant findings of univariate analysis (Table 13), indicating the significance of
clinicopathological parameters such as tumor grade, primary tumor status, lymph node
metastasis, TNM stage group and occurrence of VM independently as well as in conjunction
with the expression of Laminin-5y2 in DFS and OS, the multivariate Cox proportional hazards

regression model was applied to assess their role as independent survival risk factors (Table 14).
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The multivariate analysis revealed that in addition to primary tumor status and lymph node
metastasis, the occurrence of VM [Hazard ratio (HR) : 1.696; 95% CI :1.030-2.791; P=0.038],
positive expression of Laminin-5y2 (HR: 1.327; CI:1.013-1.739; P=0.040) and VM- Laminin
5y2 double positive status (HR: 9.896; CI: 1,286-76.173; P=0.028) were proved to be
independent risk factors for DFS. Similar to DFS, the occurrence of VM (HR: 3.081; CI: 1.428-
6.651; P=0.004), positive expression of Laminin-5y2 (HR: 1.424; CI: 1.043-1.945; P=0.026) and
the simultaneous double positive expression of VM- Laminin-5y2 (HR: 21.401; CI: 1.276-
358.980; P=0.033) were also found to be independent risk factor for OS. In support of the
significant findings on the survival endpoints, the positive expression of HIF-1o and its co-
existence with VM were also considered for the analysis of risk factor assessment but neither of
them proved to be the independent prognostic factor for DFS and OS in our OSCC cohorts.
Table 13: Assessment of prognostic factors of disease free survival (DFS) and Overall

survival (OS) by univariate analysis of Cox- Proportional Hazards model

Variables Disease Free Survival (DFS) Overall Survival (OS)

95%:ClI 95%ClI

HR P Value HR P Value

Lower Upper Lower Upper
Age 1.016 0.225 0.990 1.043 1.029 0.056 0.999 1.060
Gender 1.303 0.094 0.956 1.775 1.339 0.087 0.958 1.872
Tobacco consumption  1.169 0.323 0.858 1.593 1.108 0.549 0.792 1.550
Alcohol consumption  0.948 0.839 0.566 1.586 0.877 0.621 0.521 1.475
Grade 2.893 0.000" 1.690 4.953 2.723 0.001" 1.534 4.832
Primary tumor status ~ 2.102 0.000" 1.648 2.680 2.408 0.000" 1.799 3.224
Lymph node . .

) 2.417 0.000 1.761 3.317 2.844 0.000 2.008 4.027

metastasis
TNM stage group 4.995 0.000" 2.387 10.454 9.632 0.000" 3.399 27.300
VM only 3.112 0.000" 2.402 4.033 5.198 0.000" 3.384 7.984
Laminin 5y2 only 2.025 0.000" 1.632 2.512 2.553 0.000" 1.883 3.461

VM and Laminin 5y2 . .
- 44.191 0.000 16.038 121.763 63.366  0.000 17.805 225.519
double positive
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Table 14: Assessment of prognostic factors of Disease Free Survival (DFS) and overall

survival (OS) by multivariate analysis of Cox- Proportional Hazards model

Variables Disease Free Survival (DFS) Overall Survival (OS)
HR P Value 95%CI HR P Value  95%CI
Lower Upper Lower  Upper
Grade 1.759 0.099 0.900 3.439 1.219 0.625 0.551 2.699

Primary tumor status 1.821 0.003*  1.221 2.717 1.559 0.054 0.992 2.449
Lymph node metastasis  2.944 <0.001* 1.632 5.311 2.865 0.002" 1.478 5.554

TNM stage group 0.307 0.123 0.068 1.379 0.494 0.486 0.068 3.589
VM only 1.696 0.038" 1.030 2.791 3.081 0.004" 1.428 6.651
Laminin 5y2 only 1.327 0.040" 1.013 1.739 1.424 0.026" 1.043 1.945

VM and Laminin 5y2 9.896 0.028" 1.286 76.173 21401  0.033" 1.276 358.980

double positive

5.4. Discussion

Alternative vascularization influences the poor prognosis of cancer patients (Cao et al., 2013;
Hujanen et al., 2020), evoking tumor resistance towards anti-angiogenic and anti-neoplastic
therapy (Belotti et al., 2021). Vasculogenic mimicry is a leading pathological entity representing
this state to which prompted us for a more comprehensive evaluation of VM and associated
prognostic biomarkers underpinning in OSCC.

In this present study, we have evaluated the correlation of VM with expression of HIF-1a and
Laminin-5y2 in predicting the survival and prognosis of OSCC. We have inferred that the
occurrence of VM is significantly prevalent in the poorly differentiated tumor with increased
primary tumor size, higher lymph-node metastasis and TNM stage which reflected the
mechanistic link of VM to the invasion and metastasis attributing the aggressive and malignant
progression of OSCC. Contextually, commonalities have been observed in other malignant
tumors (Yang et al., 2016). HIF-1a plays a major role in the cellular response to hypoxia, which

is correlated with poor prognosis in several cancers (Birner et al., 2000; Sivridis et al., 2002).
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Hypoxia is also an inducer of epithelial-mesenchymal transition (EMT), characterized by loss of
cell junction and gain of migratory behavior (Ahmed et al., 2010). So there is the evidence of
hypoxic tumor microenvironment to induce EMT and promoting VM progression (Salnikov et
al., 2012).Laminin-5y2 complements ECM remodeling, and considered to be one of the most
common downstream signaling proteins in molecular cascades associated with VM i.e., TGF-p
(Ling et al., 2011), VE-Cadherin, EphA2, PI3-K (Hess et al., 2006), MMP2 (Larson et al., 2014;
Lu et al., 2013). Moreover, Laminin receptor Integrin f1 mediated FAK signaling has also been
associated with VM like network formation in human fibrosarcoma cells (Kawahara et al., 2018).
On the other hand, the cooperative interaction of MMP2 and Laminin-5y2 has been well
established in a number of malignancies including glioblastoma (Ling et al.,, 2011) and
aggressive melanoma when cultured on a three-dimensional ECM (Seftor et al., 2001). Our study
delineated a significant interrelation of VM, HIF-1la. and Laminin5y2 along with their
coordinated alignment with the histological and conventional prognostic parameters like tumor
grade, primary tumor size, lymph node metastasis and TNM stage group highlighting the impact
of integrating multiple facets of these markers that may benefit while assessing the risk factors in
OSCC. The double positivity of VM -HIF-1a and VM -Laminin-5y2 as well as their individual
positive expression also had the significantly poorer DFS and OS in our study which may act as
a tool to predict a worse prognostic indication. Although a few recent studies indicated the
individual prognostic significance of some VM associated biomarkers including LGR5 (Wu et
al., 2017), ALDH1, Beclinl, p16 (Wang, et al., 2018) and extracellular IL17-F (Almahmoudi et
al., 2021), the combinatorial approach of VM with its associated biomarkers (Mitra et al., 2020;
Xing et al., 2018) is still a less explored area in OSCC. In this context, our investigation

confirmed for the first time that both VM and Laminin-5y2 in combination, provide better
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prognostic significance with higher statistical power including increased hazard ratio [(HR)=
9.896, P=0.028 (DFS) and HR= 21.401, P=0.033 (OS)] compared to individual expression of
VM [(HR)= 1.696, P=0.038 (DFS) and HR= 3.081, P=0.004 (OS)] and Laminin-5y2 [HR)=
1.327, P=0.040 (DFS) and HR= 1.424, P=0.026 (OS)]. Collectively, these findings indicate the
complementarity of VM and Laminin-5y2 as powerful risk factor of DFS and OS in OSCC. We
further validated the manual quantification data with the inputs from automatic profiler and
showed a linear pattern (Miles et al., 2021). Indeed, digital quantitative pathology is an evolving
modality and needs further validation before its routine adoption as stand-alone method.
Knowing the therapeutic challenges of late refractory oral malignancies and roles of novel
prognostic biomarkers in informed treatment decisions, these findings will provide important
contextual guidance for defining appropriate clinical strategies.

5.5. Conclusion

In conclusion, from this chapter, it can be revealed that the expression of the hypoxia induced
HIF-1a and extracellular matrix protein Laminin-5y2 coordinated with VM are significantly
associated with tumor grade, primary tumor size, lymph node metastasis and TNM stage.
Furthermore, co-expression of vasculogenic mimicry with HIF-1a and Laminin-5y2 underlined
the independent prognostic impact and correlated with the decreased disease free and overall

survival in OSCC patients.
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Chapter 6

Role of hypoxia in inducing vasculogenic
mimicry in oral squamous cell carcinoma via
HIF-1%EphA2/Laminin-5y2 signaling

cascade
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6.1. Background

Hypoxia is one of the most common phenomenon within the tumor microenvironment of solid
tumors including OSCC which is orchestrated by hypoxia inducible factor (HIF-1a) contributing
to tumor metabolism, cellular survival and resistance towards chemotherapy and radiotherapy
(Balamurugan, 2016; Patel et al., 2020; Pezzuto & Carico, 2018) in association with tumor
metastasis, recurrence and poor survival rate (Eckert et al., 2010; Lee et al., 2007; Zhou et al.,
2017).Under hypoxic condition vasculogenic mimicry (VM) serves as an unique strategy of
blood and essential nutrient supply to the genetically dysregulated and aggressive tumor cells
(Folberg & Maniotis, 2004; Maniotis et al., 1999; Wei et al., 2021) independent of angiogenesis
and is associated with tumor invasion, metastasis and poor prognosis of several cancers (Mitra et
al., 2020; Ren et al., 2019; Sun, et al., 2018; Yu et al., 2017; Zhang et al., 2019) including OSCC
(Hujanen et al., 2021; Wang, et al., 2018; Wu et al., 2017). Although a variety of proteins and
micro-environmental factors have been found to contribute VM formation under hypoxic
condition in several cancer models including breast cancer (Li et al., 2017; Maroufi et al., 2020;
Sun, et al., 2018) hepatocellular carcinoma (Chen et al., 2019; Wang et al., 2017; Zhang et al.,
2020), lung adenocarcinoma (Fu et al., 2021), melanoma (Li & Zhou, 2019), colorectal cancer
(Li et al., 2016), glioma (Duan, 2018), its underlying molecular mechanistic approach in OSCC
remains poorly understood. In the hypoxic malignant tumor microenvironment HIF-1a enhances
the differentiation potential of cancer stem cells (CSC) (Emami Nejad et al., 2021; Li et al.,
2016) and promotes their transformation into more mobile cells through epithelial mesenchymal
transition (EMT) process (Fan et al., 2013; Hernandez de la Cruz et al., 2019) including the
remodeling of extracellular matrix (ECM) (Winkler et al., 2020) via the degradation of laminin

with the recruitment of matrix metalloproteases (Rousselle & Scoazec, 2020) (Delgado-Bellido
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et al., 2017) through a series of intracellular signaling pathways and results into the formation of
PAS+/CD31- infiltrating pseudo-vascular VM network to transport red blood cells and nutrients
to the tumor cells (Yue et al.,, 2021). Previous studies had demonstrated that VM channel
forming cells could be fueled by upregulated expression of VE-Cadherin, EphA2, ERK1/2,
MMP2, Laminin 5y2 genes (Hendrix et al., 2001; Hess et al., 2001, 2006; Larson et al., 2014; Lu
et al., 2013; Seftor et al., 2001) in several cancer models but their interconnected cascade and
simultaneous induction through HIF-1a has not been established yet in OSCC. In our previous
study we have depicted the prognostic significance of VM in coordination with Laminin 5y2
expression in OSCC patient cohorts (Saha et al., 2022) and based on that findings we further aim
to investigate the mechanistic link between HIF-1a and Laminin 5y2 involving the classical
intracellular signaling cascade for reshaping and degradation of ECM and simultaneous
formation of VM architecture in OSCC model which may be a potential therapeutic target
against the malignant phenotypes of OSCC.

6.2. Materials and methods

6.2.1. Antibodies

The primary and secondary antibodies used for Western blot (WB) are as follows. Rabbit
polyclonal anti-HIF1a (Novus Biologicals, Cat# NB100-479, dilution: 1:500, Mouse monoclonal
anti-VE-Cadherin (Novus Biologicals, Cat# NB600-1409, dilution: 1:100, Rabbit monoclonal
anti-EphA2 (Cell signaling technology, Cat# 6997, Clone : D4A2, dilution:1:1000, Rabbit
monoclonal anti-pEphA2 (S-897) (Cell signaling technology, Cat# 6347, Clone : D9A1,
dilution:1:1000, Rabbit monoclonal anti phospho p44/42 MAPK (Erk1/2) (Thr202/Tyr204) (Cell
signaling technology, Cat# 4370, Clone : D13.14.4E, dilution:1:2000, Rabbit polyclonal anti

Erk1+Erk2 (Abcam, Cat# ab17942, dilution:1:1000), Mouse monoclonal anti- MMP2 (Novus
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Biologicals, Cat# NB200-114, Clone 8B4,dilution:1:1000), mouse monoclonal anti-Laminin-5
(Y2 chain) (Merck, Cat# MAB19562, Clone D4B5, dilution:1:1000), Rabbit monoclonal anti-E-
Cadherin [Novus Biologicals, Cat# NBP2-67540, Clone ST54-01,dilution:1:1000), Mouse
monoclonal anti- Vimentin (Santa Cruz Biotechnology, Cat# sc-6260, Clone V9, dilution:1:200),
Mouse monoclonal anti-Snail (Novus Biologicals, Cat# NBP2-50300, Clone 20CS8,
dilution:1:1000), Mouse monoclonal anti-Twistl (Novus Biologicals, Cat# NBP2-37364, Clone
10E4ES6, dilution: 1:1000), Rabbit polyclonal anti-CD133 (Novus Biologicals, Cat# NB120-
16518, dilution: 1:1000), Mouse monoclonal anti 3-Actin (Santa Cruz Biotechnology, Cat # sc-
47778, Clone C4, dilution:1:200) were used as primary antibodies in this study. Horseradish
peroxidase (HRP) conjugated Goat Anti Rabbit polyclonal I1gG (Sigma Aldrich, Cat# A0545)
and Rabbit Anti Mouse IgG (Sigma Aldrich, Cat# A9044) were used as secondary antibodies.
6.2.2. Cell lines and culture condition

Human oral squamous cell carcinoma cell lines UPCI:SCC154 (ATCC®CRL-3241™) and
UPCI:SCC090 (ATCC®CRL-3239™) were obtained from American Type Culture Collection
(Manassas, VA, USA). All the cell lines were maintained in Minimum Essential Medium
(Gibco, Life Technologies, USA) supplemented with 10% heat inactivated Fetal Bovine Serum
(FBS) (Gibco, Life Technologies, USA) and 2 mM L-glutamine (Thermo-Fisher Scientific) at
37°C in a humidified incubator with 5% CO>. All the experiments were performed after 3™
passage of cell lines which were maintained in an exponential growing phase. Hypoxic condition
was stimulated by incubating cells in a hypoxic chamber flushed with a gas mixture of 1% O/

5% CO2/94%N> and the induction of HIF-1a expression was assessed by Western blot analysis.
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6.2.3. Transfection of sSiRNA

The ON-TARGETplusSMARTpool SIRNA targeting HIF-1a (SIRNA#1:
GAACAAAUACAUGGGAUUA, siRNA#2: AGAAUGAAGUGUACCCUAA, siRNA#3:
GAUGGAAGCACUAGACAAA, siRNA#4: CAAGUAGCCUCUUUGACAA)  as well as the
ON-TARGETDplus Non-targeting SIRNA (sicontrol) (siControl#1:
UGGUUUACAUGUCGACUAA, siControl#2: UGGUUUACAUGUUGUGUGA, siControl#3:
UGGUUUACAUGUUUUCUGA, siControl#4: UGGUUUACAUGUUUUCCUA)  were
purchased from Dharmacon (Horizon). The siRNA dried pellet was resuspended in RNase free
1X SiRNA buffer to prepare a 20 uM stock solution. Finally, 100 nM of HIF-1a siRNA were
used to transfect cells. For transfection, cells were seeded into 6 well plates at 1.5 X 10° cells
/well (2ml) and cultured overnight. Afterwards when the cells reached 50-60% confluency they
were transfected with siRNAs using Jetprime (Polyplus) reagents for 48 hours according to
manufacturer’s instructions and then characterized by Western blot to assess the level of
silencing of HIF-1a. The silencing experiments and the downstream assays were performed both
under normoxia and hypoxia.

6.2.4. In vitro Tube formation assay

Pre-chilled 96 well culture plate was evenly coated with 50ul of matrigel matrix (354262,
Corning, USA) and incubated at 37°C for 30 mins to solidify. Tumor cells [2 X 10* cells/well
(200ul)] were seeded in the matrigel coated plate and incubated overnight. In case of transfected
cells, after 48 hours of transfection, cells were trypsinized, and then seeded on the matrigel
coated plate. The VM channels were observed under inverted microscope and the images were
captured at 100X magnification. The images were analyzed to calculate the tube length and

number of master junctions using Angiogenesis Analyzer compatible with Image J.
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6.2.5. Transwell Migration and Invasion assay

The migration and invasion assay was carried out using 24 well plate containing transwell
chambers with the polycarbonate filters of 6.5mm diameter and 8um pore size (3422, Corning,
USA). Cells suspended in 100ul of serum free media were seeded into the upper chambers at a
density of 1 x 10%well for migration and 2 x 10%well for invasion. For the invasion assays, the
growth factor reduced Matrigel (356231, Corning, USA) was diluted with serum-free medium
according to the manufacturer instructions at a ratio of 1:5 and 100ul/well was added to the
upper chambers and incubated at 37°C for 1 h before seeding cells. The lower chambers were
filled with 600ul of complete media containing 10% FBS as chemoattractant. After the
incubation of 24 hours the membranes were fixed with methanol for 15 mins and after washing
with PBS the membranes were stained with Giemsa stain. The non- migrating or non-invading
cells on the upper surface of the membrane were removed using cotton swabs. The no of
migrating or invading cells were counted and the images were captured at 100X magnification.
6.2.6. Sphere formation assay

For sphere formation assay single cell suspension in the tumor sphere media (serum free media
supplemented with 1X B27, 20ng/ml epidermal growth factor, 10ng/ml basic fibroblast growth
factor, 5pg/ml insulin, 0.4% FBS) were seeded at a density of 1000 cells/well (200ul) in a 96-
well ultra-low attachment plate. After one week of incubation the sphere forming cells were
observed under inverted microscope and the sphere forming efficiency was determined by
dividing the number of oral spheres by the number of cells seeded and the images were captured

at 100X magnification.
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6.2.7. Western blot analysis

Western blot analysis was performed as described earlier (Rauth et al., 2016). Cells were lysed in
ice-cold cell lysis buffer (15 mM Tris, 2 mM EDTA, 50 mM 2-mercaptoethanol, 20% glycerol,
0.1% Triton X-100, 1 mM PMSF, 1 mM sodium fluoride, 1 mM sodium orthovanadate, 1 pg/ml
aprotinin, 1 pg/ml leupeptin, and 1 pg/ml pepstatin). The total cell lysates were centrifuged at
13,500 rpm at 4°C for 15 min, and the supernatant was aliquoted in separate tubes. The protein
concentration was measured using BCA kit (Thermo Scientific) as per the manufacturer’s
protocol. 50ug of total cell lysate was resolved by 10% SDS-PAGE and then electro-transferred
to polyvinyldenedifluoride (PVDF) membrane. After blocking with 5% non-fat dry milk in Tris-
buffered saline (20 mM Tris HCI and 137 mM NacCl, pH 7.5) for 1 hour at room temperature the
membranes were incubated with different dilutions of primary antibodies overnight at 4°C. Next
day, the membranes were washed using Tris-buffered saline (TBS) with 0.5 % Tween 20 and
incubated with appropriate secondary antibodies conjugated with horse radish peroxidase (HRP)
for 1 hour at room temperature. The signal was visualized using enhanced chemiluminescence
kit (BioRad) and the resulting bands were acquired using Image Lab 5.2.1 software (BioRad) and
the band density was quantified by Image J software. B-actin was used as a loading control.

6.2.8. Real Time PCR

For gene expression analysis total RNA was extracted with Trizol reagent according to
manufacturer’s protocol. The complementary DNA (cDNA) was synthesized from 2ug of total
RNA using Roche Evoscript Universal cDNA master kit. Quantitative analysis of cDNA
amplification was assessed by incorporating SYBR green nucleic acid stain (Roche FastStart
Essential DNA Green Master kit) into double stranded DNA. The specific primers for

investigating gene expression are as follows: HIF-1a Forward -5’
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GTCTGCAACATGGAAGGTATTG-3’, HIF-1a Reverse- 5>-GCAGGTCATAGGTGGTTTCT -
3’, Laminin 5y2 Forward -5° GATGGCATTCACTGCGAGAAG-3’, Laminin 5y2 Reverse- 5’-
TCGAGCACTAAGAGAACCTTTGG-37, GAPDH Forward- 5’-
GTCAACGGATTTGGTCGTATTG-37, GAPDH Reverse- 5-
TGTAGTTGAGGTCAATGAAGGG-3’. The PCR condition included denaturation at 95°C for 1
min, Annealing at 52°C for 1 min and Extension at 72°C for 2 mins. All the samples were
evaluated in triplicates using Roche Light cycler 96. GAPDH was used as an endogenous
control. Quantitative evaluation of data was carried out using 22T method and Ct (cycle
threshold) values were standardized with respect to GAPDH expression.

6.2.9. Statistical analysis

All the statistical analysis was performed using GraphPad Prism 7 (GraphPad, USA) software.
All the experiments were repeated independently three times and the data were recorded as
mean+SD. One way Analysis of variance (ANOVA) followed by post-hoc comparisons with
Tukey test was carried out to assess the significant difference between each treated group and
untreated control. P<0.05 was considered as statistically significant.

6.3. Results

6.3.1. HIF-1a escalates VM forming ability in oral cancer in vitro

To investigate the role of HIF-1a in the enhancement of VM formation, the tube forming ability
of OSCC cell lines in 3D tumor culture was monitored by stabilizing HIF-1a under hypoxia and
also silencing HIF-1a expression with HIF-1a siRNA. The hypoxic condition triggered the
formation of vascular architecture (characterized by the interconnected loops and tubular
networks) in all the OSCC cell lines. Further the cells transfected with HIF-1a siRNA

significantly inhibited the tube forming capacity of OSCC cell lines in both normoxia and
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hypoxia compared to the non-transfected cells and control siRNA transfected cells demonstrating
the fracturing in the tubular structure as well as the significant decrease in the length and number
of tubes along with the reduced number of tubular junctions (Figure 14) . The non-transfected
cells and control siRNA transfected cells did not reveal any significant differences in their VM

forming ability either in normoxia or in hypoxia.
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Figure 13: Standardization of (a) hypoxia induction and (b) dose of HIF-1a siRNA in OSCC
cell lines and the representative bar graphs. Each experiment was performed in triplicates. *P
value<0.05, **P value <0.01 and ***P value <0.0001 denote statistically significant changes

compared to corresponding control by One Way ANOVA test (P ANOVA< 0.0001) followed by

post hoc Tukey’s test.
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Figure 14: siRNA against HIF-1a inhibits vasculogenic mimicry formation in Vvitro (a) Effect
of silencing of HIF-1a on the formation of VM in OSCC cells (Magnification 100X) under
normoxia and hypoxia. (b) Quantification of VM formation with respect to the number of master
junctions and length of master segments in OSCC cells treated with HIF-/a siRNA under
normoxia and hypoxia. Each experiment was performed in triplicates. *P value <0.05, **P
value <0.01 and ***P value <0.0001 denote statistically significant changes compared to
corresponding control by One Way ANOVA test (P ANOVA< 0.0001) followed by post hoc
Tukey'’s test.

6.3.2. HIF-1a regulates VM associated EphA2/Laminin 5y2 axis

The expressional alteration of VM associated signaling molecules with the induced and silenced
expression of HIF-1a was evaluated using western blot analysis. Under hypoxia the protein
expression of HIF-1a and its downstream VE-Cadherin, EphA2, pEphA2 (S897), pERK1/2,

MMP2 and Laminin 5y2 was significantly increased whereas the knock-down of HIF-1a notably
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downregulated the expression of these VM associated signaling molecules both under normoxic
and hypoxic condition in the OSCC cells (Figure 15a) indicating the role of HIF-1a in regulating
the VM promoting EphA2/Laminin 5y2 signaling cascade. Similarly the mRNA expression of
HIF-1a and Laminin 5y2 was also markedly reduced in the HIF-1a silenced cells under

normoxia and hypoxia (Figure 15b).

(a) scci54 SCC090
] ; . o (b) scc1s4 $CC090
Control siControl HIF-lasi Control siControl HIF-1asi Centrsl s5iContrsl HIF-lasl Cemtrel siCeatrsl HIF-1asi
N H N B N H N H N H N H N H N H N H N H N H N H
i [FS . . ESE8 oo Qe I .
e N P —— | —— .
o e cvn e —— g .
PEPhAZ (58 — — [== & | 124xme (©)
C
- = 44KDa
PERK 172 = . o I _ £2KDa
ERK1Z (25 on e S0 = <o | [ 56 &5 55 &8 25 | o £ H
14 14
Mmml——_«: s “_— - -— |7zxn= g £
K 3
Ll-hhsﬂ|._,.._.<_. ||—-—- ._.I 150 KDa H H
4 &

0.0 0.0
N HN HN H N HN HN H N HN HN H N HN HN H

(e) (f

Figure 15: siRNA against HIF-1a inhibits the expression of vasculogenic mimicry related
genes in vitro. (a,e,f) Effect of silencing of HIF-/a on the protein expression of VM related
genes. (b,c,d) Effect of silencing of HIF-/a on the mRNA expression of VM related genes.

6.3.3. HIF-1a regulates VM related aggressive phenotype and expression of EMT and CSC
markers

Since VM is closely associated with the migration and invasion of tumor cells hence the
migratory and invading potential of OSCC cells were assessed using transwell migration and
invasion assay in HIF-lo induced condition and after performing HIF-1o knockdown

respectively (Figure 16). Induction of hypoxia significantly increased the number of migrating
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and invading cells whereas the HIF-1a siRNA transfected cells exhibited significant decrease in
tumor cell migration and invasion through transwell chambers compared to the non-transfected
cells and control siRNA transfected cells. Hypoxia induced HIF-1a also heightened the stemness
property of tumor cells characterized by the formation of spherical and non-adherent tumor
spheres. Sphere forming assay revealed the significant increase in the number and volume of the
spheres in hypoxic cells followed by the reduction in sphere formation and downregulation of
CD133 with the HIF-1a knockdown. Furthermore the amelioration of EMT phenomenon
through HIF-1a induction was also investigated by assessing the expressional alteration of EMT
markers such as E-Cadherin, Vimentin, Snail and Twist. Hypoxia induced HIF-1a significantly
decreased the expression of E-Cadherin and increased the expression of other mesenchymal
markers (Vimentin, Snail and Twist). HIF-1a siRNA consistently reversed the effect of hypoxia

evaluating the expressional alteration of the EMT markers in all the OSCC cell lines (Figure 17).
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Figure 16: siRNA against HIF-1a inhibits transwell migration, invasion, sphere formation
and expression of EMT and CSC related genes in vitro. (a) Effect of silencing of HIF-1a on the
transwell migration, invasion and sphere formation in OSCC cells (Magnification 100X) under
normoxia and hypoxia. (b) Quantification of migrated and invaded OSCC cells and CSC

enriched spheres treated with HIF-/a siRNA under normoxia and hypoxia
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Figure 17: siRNA against HIF-1a inhibits the expression of EMT and CSC related genes in
vitro. (a) Effect of silencing of HIF-1a on the protein expression of EMT and CSC related genes.
(b,c) Quantification of alteration of protein expression in HIF-I/a silenced cells compared to
untreated control.

6.4. Discussion

A few recent studies indicated the prognostic significance of some VM associated biomarkers
including SOX7 (Hong et al., 2021), LGR5 (Wu et al., 2017), ALDH1, Beclinl, p16 (Wang, et
al., 2018) NC11 domain of Collagen XVI (Bedal et al., 2015) in OSCC but the molecular
mechanistic approach behind the VM formation in coordination with other intracellular factors
has not been explored yet. The current study linked the hypoxic induction of HIF-1a and OSCC-
VM formation through modulating the expression of Laminin-5y2 which is an indicator of
extracellular matrix remodeling via the consequential up-regulation of VVE-Cadherin, EphA2,
pEphA2 (S-897), pERK1/2 and MMP2. The siRNA mediated knockdown of HIF-1a disrupted
VVM formation and inhibited the potential of cellular migration, invasion and stemness under both
normoxia and hypoxia in SCC154 and SCCO090 cell lines. Hypoxic induction of VM has been
reported in lung adenocarcinoma through NRP1 up regulation (Fu et al., 2021) and
hepatocellular carcinoma through upregulation of LOXL2 (Wang et al., 2017) as well as
triggering HIF-1a stabilization and elevation of Vimentin expression via RhoA/ROCK and
RAC1/PAK signaling (Zhang et al., 2020).Macrophage migration inhibitory factor (MIF) also
augmented the hypoxia induced VM formation through CXCR4-AKT pathway in glioblastoma
cells (Guo et al., 2017).Hypoxia induced VM formation has also been explained in breast cancer
via ROS mediated GSK-3p/Snail signaling (Sun, et al., 2018) but none of the studies have

focused upon the hypoxia induced changes in ECM components. In this regard our study
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suggests a narrative of multifactorial signaling in the hypoxic tumor microenvironment that
might converge to influence the orchestration of ECM degradation and metastatic VM formation
in OSCC model. Earlier the study of (Tang et al., 2014) demonstrated that HIF-1a up-regulated
the expression of VE-Cadherin to modulate VM in esophageal squamous cell carcinoma but did
not emphasize on the intermediate players of EphA2 signaling including pEphA2 (S-897) and
pERK1/2 which are found to be correlated with VM expression in liver (Huang et al., 2014),
prostate (Wang et al., 2016) and breast cancer (Mitra et al., 2020). We further demonstrated that
the hypoxic induction of HIF-1a augmented the EMT along with stem like phenotype in OSCC
cells through notable expressional alteration of E-Cadherin, Vimentin, Snail, Twist and CD133.
Our findings have been supported by (Wang et al., 2019) who investigated the role of VEGFA in
hypoxia induced VM formation through regulating EMT and stemness in salivary adenoid cystic
carcinoma (SACC). Another study from their group also indicated the VM forming potential of
CD133+ cancer stem like cells in SACC (Wang et al., 2016). Several recent studies including
breast cancer (Maroufi et al., 2020), liver cancer (Chen et al., 2019), melanoma (Li & Zhou,
2019) demonstrated the crucial role of EMT in hypoxia induced VM formation and the study of
Wang et al., 2014 and Kang et al., 2021 revealed the mechanism of VM formation via EphA2 as
well as Tenascin C and ERK mediated EMT phenotype in head and neck squamous cell
carcinoma and gastric cancer but no evidence of hypoxia inducing VM formation via EMT has
been reported yet in OSCC. In that context our study revealed that hypoxic induction caused
enhancement of VM forming ability in OSCC cells and on the other hand silencing of HIF-1a
resulted into the significant reduction of VM forming capacity followed by the inhibition of
downstream signaling components including EphA2, pERK1/2, MMP2, Laminin-5y2 under

normoxic and hypoxic condition. Furthermore silencing of HIF-1a also significantly reduced the
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invasion, migration and sphere forming efficiency in the in vitro OSCC model as well the
alteration of subsequent EMT and CSC markers, revealing their mechanistic involvement in the
OSCC VM formation.

6.5. Conclusion

From this chapter it can be concluded that HIF-1a plays an important role in the hypoxia induced
VM formation in the in vitro oral cancer model. The possible mechanism is that the hypoxic
microenvironment causes induced expression of HIF-lo which leads to the simultaneous
upregulation of the downstream targets including VE-Cadherin, pEphA2 (S-897), pERK1/2,
MMP2, Laminin-5y2 causing extracellular matrix remodeling and enhancement of Mesenchymal

phenotype and cancer stemness in OSCC cells.
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Chapter 7

Evaluation of synergistic effect of Lupeol and
Paclitaxel in attenuating vasculogenic mimicry in in

vitro and ex vivo oral squamous cell carcinoma
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7.1. Background

Despite the advances in diagnosis and various treatment modalities, the 5 year survival of OSCC
patients did not improve for more than 50%, mostly because of the treatment failure due to the
loco-regional recurrence and distant metastasis (Thavarool et al., 2019). The poor survival
outcome is also influenced by alternative vascularization strategies which evokes tumor
resistance towards anti-angiogenic and anti-neoplastic therapies (Belotti et al., 2021). Since
traditional anti-angiogenic therapy could not inhibit the formation of VM, finding a new
treatment regimen specifically targeting VM holds a great challenge to the researchers and
clinicians. Platinum based drugs like Cisplatin and Carboplatin, in combination with Fluorouracil
have been considered as conventional chemotherapeutic regimens for locally advanced OSCC
(Gibson et al., 2005; Hartner, 2018). To improve prognosis, administration of taxane based drugs
such as Paclitaxel in conjunction with the platinum drugs or Cetuximab have recently been
reported to be effective with lower cytotoxicity and higher tolerability (Ahn et al., 2016; Hitt et
al., 2012; Sawatani et al., 2020). Paclitaxel is a mitotic inhibitor which stabilizes cytoplasmic
microtubules and causes interference of cellular replication, arresting cells from entering to
G2/M phases of the cell cycle, and apoptosis (Horwitz, 1994). However its adverse side effects
on non-malignant healthy cells is a concerning factor to develop alternative treatment scheme.
Combining the cancer preventive phytochemicals with the conventional chemotherapeutic agents
has become an emerging strategy of treating cancer to augment the efficacy and response rate of
the anticancer drug and concurrently to overcome the drug resistance, dose induced toxicity and
adverse side effects. Hence our goal is to elucidate the anti-VM efficacy of phytochemical
Lupeol via modulating hypoxia induced ECM remodeling and simultaneous EMT and CSC

phenotypes. Lupeol is a pharmacologically active natural triterpene widely found in edible fruits
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and vegetables (Liu et al., 2021; Saleem, 2009) including mango, strawberry, olive, red grapes,
white cabbage, cucumber, pepper, tomato and reported to have extensive anti-inflammatory,
mutagenesis-inhibiting, anti-neoplastic, anti-arthritis, and anti-diabetic properties in both in vitro
and in vivo studies (Bociort et al., 2021; Che et al., 2022; Malekinejad et al., 2022). Moreover,
data from in vitro (Nyaboke et al., 2018; Pitchai et al., 2014) and animal studies (Al-Rehaily et
al., 2001; Patoc¢ka, 2003; Saleem, 2009) provided convincing evidences regarding safety profile
of Lupeol. In this regard our study aims to explore the possible chemo-sensitization effect of
Lupeol to potentiate the anti-neoplastic effect of conventional chemotherapeutic drug Paclitaxel
in terms of obstructing VM and its associated aggressive phenotypes in the in vitro and ex vivo
OSCC platform and through establishing the synergistic cooperation of Lupeol with lower doses
of Paclitaxel, our study may indicate a novel and promising therapeutic strategy against human
OSCC.

7.2. Materials and methods

7.2.1. Reagents

A 30 mM stock solution of Lupeol (Sigma, S957712) was prepared by dissolving in warm
alcohol followed by dilution with DMSO (Sigma, D2650) at a ratio of 1:1. For all the treatment
protocols the final concentration of DMSO was <0.01% which is nontoxic to cells. A 50mM
stock solution of Paclitaxel (Sigma, T1912) was prepared by dissolving in DMSO.

7.2.2. Antibodies

The primary and secondary antibodies used for Western blot (WB), Immuno-histochemistry
(IHC), Immunofluorescence (IFS) and Flow cytometry (FC) are as follows. Rabbit polyclonal
anti-HIF1a (Novus Biologicals, Cat# NB100-479, dilution: 1:500 for WB; 1:100 for IHC; 1:100

for IFS; 1:100 for FC), Mouse monoclonal anti-VE-Cadherin (Novus Biologicals, Cat# NB600-
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1409, dilution: 1:100 for WB ; 1:100 for IHC), Rabbit monoclonal anti-EphA2 (Cell signaling
technology, Cat#6997, Clone: D4A2, dilution: 1:1000 for WB; 1:100 for IHC), Rabbit
monoclonal anti-pEphA2 (S-897, Cell signaling technology, Cat#6347, Clone: D9A1, dilution:
1:1000 for WB; 1:100 for IHC),Rabbit monoclonal anti phospho p44/42 MAPK (Erk1/2)
(Thr202/Tyr204), from Cell signaling technology, Cat#4370, Clone: D13.14.4E, dilution: 1:2000
for WB; 1:100 for IHC), Rabbit polyclonal anti Erk1+Erk2 (Abcam, Cat# ab17942, dilution:
1:1000 for WB), Mouse monoclonal anti-MMP2 (Novus Biologicals, Cat #NB200-114, Clone:
8B4, dilution: 1:1000 for WB; 1:100 for IHC), mouse monoclonal anti-Laminin-5 (Y2 chain)
from Merck ( Cat #MAB19562, Clone: D4B5, dilution: 1:1000 for WB; 1:100 for IHC), Rabbit
monoclonal anti CD-31 or PECAM-1 (Santa Cruz Biotechnology, Cat# sc-1506-R, Clone: M-20,
dilution: 1:100 for IHC), Rabbit monoclonal anti-E-Cadherin (Novus Biologicals, Cat#NBP2-
67540, Clone: ST54-01, dilution: 1:1000 for WB; 1:100 for IHC; 1:100 for IFS), Mouse
monoclonal anti- Vimentin (Santa Cruz Biotechnology, Cat# sc-6260, Clone:V9, dilution: 1:200
for WB; 1:100 for IHC; 1:100 for IFS), Mouse monoclonal anti-Snail (Novus Biologicals,
Cat#NBP2-50300, Clone: 20C8, dilution: 1:1000 for WB; 1:200 for IHC), Mouse monoclonal
anti-Twistl (Novus Biologicals, Cat# NBP2-37364, Clone: 10E4ES6, dilution: 1:1000 for WB;
1:200 for IHC), Rabbit polyclonal anti-CD133 (Novus Biologicals, Cat# NB120-16518, dilution:
1:1000 for WB; 1:100 for IHC; 1:100 for IFS), Rabbit monoclonal anti -Bcl2 (Novus
Biologicals, Cat# NBP2-07182, Clone: JF104-8, dilution: 1:1000 for WB), mouse monoclonal
anti-Bax (Santa Cruz Biotechnology, Cat #sc-7480, Clone: B9, dilution: 1:200 for WB), Mouse
monoclonal anti B-Actin (Santa Cruz Biotechnology, Cat# sc-47778, Clone: C4, dilution: 1:200
for WB) were used as primary antibodies in this study. Horseradish peroxidase (HRP)

conjugated Goat Anti Rabbit polyclonal 1gG (Sigma Aldrich, Cat# A0545) and Rabbit Anti
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Mouse IgG (Sigma Aldrich, Cat# A9044) were used as secondary antibodies for performing
western blot and Goat anti-Rabbit IgG F(ab’)2 secondary antibody with FITC conjugate
(Invitrogen, Cat# 31573) and Goat anti-Mouse F(ab’)2 IgG (H+L) secondary antibody with PE
conjugate (Invitrogen, Cat# 12-4010-82) were used for performing Immunofluorescence and
Flow cytometry.

7.2.3. Cell lines and culture condition

Human oral squamous cell carcinoma cell lines UPCI:SCC154 (ATCC®CRL-3241™) and
UPCI:SCC090 (ATCC®CRL-3239™) were obtained from American Type Culture Collection
(Manassas, VA, USA). All the cell lines were maintained in Minimum Essential Medium
(Gibco, Life Technologies, USA) supplemented with 10% heat inactivated Fetal Bovine Serum
(FBS) (Gibco, Life Technologies, USA) and 2 mM L-glutamine (Thermo-Fisher Scientific) at
37°C in a humidified incubator with 5% CO.. All the experiments were performed after 3™
passage of cell lines which were maintained in an exponential growing phase. Hypoxic condition
was stimulated by incubating cells in a hypoxic chamber flushed with a gas mixture of 1% O2/
5% CO2/94%N> and the induction of HIF-1a expression was assessed by Western blot analysis.
7.2.4. Cell viability assay

7.2.4.1. MTT assay

Cell viability was determined by MTT assay. Cells were seeded at a density of 1x10%well
(200ul) in a 96 well plate and then exposed to Lupeol (0-200 uM), Paclitaxel (0-150 nM) and
Lupeol+ Paclitaxel for 48 hours under hypoxic condition. Thereafter 10ul of MTT solution
(2mg/ml) was added in each well and incubated for 2-4 hours at 37°C. Then 100ul of DMSO
was added to dissolve the formazan crystal and OD was measured at 570 nm using microplate

reader. The percentage cell viability was determined with respect to the untreated control.
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7.2.4.2. Determination of Combination Index (CI)

After the determination of individual and combinatorial inhibitory effects of Lupeol and
Paclitaxel the combination index was calculated according to the meth described by (Chou,
2010). The value of CI implies the quantitative measure of degree of interaction between two
drugs. ClI < 1 denotes synergistic, Cl=1 denotes additive and Cl >1 denotes antagonistic effects.
The dose reduction index (DRI) is the measure of dose reduction of each drug in a synergistic
combination of a given level compared with the doses of individual drugs.

7.2.5. Clonogenic assay

Approximately 500 cells / well (2ml) were seeded in a 6 well plate and after overnight incubation
cells were treated with designated doses of Lupeol and Paclitaxel and were then grown in fresh
medium for another 3 days at 37°C until the colonies were formed. Cell colonies were fixed with
10% methanol for 15 mins. After that colonies were washed with 1X PBS and stained with
Harry's hematoxylin. Then the number of colonies (a single colony denotes >50 cells) were
counted under the bright field microscope and photographs were captured at 4X magnification
and the percentage of colonies were calculated with respect to the untreated control.

7.2.6. Wound healing assay:

For wound healing assay, cells were seeded at a density of 1X10° cells/well in a 6 well plate.
When the cells reached more than 80% confluency a vertical wound was created through cell
monolayer using 200ul pipette tip. Cellular debris and smooth edges of scratch were removed by
washing the cells once and replaced with serum free media containing different concentrations of
Lupeol and Paclitaxel. Wound closure was observed at different time points and photographs
were captured at 4X magnification under bright field microscope and the scratch area was

analyzed using Image J software.
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7.2.7. Evaluation of apoptosis

7.2.7.1. AnnexinV/PI assay

Cell apoptosis was detected using Annexin V Apoptosis detection kit (Santa Cruz Biotechnology
Inc, sc-4252 AK). Briefly after treatment of individual and combined doses of Lupeol and
Paclitaxel for 48 hours the cells were harvested by centrifugation and dissolved in 1X assay
buffer. Cells were then stained with Annexin-V-FITC and propidium iodide (PI), incubated at
room temperature for 15 minutes in the dark and then data were acquired by BD FACSVerse™
flow cytometer. Cells without Annexin V-FITC and PI stains were considered as negative
control. Total 10000 events were considered during acquisition. The dual parameter dot plot
considering the logarithmic fluorescence intensity of FL1-H (X axis- FITC fluorescence) and
FL2-H (Y axis- Pl fluorescence) was obtained using FlowJo™ v10 software to determine the
percentage of total apoptosis (consisting of early apoptosis and late apoptosis).

7.2.7.2. TUNEL assay

Apoptotic cells that undergo DNA degradation were detected using TUNEL assay using TACS -
2 TdT-Fluor Insitu Apoptosis detection kit (R&D systems, Cat #4812-30K) according to the
manufacturer’s protocol. After fixation with 3.7% buffered formaldehyde, the cells on the sterile
coverslips were digested with protease K for 15 minutes at room temperature. The cells were
then washed and incubated with TUNEL reaction mix (TdT enzyme solution and labeling
solution) for 60 minutes at 37°C in humidified chamber. The cells on the coverslips were
mounted on clean glass slides and the TUNEL positive apoptotic cells were detected with the

fluorescence microscope at 400X magnification.
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7.2.8. In vitro Tube formation assay

Pre-chilled 96 well culture plate was evenly coated with 50ul of matrigel matrix (354262,
Corning, USA)and incubated at 37°C for 30 mins to solidify. Tumor cells [2 X 10 cells/well
(200ul)] were seeded in the matrigel coated plate and incubated overnight. In case of transfected
cells, after 48 hours of transfection, cells were trypsinized, and then seeded on the matrigel
coated plate. The VM channels were observed under the inverted microscope and the images
were captured at 100X magnification. The images were analyzed to calculate the tube length and
number of master junctions using Angiogenesis Analyzer compatible with Image J.

7.2.9. Transwell Migration and Invasion assay

The migration and invasion assay was carried out using 24 well plate containing transwell
chambers with the polycarbonate filters of 6.5mm diameter and 8um pore size (3422, Corning,
USA). Cells suspended in 100ul of serum free media were seeded into the upper chambers at a
density of 1 x 10%well for migration and 2 x 10%well for invasion. For the invasion assays, the
growth factor reduced Matrigel (356231, Corning, USA) was diluted with serum-free medium
according to the manufacturer instructions at a ratio of 1:5 and 100ul/well was added to the
upper chambers and incubated at 37°C for 1 h before seeding cells. The lower chambers were
filled with 600ul of complete media containing 10% FBS as chemo-attractant. After the
incubation of 24 hours the membranes were fixed with methanol for 15 mins and after washing
with PBS the membranes were stained with Giemsa stain. The non- migrating or non-invading
cells on the upper surface of the membrane were removed using cotton swab. The number of

migrating or invading cells were counted and the images were captured at 100X magnification.
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7.2.10. Sphere formation assay

For sphere formation assay single cell suspension in the tumor sphere media (serum free media
supplemented with 1X B27, 20ng/ml epidermal growth factor, 10ng/ml basic fibroblast growth
factor, S5ug/ml insulin, 0.4% FBS) were seeded at a density of 1000 cells/well (200ul) in a 96-
well ultra-low attachment plate. After one week of incubation the sphere forming cells were
observed under inverted microscope and the sphere forming efficiency was determined by
dividing the number of oral spheres by the number of cells seeded and the images were captured
at 100X magnification.

7.2.11. Western blot analysis

Western blot analysis was performed as previously described method (Rauth et al., 2016) in
chapter 6. 50ug of total cell lysates were resolved by 10% SDS-PAGE and then electro-
transferred to polyvinyldenedifluoride (PVDF) membrane. After blocking with 5% non-fat dry
milk for 1 hour at room temperature the membranes were incubated with different dilutions of
primary antibodies overnight at 4°C followed by the exposure with appropriate secondary
antibodies conjugated with horse radish peroxidase (HRP) for 1 hour at room temperature. The
signal was visualized using enhanced chemiluminescence kit (BioRad) and the resulting bands
were acquired using Image Lab 5.2.1 software (BioRad) and the band density was quantified by
Image J software. B-actin was used as a loading control.

7.2.12. Real Time PCR

For gene expression analysis, total RNA was extracted with Trizol reagent according to the
manufacturer’s protocol. The complementary DNA (cDNA) was synthesized from 2ug of total
RNA using Roche Evoscript Universal cDNA master kit. Quantitative analysis of cDNA

amplification was assessed by incorporating SYBR green nucleic acid stain (Roche FastStart
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Essential DNA Green Master kit) into double stranded DNA. The specific primers for
investigating gene expression are as  follows: HIF-1lo.  Forward -5’
GTCTGCAACATGGAAGGTATTG-3’, HIF-1a Reverse- 5’-GCAGGTCATAGGTGGTTTCT -
3’ , Laminin 5y2 Forward -5’-GATGGCATTCACTGCGAGAAG-3’, Laminin 5y2 Reverse 5’-
TCGAGCACTAAGAGAACCTTTGG-3, GAPDH Forward- 5’-
GTCAACGGATTTGGTCGTATTG-3, GAPDH Reverse- 5’-
TGTAGTTGAGGTCAATGAAGGG-3’. The PCR condition included denaturation at 95°C for 1
min, Annealing at 52°C for 1 min and Extension at 72°C for 2 mins. All the samples were
evaluated in triplicates using Roche Light cycler 96. GAPDH was used as an endogenous
control. Quantitative evaluation of data was carried out using 22T method and Ct (cycle
threshold) values were standardized with respect to GAPDH expression.

7.2.13. Immunofluorescence assay

For Immunofluorescence assay tumor cells [~1-1.5X10* cells/well (2ml)] were seeded on the
sterile coverslips in 6-well plates and cultured overnight. After the treatment with Lupeol and
Paclitaxel cells were fixed with methanol. Next the cells were incubated with appropriate
primary antibodies for 1 hour after permeabilization with 0.5% Triton-X 100 and 5% BSA. After
washing with PBS containing 0.5% Tween-20, cells were incubated with FITC and PE
Conjugated secondary antibodies for 1 hour followed by incubation with DAPI for nuclear
localization. After the staining the coverslips were mounted with glycerol and imaging was
performed by fluorescence microscope (Olympus,) and the data were analyzed by Image J

software.
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7.2.14. Flow cytometry analysis

For flow cytrometry analysis cells were seeded at a density of 2X10° cells/well (2ml) of 6 well
plates and after the treatment with Lupeol and Paclitaxel, cells were washed with PBS,
trypsinized and centrifuged at 4000 rpm for 5 minutes. Cells were then incubated with
appropriate primary antibodies for 1 hour followed by incubation with FITC and PE Conjugated
secondary antibodies for 30 mins. After that cells were fixed with paraformaldehyde and data
were acquired by BD FACSVerse™ flow cytometer. Total 10000 events were acquired and the
dot plot considering the logarithmic fluorescence intensity of FL1-H (X axis- FITC fluorescence)
/FL2-H (Y axis- PE fluorescence) was obtained using FlowJo™ v10 software to determine the
percentage of gated population in order to evaluate the expressional alteration of the studied
markers.An unstained sample was prepared without primary and secondary antibodies.

7.2.15. Patient derived tumor explant culture

The patient derived tumor explant culture was established as described by (Majumder et al.,
2015). Fresh OSCC tumor specimens were collected from a total of 5 patients (details mentioned
in Table 16) immediately after surgical resection from Chittaranjan National Cancer Institute,
Kolkata. For each patient, non-heparinized blood was collected and serum was separated and
stored at -80°C for further use. The study was approved by the Institutional Ethics Committee
(IEC Ref: A-4.311/53/2014) in accordance with the ethical guidelines of Declaration of Helsinki
(1964) and its later amendments. Patients have no history of recurrence, preoperative
chemotherapy or radiotherapy. Surgically removed fresh tumor tissues were cut into ~2-3mm3
sections and cultured into 24 well culture plates coated with tumor matrix proteins and RPMI
medium (Gibco, Life Technologies, USA) supplemented with 2% autologous serum and 8%

FBS. Tumor slices were treated with individual and combinatorial doses of Lupeol and Paclitaxel
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or with DMSO (vehicle control) for 48 hours. The formalin fixed paraffin embedded (FFPE)
tumor blocks were then used for histological examination.

7.2.16. Immunohistochemistry/PAS dual staining

Immuno-histochemistry (IHC) was performed according to the manufacturer’s instruction of
Millipore IHC Select DAB150 Immuno-peroxidase secondary detection system kit from the
FFPE tumor blocks as per our previously described methods (Mitra et al., 2020; Saha et al.,
2022) in Chapter 5. Primary antibodies against CD-31 or PECAM-1, HIF-10, VE-Cadherin,
EphA2, pERK1/2, MMP2, Laminin 5y2, E-Cadherin, Vimentin, Snail, Twist, CD133 were used
for IHC. The final IHC score was determined by considering intensity of staining and proportion
(%) of stained cells as described earlier (Saha et al., 2022).

7.2.17. Protein-protein interaction (PPI) and network analysis

For STRING protein-protein interaction (PPI) network analysis (https://string-db.org), all input
markers were selected from current study and queried in setting that involves full network (type),
confidence (edge meaning), multiple active interaction sources/channels in combination
spanning text mining, database, experiments, co-expression, neighborhood, gene fusion and co-
occurrence. Minimum required interaction score with high confidence or 0.700 was selected for
final analysis. We restricted the maximum number of interactions only to queried proteins that
have been profiled in the study and no additional layer or second shell was added.

7.2.18. Statistical analysis

All the statistical analysis was performed using GraphPad Prism 7 (GraphPad, USA) software.
All the experiments were repeated independently three times and the data were recorded as

mean+SD. One way Analysis of variance (ANOVA) followed by post-hoc comparisons with
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Tukey test was carried out to assess the significant difference between each treated group and
untreated control. P<0.05 was considered as statistically significant.

7.3. Results

7.3.1. Effect of Lupeol and Paclitaxel on the viability and proliferation of OSCC cells under
hypoxia

MTT assay results indicated the potential cytotoxic effect of Lupeol and Paclitaxel on the OSCC
cell lines. The dose dependent cytotoxicity of Lupeol did not differ significantly in 24 and 48
hours in both the UPCI:SCC154 and UPCI:SCCO090 cell lines whereas treatment with varying
doses of Paclitaxel exhibited notable differences in the cell viability during 48 hours in
comparison with 24 hours. Hence for further assays the treatment duration of 48 hours was
considered for both Lupeol and Paclitaxel. Individual treatment of Lupeol attained the IC50
value of 79.43uM in UPCI:SCC154 cells and 91.25uM in UPCI:SCCO090 cells during 48 hours
whereas the treatment of Paclitaxel alone derived the 1C50 value of 83nM in UPCI:SCC154 cells
and 67nM in UPCI:SCCO090 cells. The simultaneous treatment of cells with Lupeol and sub 1C50
doses of Paclitaxel attained a stronger inhibitory effect on cellular viability compared to their
individual treatment (details mentioned in Table 15 and Figure 18). The CI value for the
combinatorial treatment was found to be 0.737 for UPCI:SCC154 cells and 0.815 for
UPCI:SCCO090 cells indicating the synergistic effects of Lupeol and Paclitaxel in cell viability
inhibition.  Finally the combination of 39.43uM of Lupeol + 20nM of pacitaxel (for
UPCI:SCC154 cells) and 52.58uM of Lupeol + 16nM of Paclitaxel (for UPCI:SCC090 cells)
indicated the best synergistic inhibition potential (Figure 18i), which was designated for further

investigations. The combinatorial dose exhibited a significantly decreased percentage of colonies
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(Figure 19a) and reduced wound healing potential compared to the individual treatment (Figure

19b).

Table 15: Determination of effective combinatorial dose of Lupeol and Paclitaxel using the

method of Chou et al, 2010

SCC154

SCC090

Factors

Dose selection (uM)

IC 50 for individual compound
treatment (uM)

IC 50 for combined treatment
(uM) (Effective Dose)

Combination Index (CI)
(Paclitaxel :)
Cl= (DLupeol, Comb)/

DLupeoI)+(DPacIitaxel, Comb)/ DPacIitaer)

Dose reduction Index (DRI)

DDrug/ DDrug, Comb

Combination effect

Lupeol+ Paclitaxel (C1)
Lupeol : 20,40,60,80,100
Paclitaxel : 0.020, 0.040
Lupeol : 79.43

Paclitaxel : 0.083
Lupeol : 39.43, when
Paclitaxel : 0.020

C1 = (39.43/79.43) +
(0.020/0.083) = 0.737

Lupeol : (79.43/39.43)= 2.014
Paclitaxel : (0.083/0.020)=
4.15

Synergistic

Lupeol+ Paclitaxel (C2)
Lupeol : 20,40,60,80,100
Paclitaxel : 0.016, 0.033
Lupeol : 91.25

Paclitaxel : 0.067

Lupeol : 52.58, when
Paclitaxel : 0.016

C2 = (52.58/91.25) +
(0.016/0.067) = 0.815

Lupeol : (91.25/52.58)=1.746
Paclitaxel : (0.067/0.016) =
4.187

Synergistic
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calculated using nonlinear regression curve fit followed by log (inhibition) vs response equation.

(i) Percentage of cell viability in Lupeol and Paclitaxel treated OSCC cells with respect to

untreated control. (j) Percentage of cell viability in Lupeol and Paclitaxel treated normal liver

cell line WRL-68. Each experiment was performed in triplicates. *P value<0.05, **P value

<0.01 and ***P value <0.0001 denote statistically significant changes compared to

corresponding control by One Way ANOVA test (P ANOVA< 0.0001) followed by post hoc

Tukey'’s test.
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Figure 19: Effect of Lupeol and Paclitaxel in hypoxia induced colony formation and wound
healing potential in vitro. (a)Individual and combinatorial effect of Lupeol and Paclitaxel on the
hypoxia induced colony formation in OSCC cells (Magnification 40X) and quantification of the
percentage of colony formation (relative to control). (b) Kinetics of wound closure of OSCC cells
treated with Lupeol alone and in combination with Paclitaxel (Magnification 40X). Each
experiment was performed in triplicates. *P value <0.05, **P value <0.01 and ***P value
<0.0001 denote statistically significant changes compared to the corresponding control by One
Way ANOVA test (P ANOVA< 0.0001) followed by post hoc Tukey'’s test.

7.3.2. Lupeol enhanced Paclitaxel induced apoptosis in OSCC cell lines under hypoxia

In order to evaluate whether the anticancer properties of Lupeol and Paclitaxel are exerted
through inducing apoptotic signals, the rate of apoptosis was quantified by flow cytometry using
Annexin V-FITC and PI labelling. In both of the OSCC cell lines either Lupeol or Paclitaxel
alone induced apoptosis but their combinatorial treatment demonstrated the significant
enhancement of the percentage of apoptotic cells (Figure 20a). In case of UPCI:SCC154 cells the
total apoptosis rate was increased by 52.88% and in case of UPCI:SCCQ090 cells the same was
enhanced by 24.63% through the synergistic combination of Lupeol and Paclitaxel during 48
hours of hypoxic incubation. Moreover to understand the underlying molecular mechanisms the
protein expression level of the key regulators of apoptosis (Bax, Bclz) were investigated, which
revealed significant upregulated expression of Bax and downregulated expression of BClzin the
cells treated with Lupeol and/or Paclitaxel in both of the cell lines (Figure 20c). It is also
noteworthy that the expressional alteration of the apoptotic regulators was found to be more

pronounced when both of the compounds were used together than their individual treatment.
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TUNEL assay data also indicated significantly increased fluorescence intensity of the apoptotic

cells in Lupeol and Paclitaxel treated groups (Figure 20b).
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Figure 20: Effect of Lupeol and Paclitaxel in inducing apoptosis in vitro. (a) Annexin V/PI

staining indicating total apoptosis rate in OSCC cells treated with individual and combinatorial

effects of Lupeol and Paclitaxel. (b) TUNEL assay indicating total fluorescence intensity of

apoptotic cells with the treatment of Lupeol and Paclitaxel in comparison with untreated control.

(c) Effect of Lupeol and Paclitaxel on the apoptotic protein expression. Each experiment was
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performed in triplicates. *P value <0.05, **P value <0.01 and ***P value <0.0001 denote
statistically significant changes compared to the corresponding control by One Way ANOVA test
(P ANOVA< 0.0001) followed by post hoc Tukey’s test.

7.3.3. Combination treatment of Lupeol and Paclitaxel hindered the hypoxia induced VM
formation

In chapter 6 (Figure 14) it has been observed that hypoxia facilitated the VM forming ability of
UPCI:SCC154 and UPCI:SCCO090 cells. We further investigated the potential role of Lupeol and
Paclitaxel on regulating the hypoxia induced VM forming capacity of the OSCC cells (Figure
21) which revealed the significant disruption of VM structures resulting into the remarkable
reduction of length and number of tubular junctions in the cells co-treated with Lupeol and
Paclitaxel. Though the individual treatment of the compounds notably fractured the in vitro
vascular architecture, their combinatorial effect is more evident inferring their synergistic
anticancer potential through inhibiting the VM channel formation.

(a) Lupeol +
Paclitaxel +

SCC154

SCC090

0-
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Figure 21: Effect of Lupeol and Paclitaxel in hypoxia induced vasculogenic mimicry in vitro
(@) Individual and combinatorial effect of Lupeol and Paclitaxel on the hypoxia induced VM
formation in OSCC cells (Magnification 100X). Quantification of VM formation with respect to
(b) number of master junction and (c) length of master segments in OSCC cells treated with
Lupeol alone and in combination with Paclitaxel. Each experiment was performed in triplicates.
*P value <0.05, **P value <0.01 and ***P value <0.0001 denote statistically significant
changes compared to the corresponding control by One Way ANOVA test (P ANOVA< 0.0001)
followed by post hoc Tukey’s test.

7.3.4. Combination of Lupeol and Paclitaxel inhibited the hypoxia induced HIF-1a/EphA2/
Laminin 5y2 signaling cascade

To elucidate the molecular mechanism involved in the reversing effect of Lupeol and Paclitaxel
on the hypoxia induced VM formation the expressional alteration of HIF-1a and its downstream
signaling components were also investigated. The western blot analysis interpreted the
significant downregulation of hypoxia induced HIF-1a and its downstream VM associated
regulators such as VE-Cadherin, pEphA2 (S-897), pERK1/2, MMP2 and Laminin 5y2 in the
cells treated with Lupeol alone and in combination with Paclitaxel (Figure 22a). No significant
change was observed in the expression of total EphA2 and total ERK1/2 proteins. The
synergistic association of Lupeol and Paclitaxel also significantly suppressed the hypoxia
induced upregulation of the mRNA expression of HIF-1o and Laminin 5y2, the downstream
indicator of extracellular matrix remodeling indicating their VM inhibiting potential at the

transcription level (Figure 22d).
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Figure 22: Effect of Lupeol and Paclitaxel in the expression of hypoxia induced vasculogenic

mimicry related genes in vitro. (a,b,c) Individual and combinatorial effect of Lupeol and

Paclitaxel on the protein expression of VM associated genes. (d,e) Individual and combinatorial

of Lupeol and Paclitaxel on the mRNA expression of VM associated genes. Each experiment was

performed in triplicates. *P value <0.05, **P value <0.01 and ***P value <0.0001 denote

statistically significant changes compared to the corresponding control by One Way ANOVA test

(P ANOVA< 0.0001) followed by post hoc Tukey's test.
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Figure 23: Effect of Lupeol and Paclitaxel in the expression of HIF-Ia using
Immunofluorescence staining (a) and flow cytometry (b) and the comparative quantification with
respect to the untreated control. Each experiment was performed in triplicates. *P value <0.05,
**P value <0.01 and ***P value <0.0001 denote statistically significant changes compared to
the corresponding control by One Way ANOVA test (P ANOVA< 0.0001) followed by post hoc

Tukey'’s test.
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7.3.5. Lupeol and Paclitaxel synergism reversed hypoxia influenced EMT and CSC
phenomenon

In chapter 6 (Figure: 16) we have investigated that the induction of HIF-1a enhanced EMT and
CSC phenomenon in OSCC cells which plays a crucial role in the VM formation. The Figure 24
depicted a significantly reduced number of migrated and invaded cells through transwell when
co-treated with Lupeol and Paclitaxel indicating their indispensable role in regulating VM
associated migration and invasion potential. The combinatorial treatment also caused a
significant decrease in the sphere forming potential with the downregulation of CD133 marker.
Furthermore Lupeol alone and in combination with Paclitaxel significantly upregulated the
expression of E-Cadherin and also consistently downregulated the mesenchymal markers such as
vimentin, Snail and twist deducing their reversing effect in the hypoxia promoting EMT (Figure

25).
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Figure 24: Effect of Lupeol and Paclitaxel in hypoxia induced migration, invasion, sphere

formation in vitro. (a) Individual and combinatorial of Lupeol and Paclitaxel on the hypoxia

induced transwell migration, invasion and sphere formation in OSCC cells (Magnification 100X)

and (b,c,d) quantification of migrated and invaded OSCC cells and CSC rich sphere forming

cells treated with Lupeol alone and in combination with Paclitaxel. Each experiment was

performed in triplicates. *P value <0.05, **P value <0.01 and ***P value <0.0001 denote

statistically significant changes compared to the corresponding control by One Way ANOVA test

(P ANOVA< 0.0001) followed by post hoc Tukey's test.
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Figure 25: Effect of Lupeol and Paclitaxel in hypoxia induced EMT and CSC related genes in
vitro. Individual and combinatorial effect of Lupeol and Paclitaxel on the protein expression of
EMT and CSC associated genes. Each experiment was performed in triplicates. *P value <0.05,
**P value <0.01 and ***P value <0.0001 denote statistically significant changes compared to
the corresponding control by One Way ANOVA test (P ANOVA< 0.0001) followed by post hoc

Tukey'’s test.
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Figure 26: Effect of Lupeol and Paclitaxel in the expression of E-Cadherin, Vimentin (a) and

Total cell fluores:

Lupeol + Paclitaxel

CD133 (b) using Immunofluorescence and the comparative gquantification with respect to the
untreated control. Each experiment was performed in triplicates. *P value <0.05, **P value
<0.01 and ***P value <0.0001 denote statistically significant changes compared to the
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corresponding control by One Way ANOVA test (P ANOVA< 0.0001) followed by post hoc
Tukey'’s test.

7.3.6. Synergistic effect of Lupeol and Paclitaxel in regulating hypoxia induced
vasculogenic mimicry in patient derived ex vivo platform

In order to elucidate the efficacy of the combinatorial drug in ex vivo system the expressional
alteration of VM associated regulators along with the proliferative and apoptotic markers was
assessed at 48 hours of post treatment. Post 48 hours of cultured condition the tissue architecture
of untreated control exhibited compact tumor cells whereas the Lupeol and Paclitaxel co-treated
group was found to have more damaged structures with sparse and separated nuclei from each
other. CD31/PAS staining showed a significantly decreased number of VM structures in Lupeol
and Paclitaxel treated specimens compared to the untreated control (Figure 28). Lupeol +
Paclitaxel treatment group indicated significant decrease in the expression of the proliferative
marker ki67 (Figure 27) as well as VM associated HIF-1a and its downstream regulators VE-
Cadherin, pEphA2 (S-897), pERK1/2, MMP2 and Laminin 5y2 compared to the untreated
control (Figure 28). The significantly upregulated expression of Caspase3 (Figure 27) in Lupeol
and Paclitaxel treated group confirmed their anticancer potential exerted by the induction of
apoptosis. Furthermore the immuno-histochemical expression of EMT and CSC markers were
also evaluated which showed the reduced expression of CSC inducing CD133 and mesenchymal
markers such as Vimentin, Snail, Twist and significantly increased expression of the epithelial
marker E-Cadherin (Figure 29) in the tissue section treated with Lupeol alone and in
combination with Paclitaxel indicating the potential of the drug combination in altering the EMT

phenomenon in personalized ex vivo setting.
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Table 16: Demographic and clinicopathological profile of OSCC patients for explant culture

Patients’
o #1 #2 #3 #4 #5
characteristics
Age (Years) 50 60 60 54 58
Gender Male Male Female Male Male
Tobacco consumption Yes Yes No Yes Yes
Alcohol consumption Yes No No No No
Tumor location Tongue  Buccal Mucosa  Lip Buccal Mucosa  Buccal Mucosa
Grade Poor Moderate Moderate Moderate Well
Primary Tumor status T4 T4 T3 T3 T2
Lymph Node metastasis N2 N1 NO N1 N1
TNM stage group AV AV 1 i 1
T0 T-48 z 80
Control Control Paclitaxel Lupeol Lupeol+Paclitaxel g "
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Figure 27: Effect of Lupeol and Paclitaxel in regulating the expression of proliferating
marker (Ki-67) and apoptotic marker (Caspase-3) in Ex vivo platform of OSCC.
Immunohistochemical expression of markers (200X magnification, left) and comparative
analysis of their IHC scores in Lupeol and Paclitaxel treated tissue specimens (right). TO
specimens have been shown to represent the baseline expression of markers. Each experiment

was performed in triplicates. *P value <0.05, **P value <0.01 and ***P value <0.0001 denote
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statistically significant changes compared to the corresponding control by One Way ANOVA test

(P ANOVA< 0.0001) followed by post hoc Tukey's test.
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Figure 28: Effect of Lupeol and Paclitaxel in regulating the expression of VM associated

genes in Ex vivo platform of OSCC. Red arrows in the CD31/PAS staining indicate PAS

positive VM architecture and black arrows indicate endothelial structures. Immunohistochemical

expression of markers (200X magnification, left) and comparative analysis of their IHC scores in

Lupeol and Paclitaxel treated tissue specimens (right). TO specimens have been shown to

represent the baseline expression of markers. Each experiment was performed in triplicates. *P

120|Page



Chapter 7

value <0.05, **P value <0.01 and ***P value <0.0001 denote statistically significant changes
compared to the corresponding control by One Way ANOVA test (P ANOVA< 0.0001) followed

by post hoc Tukey'’s test.
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Figure 29: Effect of Lupeol and Paclitaxel in regulating the expression of VM associated
EMT and CSC markers in Ex vivo platform of OSCC. Immunohistochemical expression of
markers (200X magnification, left) and comparative analysis of their IHC scores in Lupeol and
Paclitaxel treated tissue specimens (right). TO specimens have been shown to represent the
baseline expression of markers. Each experiment was performed in triplicates. *P value <0.05,
**P value <0.01 and ***P value <0.0001 denote statistically significant changes compared to
the corresponding control by One Way ANOVA test (P ANOVA< 0.0001) followed by post hoc

Tukey'’s test.
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7.3.7. PPI analysis of VM interacting proteins

To investigate the functional link among the differentially expressed proteins in the hypothesized
network, protein- protein interactions (PPI) were analyzed via STRING. In our study the
STRING analysis identified the main network proteins implicated in cellular proliferation,
extracellular matrix remodeling, EMT, CSC phenotype and apoptosis. The different grade of
association was denoted via confidence level (low-0.150, medium-0.400, high-0.700, highest-
0.900) and edge thickness. Our key network protein HIF-1a exhibited the highest degree of
association with Twist (0.979), followed by the same with MMP2 (0.754) and Snail (0.727).
Laminin also indicated strong association (0.925) with MMP2 and Caspase 3 (0.907). All other
possible associations are depicted in Figure 30a.

7.4. Discussion

Despite the recent advances in diagnosis and treatment the prognosis of OSCC patients remains
poor. Resistance to anti-angiogenesis and anti-metastatic drugs due to the tumor perfusion
through alternative vascularization pathways emerged a new treatment challenge to the
clinicians. VM has been shown to be associated with tumor size, grade, lymph node metastasis
and poor prognosis in OSCC patients which emphasizes the necessity for developing anti-
vascular therapeutic agents that specifically target VM.

Our findings revealed the combinatorial effect of Lupeol and Paclitaxel in weakening the
hypoxia enhancing VM tube formation through the down-regulation of HIF-1a mediated and

Laminin-5y2 driven signaling cascade both in the in vitro and patient derived ex vivo network.
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Figure 30: Model depicting the involvement of HIF1a and key interacting partners in VM and

intervention by Lupeol and Paclitaxel (a) Protein-protein interaction network analysis using

input proteins from the present study on STRING platform showing interacting molecules and

confidence level in the network. Legends of confidence level have been taken from the STRING

database. (b) Schematic diagram representing cellular phenotypes, molecular drivers and

synergistic effect of Lupeol and Paclitaxel on perturbing hypoxia induced Vasculogenic mimicry

in OSCC.
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Several studies have demonstrated that phytochemicals and active compounds from dietary
supplements such as green tea extract, AT-101, epigenin, hyperforin, silibinin synergistically
enhance Paclitaxel toxicity in different cancer models including breast cancer (Barathan et al.,
2021; Karaca et al., 2010), ovarian cancer (Panji et al., 2021), lung cancer (Xu et al., 2011),
gastric cancer (Zhang et al., 2018) and the anticancer activity of Lupeol has been explored in
head and neck cancer by inhibiting oncogenic EGFR cascade (Rauth et al., 2016), inducing the
intrinsic apoptotic pathway (Bhattacharyya et al., 2017) and downregulating NF-kf activity (Lee
et al., 2007). However the chemo-sensitization potential of Lupeol to amplify the effectiveness
of Paclitaxel has not been elucidated yet. To the best of our knowledge our investigation is the
first preclinical study assessing the synergistic potential of phytochemical Lupeol and common
anti-neoplastic drug Paclitaxel in suppressing the induced by hypoxia in the in vitro and ex vivo
OSCC model. In this study we have shown that Lupeol and Paclitaxel individually exhibited
growth inhibitory activities on OSCC cells in a dose dependent manner and the combination
index analysis demonstrated that the combination regimen with Lupeol and lower dose of
Paclitaxel produced significant anti-cancer synergistic effect (Cl <1) with approximately 2 fold
reduction of 1C50 dose of Lupeol and 4 fold reduction of Paclitaxel 1C50 dose. The flow
cytometric analysis using Annexin-V/PI staining, fluorescence microscopy of TUNEL assay
validated that the combined cytotoxic effect of Lupeol/Paclitaxel is causally associated with
apoptotic cell death pathway which was consistent with the western blot results showing the
alteration of Bax/Bcl2 ratio with the combined treatment of Lupeol and Paclitaxel. Our study
further revealed that Lupeol individually had the potential to inhibit hypoxia induced VM in the
in vitro and patient derived ex vivo OSCC model and its cooperation with Paclitaxel exhibited an

enhanced anti VM effect against OSCC. Earlier the study of Bhattacharyya et al., 2019 indicated
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the reversing effect of Lupeol in the progression of VM in murine melanoma model by
downregulating CD133 expression and Paclitaxel also exhibited an in vitro VM inhibitory
potential in murine glioma model (Liu et al., 2015) but the molecular mechanistic approach
behind the destruction of VM tubes remained unexplored. In this regard for the first time our
study portrayed that along with the structural disruption of VM tubes in SCC154 and SCC090
cell lines, Lupeol decreased the expression of HIF-1a leading to the simultaneous inhibition of
VE-Cadherin, pEphA2 (S-897), pERK1/2, MMP2 and Laminin 5y2 and its co-treatment with
lower dose of Paclitaxel enhanced the down-regulation of the protein levels suggesting that
Lupeol/Paclitaxel synergism hinders hypoxia induced VM formation in OSCC model and the
possible mechanism may be related to inhibition of HIF-1a mediated EphA2-Laminin 5y2axis.
Previously the study of Li et al., 2018 reported the VM inhibitory effect of Niclosamide and
Melatonin in OSCC via up-regulation of miR-124, downregulation of STAT-3 and through the
blockage of ROS reliant AKT/ERK signaling pathways respectively. The recent investigation of
Almahmoudi et al., 2021 indicated that IL-17F also inhibited the in vitro VM formation of
OSCC cells. Corresponding to these findings our study designated an additional novel
therapeutic intervention targeting our hypothesized signaling pathway leading to the pseudo-
vascular features pertaining to the aggressive OSCC. Furthermore our research also exerted that
compared to the individual treatment the combinatorial dose of Lupeol and Paclitaxel revealed
pronounced inhibitory effect in the expression of markers related to EMT (Vimentin, Snail,
Twist) and CSC (CD133) phenotypes which are the essential factors for VM formation (Fan et
al., 2013; Jue et al., 2017; Sun et al., 2019). Consistent with the outcomes of in vitro model we
also demonstrated that combined treatment of Lupeol and Paclitaxel can proficiently reduce the

formation of VM channels in patient derived ex vivo platform via CD31/PAS staining and the
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immuno-histochemical expression of VM associated markers were also significantly down-
regulated in the co-treated group compared to the individually treated groups which will be
beneficial for the prediction of therapeutic response in a personalized strategy and identifying the
most appropriate treatment regimen for individual patient. We conjectured from the above
findings that Paclitaxel accompanied with Lupeol may inhibit hypoxia induced VM formation
via down-regulating HIF-1o-EphA2-Laminin 5y2 cascade and associated EMT and CSC
phenomenon in OSCC and further investigation in in-vivo model is critically essential to exert
their anti-VM potential for OSCC treatment.

7.5. Conclusion

From this chapter we may conclude that HIF-1a is a key regulator of OSCC in terms of VM
formation and targeting its downstream signaling components, the synergistic combination of
Lupeol and Paclitaxel will emerge a new direction of cancer treatment for aggressive oral
cancers and after series of clinical trials this potential drug combination may be used as an

effective and definitive therapeutic modality against OSCC.
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Oral squamous cell carcinoma, one of the major subtypes of head and neck cancer, is a
hetergenous, aggressive and complex entity. In spite of the advanced treatment modalities, the
five year survival rate is still <50% in advanced cases. Since neoplastic transformation and
progression is a multistep process that involves various stages and molecular changes in tissue
environment and there is considerable progress in our understanding of the pathogenesis; recent
research sheds light on new properties explaining consequences of aggressive tumor
microenvironment (TME). Tumors require a blood supply for growth and metastasis. So far most
of the studies have drawn attention on the role of angiogenesis. When Maniotis et.al.1999 first
described the formation of vasculogenic mimicry as endothelial cell independent vessel- like
structures in the Uveal melanoma model, an entirely new field of cancer research emerged.
Although a variety of proteins and micro environmental factors contribute to VM formation, but
the molecular mechanisms underlying its formation are still unclear in OSCC. Since the cellular
induction of hypoxia may promote the plastic and trans-endothelial phenotype of tumor cells
which are capable of VM formation by maintaining stemness and EMT induction, so
understanding the linkage between the hypoxia related and VM including molecular signaling
may provide crucial new therapeutic strategies for the development of novel tumor targeted
treatments in OSCC. On the other hand it is a well-established fact that chemotherapeutic drugs
and high doses of radiotherapy come with their limitations and adverse side effects which may
lead to the poor prognosis of oral cancer patients. Keeping that in mind a possible alternative has
always been the key interest for scientists as well as clinicians.

In this context Part 1 (Chapter 5) of the thesis work indicated that the presence of VM exhibited
positive correlation with HIF-1a as well as its downstream signaling components including VE-

Cadherin, EphA2, pERK1/2, MMP2 and Laminin 5y2 as well as the mesenchymal (Vimentin,
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Snail, Twist) and CSC (CD133) markers, revealing their significant expressional alteration
among VM+ and VM- OSCC cohorts. Positive expression of HIF-1a and the extracellular matrix
protein Laminin-5y2 coordinated with the simultaneous existence of VM are significantly
associated with tumor grade, primary tumor size, lymph node metastasis and TNM stage in
OSCC indicating their relevance in the malignant and metastatic progression of OSCC.
Furthermore, OSCC patients with positive expression of HIF-la and Laminin-5y2 in
coordination with VM also exhibited poor disease free and overall survival rate. In addition,
most promisingly our study reported for the first time that Laminin-5y2 and VM either alone or
together were significantly represented as the independent risk factors in OSCC which might
support the rationale for developing the VM-Laminin5y2 orchestration as the successful
prognostic and therapeutic target.
Next the Part 2 (Chapter 6) of the thesis established the molecular regulatory axis mediating the
formation of pseudovascular VM structures in the in vitro OSCC model. HIF-1a plays a major
role in hypoxia inducing VM formation in OSCC. Hypoxic treatment enhanced the number of
matrigel mediated tubular junctions, whereas the silencing of HIF-1a resulted in the disruption of
vascular structures with the simultaneous reduction of relevant downstream signaling
components associated with extracellular matrix remodeling, EMT and cancer stemness.
Finally, the Part 3 (Chapter 7) of the thesis aims to establish the combination of Lupeol and
chemotherapeutic drug Paclitaxel as an alternative treatment regimen with minimum side effects
and more efficacies. Though the cytotoxic effect of both of these agents is well known, but their
anti-VM property in oral cancer model has not been evaluated yet.

Hence, for the first time in our study, the effective dose of phytochemical Lupeol in

combination with the sub-therapeutic dose of Paclitaxel exhibited the anti VM property in in
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vitro and ex vivo OSCC model. With the inhibition of VM, the Lupeol-Paclitaxel combination
also promoted apoptosis, interrupted the invasion, migration potential, tumor sphere forming
ability of cancer stem like cells and the EMT property of OSCC cells. The ex vivo platform in a
pilot scale also validated the anti-VM property of Lupeol-Paclitaxel combination through the
structural disruption as well as the inhibition of VM associated signaling molecules.

So in a nutshell the thesis work has enlightened HIF-1a mediated interconnecting
signaling pathways, their clinical implications and prognostic significance to understand the
possible regulatory mechanism in modulation of Vasculogenic mimicry in OSCC which will
provide a clear outline for the future investigations regarding the identification and targeting of
VM related molecules for better understanding and discovering the advanced therapeutic
modalities of OSCC. Furthermore the reversing effect of phytochemical Lupeol in combinatorial
settings with standard chemotherapeutic agents on vasculogenic mimicry via suppressing HIF-
la- Laminin5y2 axis along with the EMT and CSC phenotypes will emerge a new field of cancer

treatment for aggressive oral cancers.
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Abstract

Vasculogenic mimicry (VM), defined as an endothelial cell independent alternative mechanism of blood and nutrient supply
by dysregulated tumor cells, is associated with poor prognosis in oral squamous cell carcinoma (OSCC). Here we aim to
investigate the underlying molecular mechanism of the synergistic effect of phytochemical Lupeol and standard microtubule
inhibitor Paclitaxel in reversing the hypoxia induced VM formation in OSCC. The results demonstrated that the hypoxia
induced upregulation of HIF-1a led to augmentation of signaling cascade associated with extracellular matrix remodeling and
EMT phenotypes that are mechanistically linked to VM. Induction of HIF-1a altered the expression of EMT/CSC markers
(E-Cadherin, Vimentin, Snail, Twist and CD133) and enhanced the ability of cell migration/invasion and spheroid formation.
Subsequently, the targeted knockdown of HIF-1a by siRNA led to the perturbation of matrigel mediated tube formation as
well as of Laminin-5y2 expression with the down-regulation of VE-Cadherin, total and phosphorylated (S-897) EphA2,
pERK1/2 and MMP2. We also observed that Lupeol in association with Paclitaxel resulted to apoptosis and the disruption
of VM associated phenotypes in vitro. We further validated the impact of this novel interventional approach in a patient
derived tumor explant culture model of oral malignancy. The ex vivo tumor model mimicked the in vitro anti-VM potential
of Lupeol-Paclitaxel combination through down-regulating HIF-1a/EphA2/Laminin-5y2 cascade. Together, our findings elu-
cidated mechanistic underpinning of hypoxia induced Laminin-5y2 driven VM formation highlighting that Lupeol-Paclitaxel
combination may serve as novel therapeutic intervention in perturbation of VM in human OSCC.

Keywords Hypoxia - Vasculogenic mimicry - HIF-1a - OSCC - Lupeol - Paclitaxel - Patient derived ex vivo model

Introduction

P< Nabendu Murmu
nabendu.murmu @cnci.ac.in Oral cancer is one of the leading causes of cancer related
mortalities (Sung et al. 2021). Consumption of tobacco
(including smokeless tobacco), betel nut chewing, severe
alcoholism, poor oral hygiene and human papilloma virus
HPV) infection are the predominant risk factors (Bor
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of the treatment failure due to the loco-regional recurrence
and distant metastasis (Thavarool et al. 2019). The poor
survival outcome is also influenced by alternative vascu-
larization strategies associated with resistance in response
to anti-angiogenic and anti-neoplastic therapies (Belotti
et al. 2021). Hypoxia, one of the most detrimental altera-
tions of the tumor microenvironment mainly in solid tumors
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including OSCC, is orchestrated owing to lack of oxygen
perfusion in tumor core either due to absence of blood ves-
sels or presence of abnormal blood vessels (Muz et al. 2015)
and characterized by overexpression of hypoxia inducible
factor-1 alpha (HIF-1a). The altered metabolism (glyco-
lytic shift) and high acidic microenvironment due to lactate
release ultimately promote survival of cancer cells that is
linked to resistance towards chemotherapy and radiotherapy
(Patel et al. 2020; Pezzuto et al. 2018) and attribute to tumor
metastasis (Lee et al. 2020; Zhou et al. 2017). Under hypoxic
condition, vasculogenic mimicry (VM) serves as an unique
strategy of utilizing oxygen and essential nutrients independ-
ent of angiogenesis and programmed these cells to develop
aggressive tumor growth (Maniotis et al. 1999; Folberg
et al. 2004), leading to tumor invasion, metastasis and poor
prognosis of several cancers (Zhang et al. 2019; Mitra et al.
2020; Ren et al. 2019) including OSCC (Hujanen et al. 2021,
Wu et al. 2017, Wang et al. 2018b). Although a variety of
proteins and tumor micro-environmental factors have been
found to contribute VM formation under hypoxic condition
in several cancer models including breast cancer (Wang et al.
2018a; Maroufi et al. 2020), hepatocellular carcinoma (Chen
et al. 2019; Zhang et al. 2020), lung adenocarcinoma (Fu
et al. 2021), melanoma (Li et al. 2019), glioma (Duan et al.
2018), however, their mechanistic involvement in OSCC
remains poorly understood. In a hypoxic tumor microenvi-
ronment niche, HIF-1a enhances the differentiation potential
of cancer stem cells (CSC) (EmamiNejad et al. 2021) and
promotes their phenotypic plasticity to transform cancer
cells into more invasive state through epithelial mesenchy-
mal transition (EMT) (Hernandez de la Cruz et al. 2020) and
remodeling of extracellular matrix (ECM) (Winkler et al.
2020) via degradation of laminin, recruitment of matrix
metallo-proteases (Rousselle et al. 2020; Delgado-Bellido
et al. 2017) and the formation of PAS +/CD31- infiltrating
pseudo-vascular VM network to transport red blood cells
and nutrients to the tumor cells (Yue et al. 2021). Previous
studies have demonstrated that VM channel forming cells
could be fueled by up-regulated expression of VE-Cadherin,
EphA2, ERK1/2, MMP2, Laminin-5y2 genes (Hendrix et al.
2001; Hess et al. 2006; Lu et al. 2013; Larson et al. 2014)
in several cancer models. However, their active networking
in the context of critical nodal role of HIF-1a has not been
established in OSCC. In our earlier study we have depicted
the prognostic significance of VM in coordination with
Laminin-5y2 expression in OSCC patient cohorts (Saha
et al. 2022). Here, we aim to further investigate the mecha-
nistic link between HIF-1a and Laminin-5y2 in reshaping
of ECM and simultaneous formation of VM architecture in
OSCC which may be a potential therapeutic intervention in
OSCC with high VM propensity.

Since traditional anti-angiogenic therapy could not inhibit
the formation of VM due to lack of potential druggable
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target, finding new treatment regimens, specifically target-
ing VM holds a great challenge. To improve prognosis,
administration of taxane based drugs such as Paclitaxel in
conjunction with the platinum drugs or oncogenic EGFR tar-
geted agent like cetuximab have recently been reported to be
effective with lower cytotoxicity and higher tolerability (Ahn
et al. 2016; Sawatani et al. 2020) in the treatment of locally
advanced OSCC. Paclitaxel is a mitotic inhibitor which
stabilizes cytoplasmic microtubules and causes interfer-
ence of cellular replication, arresting cells from entering to
G2/M phases of the cell cycle (Horwitz, 1994). However, its
adverse side effects on non-malignant healthy cells remain a
safety concern, prompting to develop alternative treatment
strategies. Combining the cancer preventive phytochemicals
with the conventional chemotherapeutic agents has become
an emerging strategy of treating cancer by increasing anti-
tumor efficacy and response rate of the anticancer drug and
concurrently overcome the drug resistance, dose induced
toxicity and adverse side effects (Pezzani et al. 2019; Lee
et al. 2020). Hence our next goal is to elucidate the anti-VM
efficacy of phytochemical Lupeol which is a pharmacologi-
cally active natural triterpene widely found in edible fruits
and vegetables (Saleem et al. 2009; Liu et al. 2021) includ-
ing mango, strawberry, olive, red grapes, white cabbage,
cucumber, pepper, tomato and reported to have extensive
anti-inflammatory, mutagenesis-inhibiting, anti-neoplastic,
anti-arthritis, and anti-diabetic properties in both in vitro and
in vivo studies (Bociort et al. 2021; Che et al. 2022; Maleki-
nejad et al. 2022). Moreover, data from in vitro (Pitchai et al.
2014; Nyaboke, et al. 2018) and animal studies (Al-Rehaily
et al. 2001; Patocka, 2003; Saleem et al. 2009) provided con-
vincing evidences regarding safety profile of Lupeol. In this
context, our study aims to explore the possible chemo-sen-
sitization effect of Lupeol in potentiating the conventional
chemotherapeutic drug Paclitaxel and their mechanism of
action in human OSCC.

Materials and methods
Reagents

A 30 mM stock solution of Lupeol (Sigma, S957712) was
prepared by dissolving in warm alcohol followed by dilu-
tion with DMSO (Sigma, D2650) at a ratio of 1:1. For all
the treatment protocols, the final concentration of DMSO
was <0.01%. A 50 mM stock solution of Paclitaxel (Sigma,
T1912) was prepared by dissolving in DMSO.

Antibodies

The primary and secondary antibodies used for West-
ern blot (WB) and Immuno-histochemistry (IHC) are as
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follows. Rabbit polyclonal anti-HIF1a (Novus Biologicals,
Cat# NB100-479, dilution: 1:500 for WB; 1:100 for IHC),
Mouse monoclonal anti-VE-Cadherin (Novus Biologicals,
Cat# NB600-1409, dilution: 1:100 for WB; 1:100 for IHC),
Rabbit monoclonal anti-EphA?2 (Cell signaling technology,
Cat# 6997, Clone: D4A2, dilution: 1:1000 for WB; 1:100
for IHC), Rabbit monoclonal anti-pEphA2 (S-897, Cell
signaling technology, Cat# 6347, Clone: D9A1, dilution:
1:1000 for WB; 1:100 for IHC),Rabbit monoclonal anti
phospho p44/42 MAPK (Erk1/2) (Thr202/Tyr204), from
Cell signaling technology, Cat# 4370, Clone: D13.14.4E,
dilution: 1:2000 for WB; 1:100 for IHC), Rabbit polyclonal
anti Erk1 + Erk2 (Abcam, Cat# ab17942, dilution: 1:1000
for WB), Mouse monoclonal anti-MMP2 (Novus Biologi-
cals, Cat # NB200-114, Clone: 8B4, dilution: 1:1000 for
WB; 1:100 for IHC), mouse monoclonal anti-Laminin-5
(Y2 chain) from Merck ( Cat # MAB19562, Clone: D4B5,
dilution: 1:1000 for WB; 1:100 for IHC), Rabbit monoclo-
nal anti CD-31 or PECAM-1 (Santa Cruz Biotechnology,
Cat# sc-1506-R, Clone: M-20, dilution: 1:100 for IHC),
Rabbit monoclonal anti-E-Cadherin (Novus Biologicals,
Cat# NBP2-67,540, Clone: ST54-01, dilution: 1:1000 for
WB; 1:100 for IHC), Mouse monoclonal anti- Vimentin
(Santa Cruz Biotechnology, Cat# sc-6260, Clone:V9, dilu-
tion: 1:200 for WB; 1:100 for IHC), Mouse monoclonal anti-
Snail (Novus Biologicals, Cat# NBP2-50,300, Clone: 20C8,
dilution: 1:1000 for WB; 1:200 for IHC), Mouse monoclo-
nal anti-Twistl (Novus Biologicals, Cat# NBP2-37,364,
Clone: 10E4E®6, dilution: 1:1000 for WB; 1:200 for IHC),
Rabbit polyclonal anti-CD133 (Novus Biologicals, Cat#
NB120-16518, dilution: 1:1000 for WB; 1:100 for IHC),
Rabbit monoclonal anti -Bcl2 (Novus Biologicals, Cat#
NBP2-07,182, Clone: JF104-8, dilution: 1:1000 for WB),
mouse monoclonal anti-Bax (Santa Cruz Biotechnology,
Cat # sc-7480, Clone: B9, dilution: 1:200 for WB), Mouse
monoclonal anti 3-Actin (Santa Cruz Biotechnology, Cat#
sc-47778, Clone: C4, dilution: 1:200 for WB) were used
as primary antibodies in this study. Horseradish peroxidase
(HRP) conjugated Goat Anti Rabbit polyclonal IgG (Sigma
Aldrich, Cat# A0545) and Rabbit Anti Mouse IgG (Sigma
Aldrich, Cat# A9044) were used as secondary antibodies.

Cell lines and culture condition

Human oral squamous cell carcinoma cell lines UPCI:
SCC154 (ATCC®CRL-3241™) and UPCI: SCC090
(ATCC®CRL-3239™) were obtained from American Type
Culture Collection (ATCC, Manassas, VA, USA). All the
cell lines were maintained in Minimum Essential Medium
(MEM, Gibco, Life Technologies, USA) supplemented with
10% heat inactivated Fetal Bovine Serum (FBS, Gibco, Life
Technologies, USA) and 2 mM of L-glutamine (Thermo-
Fisher Scientific) at 37 °C in a humidified incubator with 5%

CO,. All the experiments were performed after 3" passage
of cell lines which were maintained in an exponential growth
phase. Hypoxic condition was stimulated by incubating cells
in a hypoxic chamber flushed with a gas mixture of 1% O,/
5% CO,/94%N, and the induction of HIF-1a expression was
assessed by Western blot analysis.

Transfection of siRNA

The ON-TARGETplusSMARTpool siRNA targeting HIF-1a
(siRNA#1: GAACAAAUACAUGGGAUUA, siRNA#2:
AGAAUGAAGUGUACCCUAA, siRNA#3: GAUGGA
AGCACUAGACAAA, siRNA#4: CAAGUAGCCUCU
UUGACAA) as well as the ON-TARGETplus Non-target-
ing siRNA (siControl#1: UGGUUUACAUGUCGACUAA,
siControl#2: UGGUUUACAUGUUGUGUGA, siControl#3:
UGGUUUACAUGUUUUCUGA, siControl#4: UGGUUU
ACAUGUUUUCCUA) were purchased from Dharmacon
(Horizon). The siRNA dried pellets were re-suspended in
RNase free 1X siRNA buffer to prepare 20 pM stock solu-
tions. The final concentration of 100 nM of HIF-1a siRNA
was used to transfect cells. For transfection, cells were
seeded into 6 well plates at 1.5 x 10° cells/well (2 ml) and
cultured overnight. The cells (at 50-60% confluency) were
transfected with siRNAs using Jetprime (Polyplus) reagents
for 48 h according to manufacturer’s instructions and then
characterized by Western blot to assess the level of silencing
of HIF-1a. The silencing experiments and the downstream
assays were performed both under normoxia and hypoxia.

In vitro tube formation assay

Pre-chilled 96 well culture plates were evenly coated with
50 pl of Matrigel matrix (354262, Corning, USA) and incu-
bated at 37 °C for 30 mins to solidify. Tumor cells (2X10*
cells/well in 200 pl) were seeded in the Matrigel coated
plates and incubated overnight. In case of transfected cells,
after 48 h of transfection, cells were trypsinized and then
seeded on the Matrigel coated plate. The VM channels
formed were observed under inverted microscope and the
images were captured at 100X magnification. The images
were analyzed to calculate the tube length and number of
tubular junctions using Angiogenesis Analyzer compatible
with Image J.

Trans-well migration and invasion assay

The migration and invasion assay were carried out using 24
well plate containing trans-well chambers with the polycar-
bonate filters of 6.5 mm diameter and 8 pm pore size (3422,
Corning, USA). Cells suspended in 100 pl of serum free
media were seeded in to the upper chambers at a density
of 1x 10*well for migration and invasion. For the invasion
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assay, the growth factor reduced Matrigel (356231, Corn-
ing, USA) was diluted with serum-free medium accord-
ing to the manufacturer’s instructions at a ratio of 1:5 and
100 pl/well was added to the upper chambers and incubated
at 37 °C for 1 h before seeding cells. The lower chambers
were filled with 600 pl of complete media containing 10%
FBS as chemo-attractant. After the incubation of 24 h the
membranes were fixed with methanol for 15 mins and after
washing with PBS the membranes were stained with Giemsa
stain. The non- migrating or non-invading cells on the upper
surface of the membrane were removed using cotton swab.
The number of migrating or invading cells was counted and
the images were captured at 100X magnification.

Sphere formation assay

For sphere formation assay, single cell suspension in the
tumor sphere media (serum free media supplemented with
1X B27, 20 ng/ml epidermal growth factor, 10 ng/ml basic
fibroblast growth factor, 5 pg/ml insulin, 0.4% FBS) were
seeded at a density of 1000 cells/well (200 pl) in a 96-well
ultra-low attachment plate (Corning). After one week
of incubation, the resulting spheres were observed under
inverted microscope and the sphere forming efficiency was
determined by dividing the number of oral spheres by the
number of cells seeded and the images were captured at
100X magnification.

Cell viability assay

Cell viability was determined by MTT assay. Cells were
seeded at a density of 1x 10*well (200 pl) in a 96 well plate
and exposed to Lupeol (0-200 uM), Paclitaxel (0-150 nM)
and Lupeol + Paclitaxel for 48 h under hypoxic condition.
Thereafter, 10 pl of MTT solution (2 mg/ml) was added in
each well and incubated for 2—4 h at 37 °C. Then 100 pl of
DMSO was added to dissolve the formazan crystal and OD
was measured at 570 nm using Spectramax i3x microplate
reader. The percentage of cell viability was determined with
respect to the untreated control.

Determination of combination index (Cl)

After the determination of individual and combinatorial
inhibitory effect of Lupeol and Paclitaxel, the combination
index was calculated according to the method described by
Chou et al. (2010). The value of CI implies the quantita-
tive measure of degree of interaction between two drugs.
CI< 1 denotes synergistic, CI=1 denotes additive and CI> 1
denotes antagonistic effects. The dose reduction index (DRI)
is the measure of dose reduction of each drug in a synergistic
combination of a given level compared with the doses of
individual drugs.
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Colony formation assay

Colony formation assay was performed as described earlier
(Rauth et al. 2016). Approximately 500 cells/well (2 ml)
were seeded in a 6 well plate. After overnight incubation,
cells were treated with designated doses of Lupeol and Pacli-
taxel and were grown in fresh medium for another 3 days at
37 °C until the colonies were formed. Cell colonies were
fixed with 10% methanol for 15 mins. Colonies were washed
with 1X PBS and stained with Harry's hematoxylin. The
number of colonies (a single colony denotes > 50 cells) were
counted under bright field microscope and photographs were
captured at 4X magnification. The percentage of colonies
was calculated with respect to the untreated control.

Wound healing assay

Wound healing assay was performed as described earlier
(Bhattacharyya et al. 2019). Briefly, cells were seeded at
a density of 1x 10%well in a 6 well plate. When the cells
reached more than 80% confluency, a vertical wound was
created through cell monolayer using 200 ul pipette tip. Cel-
lular debris and smooth edges of scratch was removed by
washing the cells once and replaced with serum free media
containing different concentration of Lupeol and Paclitaxel.
Wound closure was observed at different time point and pho-
tographs were captured at 4X magnification under bright
field microscope. The scratched area was analyzed using
Image J software.

Evaluation of apoptosis

Cell apoptosis was detected using Annexin V Apoptosis
detection kit (Santa Cruz Biotechnology Inc, sc-4252 AK).
Briefly, after treatment of individual and combined doses of
Lupeol and Paclitaxel for 48 h, the cells were harvested by
centrifugation and dissolved in 1X assay buffer. Cells were
then stained with Annexin-V-FITC and Propidium Iodide
(PI), incubated at room temperature for 15 mins in the dark
and the data were acquired by BD FACSVerse Mflow cytom-
eter. Cells without Annexin V-FITC and PI stains were con-
sidered as negative controls. The dual parameter dot plot
considering the logarithmic fluorescence intensity of FL.1-H
(X axis- FITC fluorescence) and FL2-H (Y axis- PI fluores-
cence) was obtained using FlowJo™ v10 software to deter-
mine the percentage of total apoptosis (consisting of early
apoptosis and late apoptosis).

Apoptotic cells that undergo DNA degradation were
detected using TUNEL assay using TACS -2 TdT-Fluor In-
situ Apoptosis detection kit (R&D systems, Cat# 4812-30 K)
according to the manufacturer’s protocol. After fixation with
3.7% buftered formaldehyde, the cells placed on the sterile
coverslips were digested with protease K for 15 mins at room
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temperature. The cells were then washed and incubated with
TUNEL reaction mix (TdT enzyme solution and labeling
solution) for 60 mins at 37 °C in humidified chamber. The
cells on the coverslips were mounted on clean glass slides
and the TUNEL positive apoptotic cells were detected with
fluorescence microscope at 400X magnification.

Western blot analysis

Western blot analysis was performed as described earlier
(Rauth et al. 2016). Total cell lysates (50 pg) were resolved
by 10% SDS-PAGE and subsequently electro-transferred to
Polyvinyldene di-fluoride (PVDF) membrane. After block-
ing with 5% non-fat dry milk for 1 h at room temperature
the membranes were incubated with different dilutions of
primary antibodies overnight at 4 °C followed by the expo-
sure with appropriate secondary antibodies conjugated with
horse radish peroxidase (HRP) for 1 h at room temperature.
The signal was visualized using enhanced chemi-lumines-
cence kit (BioRad) and the resulting bands were acquired
using Image Lab 5 software (BioRad). The band density
was quantified by Image J software. f-actin was used as a
loading control.

Real time PCR

For gene expression analysis total RNA was extracted with
Trizol reagent according to manufacturer’s protocol. The
complementary DNA (cDNA) was synthesized from 2 pg
of total RNA using Roche Evoscript Universal cDNA mas-
ter kit. Quantitative analysis of cDNA amplification was
assessed by incorporating SYBR green nucleic acid stain
(Roche FastStart Essential DNA Green Master Kit) into
double stranded DNA. The specific primers for investigat-
ing gene expression are as follows: HIF-1a Forward -5’
GTCTGCAACATGGAAGGTATTG-3’, HIF-1a Reverse-
5’-GCAGGTCATAGGTGGTTTCT -3’, Laminin-5y2
Forward -5-GATGGCATTCACTGCGAGAAG-3’,
Laminin-5y2 Reverse 5’-TCGAGCACTAAGAGAACC
TTTGG-3’, GAPDH Forward- 5’-GTCAACGGATTTGGT
CGTATTG-3’, GAPDH Reverse- 5°- TGTAGTTGAGGT
CAATGAAGGG-3’. The PCR condition included denatura-
tion at 95 °C for 1 min, Annealing at 52 °C for 1 min and
Extension at 72 °C for 2 mins. All the samples were evalu-
ated in triplicates using Roche Light cycler 96. GAPDH was
used as an endogenous control. Quantitative evaluation of
data was carried out using 27*2¢T method and Ct (cycle
threshold) values were standardized with respect to GAPDH
expression.

Patient derived tumor explant culture

The patient derived tumor explant culture was established
as described by Majumder et al. (2015). Fresh OSCC tumor
specimens were collected from a total of 5 patients (details
mentioned in Supplementary Table 2) immediately after
surgical resection from Chittaranjan National Cancer Insti-
tute, Kolkata. For each patient, non-heparinized blood was
collected and serum was separated and stored at — 80 °C
for further use. The study was approved by the Institutional
Ethics Committee (IEC Ref: A-4.311/53/2014) in accord-
ance with the ethical guidelines of Declaration of Helsinki
(1964) and its later amendments. Patients have no history of
recurrence, preoperative chemotherapy or radiotherapy. Sur-
gically removed fresh tumor tissues were cut into ~2-3mm?
sections and cultured into 24 well culture plates coated with
tumor matrix proteins and RPMI medium (Gibco, Life Tech-
nologies, USA) supplemented with 2% autologous serum
and 8% FBS. Tumor slices were treated with individual
and combinatorial doses of Lupeol and Paclitaxel or with
DMSO (vehicle control) for 48 h. The formalin fixed paraffin
embedded (FFPE) tumor blocks were then used for histo-
logical examination.

Immunohistochemistry/PAS dual staining

Immunohistochemistry staining (IHC) was performed
according to the manufacturer’s instruction (Millipore,
IHC Select DAB150 Immuno-peroxidase secondary detec-
tion system kit) on 5-micron sections from the FFPE tumor
blocks as per our previously described methods (Saha et al.
2022; Ray et al. 2021; Mitra et al. 2020). Primary antibodies
against CD-31 or PECAM-1, HIF-1a, VE-Cadherin, EphA2,
pERK1/2, MMP2, Laminin-5y2, E-Cadherin, Vimentin,
Snail, Twist were used for IHC. The final IHC score was
determined by considering intensity of staining and pro-
portion (%) of stained cells as described earlier (Saha et al.
2022).

Protein—protein interaction (PPI) and network analysis

For STRING protein—protein interaction (PPI) network anal-
ysis (https://string-db.org), all input markers were selected
from current study and queried in setting that involves full
network (type), confidence (edge meaning), multiple active
interaction sources/channels in combination spanning text
mining, database, experiments, co-expression, neighbor-
hood, gene fusion and co-occurrence. Minimum required
interaction score with high confidence or 0.700 was selected
for final analysis. We restricted maximum number of inter-
actions only to queried proteins that have been profiled in
the study and no additional layer or second shell was added.
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Statistical analysis

All the statistical analyses were performed using GraphPad
Prism 7 (GraphPad, USA) software. All the experiments
were repeated independently three times and the data were
recorded as mean + SD. One way Analysis of variance
(ANOVA) followed by post-hoc comparisons with Tukey
test was carried out to assess the significant difference
between each treated group and untreated control. P <0.05
was considered as statistically significant.

Results

HIF-1a escalates VM forming ability in oral cancer
in vitro and positively regulates VM associated
EphA2/Laminin-5y2 axis

To investigate the role of HIF-1a in the enhancement of VM
formation, the tube forming ability of OSCC cell lines was
monitored in 3D tumor culture by stabilizing HIF-1a under
hypoxia and also silencing HIF-1a expression with HIF-1a
siRNA. The hypoxic condition triggered the formation of
vascular architecture (characterized by the interconnected
loops and tubular networks) in all the OSCC cell lines. Fur-
ther, the cells transfected with HIF-1a siRNA significantly
inhibited the tube forming capacity of OSCC cell lines in

SiRNA Control

HIF-1asi RNA

both normoxia and hypoxia, demonstrating the fractured
tubular structure as well as the significant decrease in the
length and number of tubular junctions (Fig. 1a, b). These
properties remain unperturbed in the non-transfected cells
and control siRNA transfected cells under similar condi-
tions. The expression of VM associated signaling molecules
was evaluated following the induced and genetically silenced
expression of HIF-1a using western blot analysis. Under
hypoxia, the expression of HIF-1a protein and its down-
stream effectors such as VE-Cadherin, EphA2, pEphA2
(S897), pERK1/2, MMP2 and Laminin-5y2 was signifi-
cantly increased. In contrast, the knock-down of HIF-1a
notably downregulated the expression of these VM asso-
ciated signaling molecules irrespective of normoxic and
hypoxic conditions indicating the role of HIF-1a in regu-
lating the VM via promoting EphA2/Laminin-5y2 signal-
ing cascade (Fig. 1c). Similarly, the mRNA expression of
HIF-1a and Laminin-5y2 was also markedly reduced in the
HIF-1a silenced cells under normoxia and hypoxia (Fig. 1d).

HIF-1a regulates VM related aggressive phenotypes
and expression of EMT and CSC markers

Since VM is closely associated with the migration and inva-
sion of tumor cells, we subsequently assessed the migratory
and invading potential of OSCC cells. Data from trans-well
migration and invasion assay in HIF-1a induced condition
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Fig.1 siRNA against HIF-la inhibits vasculogenic mimicry for-
mation and the expression of vasculogenic mimicry related genes
in-vitro. (a) Effect of silencing of HIF-la on the formation of VM
in OSCC cells (magnification: 100X) under normoxia and hypoxia.
(b) Quantification of VM formation with respect to the number of
tubular junction and length of tubules in OSCC cells treated with
HIF-1a siRNA under normoxia and hypoxia. (c¢) Effect of silencing of
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HIF-1a on the protein expression of VM related genes. (d) Effect of
silencing of HIF-1a on the mRNA expression of VM related genes.
Each experiment was performed in triplicates. *P value <0.05, **P
value <0.01 and ***P value<0.0001 denote statistically significant
changes compared to the corresponding control by One Way ANOVA
test (P ANOVA <0.0001) followed by post hoc Tukey’s test
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and after performing HIF-1a knockdown revealed that, the
induction of hypoxia significantly increased the number of
migrating and invading cells, whereas the HIF-1a siRNA
transfected cells exhibited significant decrease in tumor
cell migration and invasion through trans-well chambers
compared to the non-transfected cells and control siRNA
transfected cells. Hypoxia induced HIF-1a also enhanced the
stem like phenotype of tumor cells, characterized by the for-
mation of spherical and non-adherent tumor spheres which
was found to be significantly down-regulated in HIF-1a
silenced cells (Fig. 2a, b). Since CSC formation is known
to accelerate EMT phenotypic state in some cancers (Mani

et al. 2008), we also delineated the impact of hypoxia driven
CSC and EMT phenomenon through HIF-1a induction. It
was found that induction of HIF-1a resulted in the signifi-
cant decrease in expression of E-Cadherin (epithelial) and
concomitant increase in the expression of CD133 as well
as related mesenchymal markers (i.e., Vimentin, Snail and
Twist). While evaluating the dysregulated expression of the
EMT markers in all the OSCC cell lines, it was found that
HIF-1a siRNA consistently reversed the effect of hypoxia
(Fig. 2c¢).
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Fig.2 siRNA targeted against HIF-1a inhibits trans-well migration,
invasion, sphere formation along with the expression of EMT and
CSC related genes in vitro. (a) Effect of silencing of HIF-1a on the
trans-well migration, invasion and sphere formation in OSCC cells
(magnification: 100X) under normoxia and hypoxia. (b) Quantifica-
tion of migrated and invaded cells and CSC enriched spheres treated
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Control si RNA Control si RNA

with HIF-1a siRNA under normoxia and hypoxia. (¢) Effect of silenc-
ing of HIF-1a on the expression of EMT and CSC related proteins.
Each experiment was performed in triplicates. *P value <0.05, **P
value <0.01 and ***P value<0.0001 denote statistically significant
changes compared to the corresponding control by One Way ANOVA
test (P ANOVA <0.0001) followed by post hoc Tukey’s test
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Effect of Lupeol and Paclitaxel on the viability
and proliferation of OSCC cells under hypoxia

To ascertain that a combinatorial regimen of Lupeol and
Paclitaxel offers synergistic effect in perturbation of VM
forming cells, we analyzed the data obtained from MTT
assay and observed the cytotoxic effect of Lupeol and
Paclitaxel on the OSCC cell lines. The dose dependent
cytotoxicity of Lupeol did not differ significantly at 24 h
and 48 h in both the UPCI: SCC154 and UPCI: SCC090
cell lines. However, treatment with varying doses of Pacli-
taxel exhibited notable differences in the cell viability at
48 h when compared the same with 24 h. Hence for all
the subsequent assays, the treatment duration of 48 h was
considered for both of Lupeol and Paclitaxel. Individual
treatment of Lupeol attained the ICy, value of 79.43 pM

in UPCI: SCC154 cells and 91.25 pM in UPCI: SCC090
cells during a defined 48 h of treatment window, whereas
the treatment of Paclitaxel alone resulted in the ICy, value
of 83 nM in UPCI: SCC154 cells and 67 nM in UPCI:
SCCO090 cells. The simultaneous treatment of cells with
Lupeol and sub ICs, doses of Paclitaxel elicited a stronger
inhibitory response on cellular viability compared to their
individual treatment (Supplementary Table 1 and Supple-
mentary Fig. 1). The Combination index (CI) value for
the combinatorial treatment was found to be 0.737 for
UPCI: SCC154 cells and 0.815 for UPCI: SCC090 cells
indicating the synergistic effects of Lupeol and Paclitaxel
in perturbing cell viability. Finally, the combination of
39.43 pM of Lupeol + 20 nM of Paciltaxel (for UPCI:
SCC154) and 52.58 pM of Lupeol + 16 nM of Paclitaxel
(for UPCI: SCCO090) represented the best synergistic inhi-
bition potential (Fig. 3a), which have been designated for
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Fig.3 Effect of Lupeol and Paclitaxel on hypoxia induced cellu-
lar proliferation, colony formation and wound healing potential. (a)
Percentage of cell viability in Lupeol and Paclitaxel treated OSCC
cells was measured with respect to the untreated control. (b) Indi-
vidual and combinatorial effect of Lupeol and Paclitaxel was deter-
mined on the hypoxia induced colony formation in OSCC cells
(magnification: 40X) and quantification of the percentage of colony
formation (relative to control) in OSCC cells treated with Lupeol
alone and in combination with Paclitaxel was assessed. (¢) Kinet-
ics of wound closure of OSCC cells treated with Lupeol alone and
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Lupeol and Paclitaxel on regulating the expression of proliferating
marker (Ki-67) in ex vivo platform derived from OSCC was deter-
mined by IHC (left, 200X magnification). Comparative analysis of
IHC scores among groups has been represented (right). Each experi-
ment was performed in triplicates. *P value <0.05, **P value <0.01
and ***P value<(0.0001 denote statistically significant changes
compared to the corresponding control by One Way ANOVA test (P
ANOVA <0.0001) followed by post hoc Tukey’s test



Lupeol and Paclitaxel cooperate in hindering hypoxia induced vasculogenic mimicry via...

further investigations. The combinatorial dose exhibited
significantly decreased percentage of colonies (Fig. 3b)
and reduced wound healing potential compared to the indi-
vidual treatment (Fig. 3c¢).

Lupeol treatment enhances the Paclitaxel induced
apoptosis in 0SCC cell lines under hypoxia

In order to evaluate whether the anticancer property
of Lupeol and Paclitaxel are exerted through inducing
apoptotic signal, the rate of apoptosis was quantified by
flow cytometry using Annexin V-FITC and PI labelling.
In both of the OSCC cell lines; though Lupeol or Pacli-
taxel individually induced apoptosis, their combinatorial

treatment demonstrated the significant enhancement of the
percentage of apoptotic cells (Fig. 4a). In case of UPCI:
SCC154 cell line, the total rate of apoptosis was increased
by 52.88%. In case of UPCI: SCCO090 cells, the same was
found to be enhanced by 24.63% through the synergistic
combinatorial treatment of Lupeol and Paclitaxel during
hypoxic incubation. Moreover, to understand the underly-
ing molecular mechanisms, the protein expression level
of the key regulators of apoptosis (i.e., Bax and Bcl2) was
investigated. Significantly up-regulated expression of Bax
and down-regulated expression of BCI2 was observed in
the cells treated with Lupeol and/or Paclitaxel (Fig. 4b).
It is also noteworthy that, the alteration of the apoptotic
regulator proteins was found to be more pronounced when
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Fig.4 Effect of Lupeol and Paclitaxel on induction of apoptosis
in vitro and ex vivo culture. (a) Annexin-V/PI staining indicating total
apoptosis rate in OSCC cells treated with Lupeol and Paclitaxel. (b)
Effect of Lupeol and Paclitaxel on the expression of apoptotic mark-
ers. (¢) TUNEL assay indicating total fluorescence intensity of apop-
totic cells following the treatment of Lupeol and Paclitaxel in com-
parison with untreated control. (d) Effect of Lupeol and Paclitaxel
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«Fig.5 Effect of Lupeol and Paclitaxel on regulating hypoxia induced
VM and the expression of VM related genes in vitro and ex vivo sys-
tems. (a) Individual and combinatorial effect of Lupeol and Paclitaxel
on the hypoxia induced VM formation in OSCC cells (magnification:
100X). (b) Quantification of VM formation with respect to number
of tubular junction and length of tubules in OSCC cells treated with
Lupeol alone and in combination with Paclitaxel. (¢) Individual and
combinatorial effect of Lupeol and Paclitaxel on the protein expres-
sion of VM associated genes. (d) Individual and combinatorial effect
of Lupeol and Paclitaxel was determined by quantifying the mRNA
expression of VM associated genes. (e) Effect of Lupeol and Pacli-
taxel on regulating the expression of VM associated genes in OSCC
derived ex-vivo platform by IHC staining of markers (200X magni-
fication, left). Red arrows in the CD31/PAS staining indicate PAS
positive VM architecture and black arrows indicate endothelial struc-
tures. Comparative analysis of IHC scores among groups has been
represented (right). Each experiment was performed in triplicates. *P
value <0.05, **P value <0.01 and ***P value <0.0001 denote statis-
tically significant changes compared to the corresponding control by
One Way ANOVA test (P ANOVA <0.0001) followed by post hoc
Tukey’s test

both of the compounds were used together than their indi-
vidual treatment. TUNEL assay also confirmed signifi-
cantly increased signal intensity of the apoptotic cells in
Lupeol and Paclitaxel treated group (Fig. 4c).

Combined treatment of Lupeol and Paclitaxel
hinders the hypoxia induced VM formation

and perturbs HIF-1a/EphA2/ Laminin-5y2 signaling
cascade

After ascertaining that hypoxia facilitated VM forming
ability of UPCIL: SCC154 and UPCI: SCC090 cells (Fig. 1),
we further investigated the potential role of Lupeol and
Paclitaxel in regulating the hypoxia induced VM forming
capacity of these cells (Fig. 5a, b). Significant disruption
of VM structures, in conjunction with remarkable reduc-
tion of tubular length and numbers were observed in the
cells co-treated with Lupeol and Paclitaxel. Though the
individual treatment of the compounds notably fractured
the in vitro pseudo-vascular architecture, their combinato-
rial effect is more pronounced affirming their synergistic
anticancer potential through mechanistically inhibiting the
VM channel formation. To further elucidate the molecu-
lar mechanism involved in the reversing effect of Lupeol
and Paclitaxel on the hypoxia induced VM formation, the
altered expression patterns of HIF-1a and its downstream
signaling components were also investigated. The western
blot analysis illustrated the significant down-regulation of
hypoxia induced HIF-1a and its downstream VM associ-
ated regulators such as VE-Cadherin, pEphA2 (S-897),
pERK1/2, MMP2 and Laminin-5y2 in the cells that were
treated with Lupeol alone and in combination with Pacli-
taxel (Fig. 5c). The synergistic association of Lupeol
and Paclitaxel also significantly suppressed the hypoxia

induced upregulation of the mRNA expression of HIF-1a
and Laminin-5y2 indicating their VM inhibiting potential
at the transcription level (Fig. 5d).

Synergism of Lupeol and Paclitaxel reverses
EMT and CSC phenomenon under the influence
of hypoxia

In the Fig. 2, we have investigated that the induction of
HIF-1a enhanced EMT and CSC phenomenon in OSCC
cells which displayed a crucial role in the VM forma-
tion. Figure 6a depicted a significantly reduced number of
migrated and invaded cells in trans-well setting when co-
treated with Lupeol and Paclitaxel indicating their indis-
pensable role in regulating VM associated migration and
invasion potential. The combinatorial treatment also caused
a significant decrease in the sphere forming potential with
the down-regulation of CD133 marker. Furthermore, Lupeol
alone as well as in combination with Paclitaxel significantly
up-regulated the expression of E-Cadherin and consistently
down-regulated the expression of mesenchymal markers
including Vimentin, Snail and Twist. Together, these data
mechanistically substantiate their reversing effect on the
hypoxia promoting EMT (Fig. 6b).

Synergistic effect of Lupeol and Paclitaxel
on regulating hypoxia induced vasculogenic
mimicry in patient derived ex vivo culture

Our findings from the in vitro model motivated us to test
the same hypothesis in a more complex but relevant patient
tumor derived ex vivo culture system. This model preserves
the physiological context of tumor microenvironment and
therefore represents a close approximation of native tumor
niche state (Majumder et al. 2015). In order to elucidate the
efficacy of the combinatorial drugs in ex vivo system, the
alteration of VM associated regulators along with the pro-
liferative and apoptotic markers was assessed at 48 h post
treatment. Tissue architecture of untreated control exhib-
ited relatively compact tumor cells whereas the Lupeol and
Paclitaxel co-treated group was found to have more disinte-
grated structures. CD31/PAS staining showed a significantly
decreased number of VM structures in Lupeol and Paclitaxel
treated tumor fragments, compared to the untreated control
(Fig. 5e). Lupeol and Paclitaxel treatment group also dis-
played a significant decrease in the expression of the cell
proliferation marker Ki67 (Fig. 3d) as well as VM associ-
ated HIF-1a and its downstream regulators VE-Cadherin,
pEphA2 (S-897), pERK1/2, MMP2 and Laminin-5y2, com-
pared to the untreated control (Fig. 5e). The significantly
upregulated expression of active Caspase 3c in Lupeol and
Paclitaxel treated group confirmed that their augmented
anticancer potential is exerted by the induction of apoptosis
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Fig.6 Effect of Lupeol and Paclitaxel on hypoxia induced migra-
tion, invasion, sphere formation along with alteration of EMT and
CSC related genes in vitro and ex vivo. (a) Individual and combina-
torial effect of Lupeol and Paclitaxel on the hypoxia induced trans-
well migration, invasion and sphere formation in OSCC cells was
evaluated (magnification: 100X) and quantification of migrated and
invaded OSCC cells and CSC rich sphere forming cells treated with
Lupeol alone and in combination with Paclitaxel. (b) Individual and
combinatorial effect of Lupeol and Paclitaxel on the protein expres-
sion of EMT and CSC associated genes in vitro. (c¢) Effect of Lupeol
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and Paclitaxel on regulating the expression of VM associated EMT
and CSC markers in ex vivo platform of OSCC. IHC staining for
expression of markers (200X magnification, left) and comparative
analysis of their IHC scores in Lupeol and Paclitaxel treated tissue
specimens (right). Each experiment was performed in triplicates. *P
value <0.05, **P value<0.01 and ***P value<0.0001 denote sta-
tistically significant changes compared to the corresponding control
by One Way ANOVA test (P ANOVA <0.0001) followed by post hoc
Tukey’s test
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(Fig. 4d). Furthermore, the immuno-histochemical profiling
of the expression of EMT and CSC markers showed reduced
expression of CSC marker CD133 and mesenchymal mark-
ers including Vimentin, Snail, Twist and significantly
increased expression of the epithelial marker E-Cadherin in
the tissue sections treated with Lupeol alone and in combi-
nation with Paclitaxel, indicating the potential of this drug
combination in disrupting EMT phenomenon in personal-
ized ex vivo setting (Fig. 6¢).

PPI analysis of VM interacting proteins
To investigate the functional link among the differentially

expressed proteins in the hypothesized network, protein-
protein interactions (PPI) were analyzed via STRING. In our

study the STRING analysis identified the main network pro-
teins implicated cellular proliferation, extracellular matrix
remodeling, EMT, CSC phenotype and apoptosis. The dif-
ferent grade of association was denoted via confidence level
(low-0.150, medium-0.400, high-0.700, highest- 0.900) and
edge thickness. Our key network protein HIF-1a exhibited
highest degree of association with Twist (0.979), followed
by the same with MMP?2 (0.754) and Snail (0.727). Laminin
also indicated strong association (0.925) with MMP2 and
Caspase 3 (0.907). All other possible associations are
depicted in Fig. 7a.
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Fig.7 Model depicting the involvement of HIFla and key interacting
partners in VM and intervention by Lupeol and Paclitaxel. (a) Pro-
tein—protein interaction network analysis using input proteins from
the present study on STRING platform showing interacting molecules
and confidence level in the network. Legends of confidence level have

been taken from the STRING database. (b) Schematic diagram repre-
senting cellular phenotypes, molecular drivers and synergistic effect
of Lupeol and Paclitaxel on perturbing hypoxia induced Vasculogenic
mimicry in OSCC.
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Discussion

Despite the recent advances in tumor biology, the treatment
outcome of OSCC patient remains poor. Resistance to anti-
angiogenesis and anti-metastatic drugs due to the tumor per-
fusion through alternative vascularization pathways emerged
as a new treatment challenge. VM has been shown to be
associated with tumor size, grade, metastasis and poor prog-
nosis in OSCC patients which emphasizes the urgent need
for developing novel anti-vascular therapeutic agents that
specifically target VM.

Recent studies indicated the prognostic significance of
a numbers of VM associated markers including SOX7
(Hong et al. 2021), LGRS (Wu et al. 2017), ALDH1, Bec-
linl, p16 (Wang et al. 2018b), NC11 domain of Collagen
XVI (Bedal et al. 2015) in OSCC. However, the molecular
mechanisms, underpinning the VM formation, in coordi-
nation with other intracellular factors remain elusive. The
current study demonstrated an association between
hypoxic induction of HIF-1a and VM formation mainly
through modulating the expression of extracellular matrix
remodeling protein Laminin-5y2 and elucidated a network
that represents the up-regulation of an array of critical
players like VE-Cadherin, EphA2, pEphA2 (S-897),
pERK1/2 and MMP2. During the siRNA mediated knock-
down of HIF-1a, a disrupted VM formation along with
inhibited potential of cellular migration, invasion and
stemness was evident under both normoxia and hypoxia in
SCC154 and SCCO090 cell lines. Hypoxic induction of VM
has been reported in lung adenocarcinoma (Fu et al. 2021),
hepatocellular carcinoma (Zhang et al. 2020) and breast
cancer (Wang et al. 2018a). However, none of the studies
have focused upon the hypoxia induced remodeling of
ECM components. From these perspectives, our findings
suggested a narrative of multifactorial signaling in the
hypoxic tumor microenvironment that influences the ECM
degradation and metastatic VM formation in OSCC model.
We further demonstrated that the hypoxic induction of
HIF-1a augmented EMT in concurrence with stem-like
phenotype in OSCC cells through altered expression of
E-Cadherin, Vimentin, Snail, Twist and CD133. Previous
work by Wang et al. (2019) highlighted the role of VEGFA
in hypoxia induced VM formation through regulating EMT
and stemness in salivary adenoid cystic carcinoma
(SACC). Another study from the same group also indi-
cated the VM forming potential of CD133 + cancer stem
like cells in SACC (Wang et al. 2016) highlighting the
critical roles of these complementary cellular contexts.
The crucial role of EMT in hypoxia induced VM formation
has been demonstrated in several other independent studies
involving various cancer models (Maroufi et al. 2020,
Chen et al. 2019, Li et al. 2019, Wang et al. 2014) covering
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diverse indications. However, no evidence supporting
hypoxia induced VM formation via EMT has been reported
yet in OSCC. From the perspectives of examining thera-
peutic challenges and opportunities of targeting this key
phenotypic cluster, our study also revealed the potential
synergistic partnership of Lupeol and Paclitaxel in per-
turbing the hypoxia induced VM tube formation through
the down-regulation of HIF-1a mediated and Laminin-5y2
driven signaling cascade both in vitro and in patient
derived ex vivo system. Several studies have demonstrated
that phytochemicals and active compounds from dietary
supplements such as green tea extract, hyperforin and sili-
binin synergistically enhance Paclitaxel response in differ-
ent cancer models including breast cancer (Barathan et al.
2021), ovarian cancer (Panji et al. 2021), gastric cancer
(Zhang et al. 2018). The anticancer activity of Lupeol has
been explored in head and neck cancer by inhibiting onco-
genic EGFR cascade (Rauth et al. 2016), inducing the
intrinsic apoptotic pathway (Bhattacharyya et al. 2017)
and downregulating NF-kf activity (Lee et al. 2007).
Though the cytotoxic effect of Lupeol has been studied on
various cancer models (Min et al. 2019; Sinha et al. 2019;
Malekinejad et al. 2022) the chemo-sensitization potential
of Lupeol to amplify the effectiveness of Paclitaxel has not
been elucidated yet. To the best of our knowledge, our
investigation is the first preclinical study assessing the
synergistic potential of Lupeol and common anti-neoplas-
tic drug Paclitaxel in suppressing the vasculogenic mim-
icry induced by hypoxia both in in vitro and ex vivo OSCC
models. Our data comprehensively highlights that Lupeol
and Paclitaxel individually exhibited growth inhibitory
effects on OSCC cells in a dose dependent manner and the
combination index analysis demonstrated that the combi-
nation regimen with Lupeol and lower dose of Paclitaxel
significantly induced antitumor effects. We have observed
synergistic anti-tumor efficacy (CI< 1) with approximately
two fold reduction of ICs, dose of Lupeol and four fold
reduction of Paclitaxel IC;, dose. The flow cytometric
analysis using Annexin-V/PI staining in parallel with fluo-
rescence imaging of TUNEL assay validated that the com-
bined cytotoxic effect of Lupeol/Paclitaxel is causally
associated with apoptotic cell death pathway which was
consistent with the western blot results showing the altera-
tion of Bax/Bcl2 ratio following the combined treatment
of Lupeol and Paclitaxel. Our study further revealed that
Lupeol, as a single agent has the potential to inhibit
hypoxia induced VM in in vitro and in patient derived
ex vivo OSCC model, and its synergistic cooperation with
Paclitaxel exhibited an enhanced anti VM effect against
OSCC. Earlier the study by Bhattacharyya et al. (2019)
indicated the reversing effect of Lupeol on the progression
of VM in murine melanoma model by downregulating
CD133 expression and Paclitaxel also exhibited an in vitro
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VM inhibitory potential in murine glioma model (Liu et al.
2015). However, the exact molecular mechanistic approach
that underlines the destruction of VM tubes remained un-
explored. In this regard, for the first time our study por-
trayed that, along with the structural disruption of VM
tubes in UPCI: SCC154 and UPCI: SCCO090 cell lines,
Lupeol decreased the expression of HIF-1a, leading to the
concurrent inhibition of VE-Cadherin, pEphA2 (S-897),
pERK1/2, MMP2 and Laminin-5y2. Indeed, its co-treat-
ment with lower dose of Paclitaxel enhanced the down-
regulation of key proteins suggesting that Lupeol/Pacli-
taxel synergism hinders hypoxia induced VM formation in
OSCC model and the mechanism may be related to inhibi-
tion of HIF-1a mediated EphA2-Laminin-5y2 axis. Previ-
ous studies by Li et al. (2018) and Liu et al. (2018)
reported the VM inhibitory effect of Niclosamide and
Melatonin in OSCC via up-regulation of miR-124, down-
regulation of STAT-3 and through the blockade of ROS
reliant AKT/ERK signaling pathways respectively. IL-17F
also inhibited the in vitro VM formation in OSCC cells
(Almahmoudi et al. 2021). Corresponding to these find-
ings, our study proposed an additional novel therapeutic
intervention strategy targeting this potentially actionable
perturbation leading to the pseudo-vascular features. Fur-
thermore, our findings also unfolded that, compared to the
individual treatment, the combinatorial dose of Lupeol and
Paclitaxel revealed pronounced inhibitory effect on the
expression of markers related to EMT (Vimentin, Snail,
Twist) and CSC (CD133) phenotypes which are critically
required for VM formation (Sun et al. 2019; Jue et al.
2017). Consistent with the outcomes of in vitro model, we
also demonstrated that a combined treatment of Lupeol
and Paclitaxel can proficiently reduce the formation of VM
channels in patient derived ex vivo platform via CD31/
PAS staining and the immuno-histochemical expression of
VM associated markers were also significantly down-reg-
ulated in the combination group compared to the individu-
ally treated groups. Mechanistically, in this context, the
ex vivo data provides key translational insights which will
be beneficial for the prediction of therapeutic response in
a personalized settings and identifying the most appropri-
ate treatment regimen for individual patients. Collectively,
we conjectured from the above findings that Paclitaxel in
concert with Lupeol may inhibit hypoxia induced VM for-
mation via down-regulating HIF-1a-EphA2-Laminin-5y2
cascade and associated EMT and CSC phenomenon in
OSCC. Further in vivo investigation in appropriate animal
models is critically required to understand their translat-
ability and assess their anti-VM potential for OSCC
treatment.

Conclusion

From this study we may conclude that HIF-1a is a key
regulator of OSCC in terms of VM formation and for tar-
geting its downstream signaling components, the syner-
gistic combination of Lupeol and paclitaxel will emerge
as a new treatment modality for clinically aggressive oral
cancers following evaluation through proper clinical trials
in future.
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Abstract

Vasculogenic mimicry (VM), an endothelial cell-independent alternative mecha-
nism of blood supply to the malignant tumour, has long been considered as an ad-
verse prognostic factor in many cancers. The correlation of VM with laminin-5y2
and the assessment of their harmonized expression as an independent risk factor
have not been elucidated yet in oral squamous cell carcinoma (OSCC). CD31/
PAS staining stratified 116 clinically diagnosed OSCC specimens into VM+ and
VM- cohorts. The expression pattern of laminin-5y2 and its upstream modulator
MMP2 was evaluated by immunohistochemistry and Western blot. The Kaplan-
Meier and Cox regression analyses were performed to assess the survival and
prognostic implications. The presence of VM demonstrated a significant correla-
tion with the expression of laminin-5y2 (p < .001) and MMP2 (p < .001). This pat-
tern was mirrored by the significant upregulation of laminin-5y2 and MMP2 in
VM+ cohorts compared with the VM— ones. Furthermore, co-expression of VM
and laminin-5y2 was significantly associated with tumour grade (p = .010), pri-
mary tumour size (p < .001), lymph node metastasis (p = .001) and TNM stages
(p < .001) but not with patients’ age, gender, tobacco and alcohol consumption
habit. Vasculogenic mimicry and laminin-5y2 double-positive cohort displayed
a significantly poorer disease-free survival (DFS) and overall survival (OS).
Vasculogenic mimicry, laminin-5y2 and their subsequent dual expression under-
lie a significant prognostic value for DFS [hazard ratio (HR) = 9.896, p = .028]
and OS [HR = 21.401, p = .033] in OSCC patients. Together, our findings imply
that VM along with laminin-5y2 is strongly linked to the malignant progression
in OSCC and VM and laminin-5y2 coordination emerges as a critical prognostic
biomarker for OSCC.
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Oral cancer is the 6th most common malignancy in
the world." Oral squamous cell carcinoma (OSCC) ac-
counting for over 90% of oral cancers® is one of the
most common causes of cancer-related deaths in the
developing countries including India and the South-
East Asia. The estimated incidence and mortality due
to lip, oral cavity cancer in the world are 2.0% and 1.8%
respectively.® Annually 75,000-80,000 new oral cancer
cases are being reported in India.* The use of tobacco
in various forms including cigarette, bidi, hookah, betel
nut and betel quid is the major risk factor for OSCC.
Severe alcoholism, HPV infection, dietary deficiencies
and poor oral hygiene are the other common identified
risk factors.® Metastasis and postoperative recurrence
are the most common reasons for poor 5-year survival’
that further increases failure of treatment. There are
multiple clinicopathological factors responsible for this
poor outcome. Growing tumours survive in the nutri-
ent- and oxygen-deficit state using diverse strategies.
In 1999, Maniotis et al.® demonstrated that when blood
supply cannot meet the need of rapid tumour growth,
some aggressive, metastatic and genetically dysregu-
lated cancer cells mimic the endothelial cells and form
pseudovascular channel-like structures called vascu-
logenic mimicry (VM). It was first described in human
uveal melanoma as periodic acid-Schiff (PAS)-positive
patterned vascular network and enables the tumours
to form matrix-embedded vascular structures carrying
plasma and blood cells to fulfil the increasing nutrient
and metabolic demands in tumour microenvironment.’
Core matrix proteins such as laminin, heparan sulphate
proteoglycan and collagens IV and VI have been identi-
fied in these patterns.'® Though vasculogenic mimicry
is considered as an established prognostic marker in
melanoma,'"'? breast cancer,'>* glioblastoma,15 ovar-
ian cancer,'® lung cancer,"’ prostate cancer'® and diges-
tive cancers,” the underlying molecular phenotypes
inducing it in OSCC and their prognostic significance
are poorly understood.

Laminin-5 (Ln-5), a component of extracellular ma-
trix (ECM) adhesion molecules, is expressed predomi-
nantly in the epithelial basal membrane structure that
promotes static adhesion and hemidesmosome forma-
tion.*® However, the cleavage of short arm of y2 subunit
of laminin-5 by matrix metalloproteinases (MMPs) such
as MMP2 and MT1-MMP leads to its switching from static
to migratory form resulting in cell migration and/or inva-
sion.”** In the context of the molecular mechanism in-
fluencing VM, the downstream signalling of VE-cadherin,
EphA2 and VEGF choreographs the cleavage of laminin-5
into the pro-migratory y2x and y2’ fragments through

activated MMP2, implicating the roles of the extracellular
matrix remodelling in positively regulating the formation
of VM network.>

Although the differential expression of laminin-5y2
has been associated with tumour invasion and lymph
node metastasis in OSCC**** and with the poor survival
outcome in TCGA database-derived head and neck can-
cer (HNC) cohorts (n = 502),% its correlation with VM
phenotype and the prognostic significance of their coor-
dinated expression have not been elucidated yet. Here,
we aim to investigate the phenotypic characteristics of
VM structures in OSCC tumour tissues and evaluate the
expression of laminin-5y2 and its upstream modulator
MMP2, as well as their correlation in the process of the
acquisition of VM structure in OSCC microenvironment.
Finally, we have undertaken the survival and risk factor
assessment of VM-laminin-5y2 coordination in a defined
patient cohort to enlighten a novel and promising thera-
peutic target of OSCC.

2 | MATERIALS AND METHODS

2.1 | Patients and tissue samples

The surgical and clinically confirmed OSCC tissue
specimens from a sum total of 116 patients (median
age: 54 years, range: 28-80 years) were obtained from
Chittaranjan National Cancer Institute, Kolkata, during
May 2014-April, 2015. Patients with history of recur-
rence or preoperative chemotherapy and radiotherapy
were excluded. Informed written consent was obtained
from all the patients prior to specimen collection. The
study was approved by the Institutional Ethics commit-
tee (IEC Ref: A-4.311/53/2014) in accordance with the
ethical guidelines of Declaration of Helsinki (1964) and
its later amendments. Tumour-node-metastasis stages
were evaluated according to 8th edition of the American
Joint Committee on Cancer (AJCC), and tumour grade
was classified according to World Health Organization
(WHO) standards. For OSCC patients with complete
clinicopathological information and follow-up data, the
overall survival (OS) time was calculated as the time in-
terval from the date of surgery of the patients to their oral
cancer-related death, and disease-free survival (DFS)
was noted as the time interval from the date of surgery
to the first documentation of local recurrences or dis-
tant metastasis. Parameters that are associated with di-
agnosis, prognosis and treatment of OSCC such as age,
anatomic location of primary tumour, histological grade,
habit of tobacco and alcohol consumption, tumour size,
lymph node metastasis, and TNM stage group have been
recorded (Table 1).
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2.2 | Immunohistochemistry/PAS
dual staining

Immunohistochemistry (IHC) coupled with PAS staining
was performed with the primary antibodies against CD31
or PECAM-1 (Santa Cruz Biotechnology, Inc; rabbit mono-
clonal; clone: M-20, dilution: 1:100), laminin-5 (Y2 chain)
(Merck; mouse monoclonal; clone: D4B5, dilution: 1:100)
and MMP2 (Novus Biologicals; mouse monoclonal; clone:
8B4, dilution: 1:100) as per previously described methods.'**’

2.3 | Evaluation of vasculogenic
mimicry and THC markers

Vasculogenic mimicry (VM) was identified through the de-
tection of CD31-negative and PAS-positive lumen-like struc-
tures surrounded by tumour cells (but not with endothelial
cells) with or without red blood cells inside the lumen®>?
(Figure 1A). The vascular structures were observed for struc-
tural integrity with no incidence of haemorrhage, necro-
sis or inflammatory cell infiltration in close proximity.**°
The VM density with respect to the overall vascular density
has been assessed according to the modified method de-
scribed by Weinder et al,”’ 1991, Shao et al, 2008,%® and Zhou
et al 2019.% The total number of CD31+ and CD31- lumen-
like vascular structures, surrounded by tumour cells or en-
dothelial cells, was considered as the overall vascular density.
The areas of highest vascular density were found by observ-
ing the slides at 200x magnification. VM vessels were indi-
vidually counted in 5 randomly selected 200X magnification
field. The average percentage of VM has been evaluated rela-
tive to the overall vascular density and graded on the basis
of following score: 0, negative; 1, <20%; 2, 20-<40%; 3, 40-
<60%; and 4, >60%. The immunohistochemical score of our
studied markers (laminin-5y2 and MMP2) was determined
by considering intensity of staining and proportion (%) of
stained cells.*>* All the staining results were blindly evalu-
ated by two experienced pathologists in a semi-quantitative
manner. To account the intra-tumoral heterogeneity of an-
tibody expression, ten randomly selected represented fields
(under 400X magnification) from different areas of each
slide were evaluated by two qualified pathologists (manual
method). The staining intensity was determined on the basis
of the following score: 0, negative; 1, mild; 2, moderate; and
3, strong staining, and the percentage (proportion) of posi-
tively stained cells per field was scored as follows: 0, <10%; 1,
<25% of positively stained cells; 2, <50% of positively stained
cells; and 3, >50% of positive cells.***® The final immuno-
histochemical staining score of each sample was determined
by summation of staining intensity and percentage (propor-
tion) of positively stained cells, which ranged from 0 to 6. The
final staining score 0-3 was considered as negative staining
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TABLE 1 Demographic and clinicopathological profile of
OSCC patients

Patients’ characteristics n (%)
Age (years)
<55 62 (53.45)
>55 54 (46.55)
Gender
Male 85 (73.28)
Female 31 (26.72)
Tobacco consumption
Yes 50 (43.10)
No 66 (56.90)
Alcohol consumption
Yes 10 (8.62)
No 106 (91.38)
Tumour location
Lip 8 (6.89)
Tongue 17 (14.65)
Buccal mucosa 39 (33.62)
Gingiva 24 (20.69)
Floor of mouth 4 (3.45)
Retromolar trigone (RMT) 5(4.31)
Others® 19 (16.38)
Grade
Well 73 (62.93)
Moderate 41 (35.34)
Poor 2(1.72)
Primary tumour status
T1 64 (55.17)
T2 8 (6.89)
T3 18 (15.52)
T4 26 (22.41)
Lymph node metastasis
NO 66 (56.89)
N1 27(23.27)
N2 21 (18.10)
N3 2(1.72)
TNM stage group
I (T1INOMO) 50 (43.10)
11 (T2NOMO) 5(4.31)
111 (T3NOMO, T1-3N1MO0) 23(19.83)
IV (T4NOMO-T1-4N1-3MO) 38 (32.76)

#Others include alveolar mucosa, hard palate and soft palate.

and that of 4-6 was considered as positive staining.***’ The
semi-quantitative evaluation of pathologists was further
validated by IHC profiler plugin® compatible with ImageJ
(Figure S1). To normalize the digital image analysis with the
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FIGURE 1 (A)CD31-PAS staining showing VM and endothelial structure in OSCC. Red arrows indicate PAS-positive and CD31-
negative VM architecture, and black arrows represent endothelial structure showing CD31-positive staining with or without PAS staining
(200x and 400x magnification). Representative images for immunohistochemical status (coupled with PAS staining) of (B) laminin-5y2 and
(C) MMP2 in VM-positive and VM-negative OSCC cohorts (200X and 400x magnification). Red arrows indicate PAS-positive networks, and
black arrows indicate specific expression of proteins (B,C). Quantitative analysis of (D) laminin-5y2 and (E) MMP2 expressions was revealed
by immunohistochemical scores. The differences between VM-positive and VM-negative groups were calculated by the ¢ test (p < .0001)

pathologists’ manual analysis, the IHC profiler-generated
four-tier staining pattern was scored from 0, negative; 1, low
positive; 2, moderately positive; and 3, high positive simi-
lar to the manual assessment. Further, the total percentage
of positive staining (1, low positive; 2, moderately positive;
and 3, high positive) was determined from their individual
percentage contribution and also scored from O to 3 scale in
accordance with the pathologists’ consideration of score for
proportion (%) of stained cells.*** The final immunohisto-
chemical score (0-6) of each sample was determined by sum-
mation of the percentage score of total positive staining and
the total intensity score contributed by different degrees of
positive staining pattern to harmonize the digital assessment
with the manual findings inferring the final score <3 as nega-
tive staining and that of >3 as positive staining.

2.4 | Western blot

Western blot analysis was performed using 3-5 mg of tis-
sue specimens from few representative samples of both
VM+ (n = 15) and VM— (n = 15) groups as per our previ-
ously described methods.> Fifty micrograms of total pro-
tein extract and appropriate primary antibodies against
laminin-5 (Y2 chain) (Merck; mouse monoclonal; Clone:
D4B5, Dilution: 1:100) and MMP2 (Novus Biologicals;
mouse monoclonal; Clone: 8B4, Dilution: 1:100) was used.
B-Actin was used as a loading control.

2.5 | Statistical analysis

All the statistical analyses were performed using SPSS
17 software (SPSS Inc) and GraphPad Prism version 7.00
software. The chi-squared (y°) test was performed to find
the associations between clinical-pathological param-
eters and VM and laminin-5y2, and correlation among
laminin-5y2, MMP2 expression and VM was determined
by the Spearman correlation test. The t test was used to
compare two means. Kappa value was calculated to assess
the agreement between two pathologists and two methods.
The Kaplan-Meier survival analysis followed by the log
rank test was used to compare the survival patterns. The
multivariate Cox proportional hazard regression model
was also used where overall survival (OS) and disease-free
survival (DFS) were calculated. p < .05 was taken to be sta-
tistically significant.

3 | RESULTS
3.1 | Evaluation of VM in OSCC tissue
specimens

Vasculogenic mimicry (VM) was identified in 29.31% of
OSCC tissue specimens. Based on the CD31/PAS staining,
the total patient population was stratified into VM-positive
(VM+) and VM-negative (VM—) cohorts (Figure 1A). 34
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of 116 (29.31%) cases were VM-positive, and 82 (70.69%)
cases were VM-negative.

3.2 | Correlation of VM with the
differential expression of laminin-
5y2 and MMP2

The immunohistochemical expression of laminin-5y2
and MMP2 was observed in OSCC tumour cell cytoplasm
and in tumour stroma. The expression of laminin-5y2 and
MMP2 was positively correlated to VM at their individual
level (r = .6642, p <.001 and r = .6201, p < .001 respec-
tively), and the expression of laminin-5y2 and MMP2 was
also significantly correlated (r = .5046 and p < .001) with
each other (Figure S2A-C). The expression pattern of
laminin-5y2 and MMP2 in VM-positive and VM-negative
cohorts has been represented in Figure 1B,C. The quan-
titative data indicated the significantly elevated expres-
sion of laminin-5y2 and MMP2 in VM-positive cohorts
(p < .0001; Figure 1D,E). The mean immunohistochemi-
cal score of laminin-5y2 and MMP2 in VM-positive cohorts
was 4.50 + 1.75 and 4.29 + 1.45 (mean + SD), respec-
tively, whereas the same for the VM-negative cohorts was
1.74 + 1.54 and 1.91 + 1.51 respectively. Figure S1 shows
the significantly positive correlation (R* > .9, p < .001) be-
tween the THC scoring of two pathologists and between
digital and manual methods. Kappa statistics was used
to assess the interobserver and intermethod agreement,
which revealed almost perfect strength of agreement
(x = 0.81-1.00) between the scoring of two pathologists
and substantial strength of agreement (k = 0.61-0.80)>
between digital and manual methods confirming the
reliability of our IHC scoring method. The differential
expressional status of the studied markers was also vali-
dated through quantitative Western blot analysis (Figure
S2D,E), which indicated significantly higher intensity of
immunoreactive bands in VM-positive groups compared
with the VM-negative ones (p < .05).

3.3 | Association of VM and laminin-5y2
with the clinicopathological features

The association of individual and coordinated expression
of VM and laminin-5y2 with the clinicopathological char-
acteristics of patients has been summarized in Table 2.
The result showed 30 (25.86%) VM-laminin-5y2 double-
positive cases, 4 (3.44%) VM-positive laminin-5y2 nega-
tive cases, 21 (18.10%) VM-negative laminin-5y2-positive
cases and 61 (52.58%) VM-laminin-5y2 double-negative
cases. The presence of vasculogenic mimicry in OSCC
was significantly associated with tumour grade (p = .002),
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primary tumour status (p < .001), lymph node metastasis
(p = .005) and TNM stage group (p < .001) but not with
patient's age, sex and tobacco or alcohol consumption
habit. It has been significantly found that 50% (1/2) cohort
of the poorly differentiated tumour grade developed VM,
whereas 48.78% (20/41) of the moderately differentiated
group and 17.80% (13/73) of the well-differentiated group
were found to be VM-positive. It is also noteworthy that
59.09% (26/44) patients of T3 and T4 primary tumour sta-
tus significantly developed VM compared with the T1 and
T2 group [11.11% (8/72)]. Similarly, the occurrence of VM
was also significantly prevalent in the patients with posi-
tive nodal status compared with the negative ones [46%
(23/50) vs 16.66% (11/66)], as well as in the patients with
TNM stage groups III and IV [47.54% (29/61)] compared
with TNM stage groups I and II [9.09% (5/55)]. The posi-
tive rate of VM was also significantly associated with the
expression of laminin-5y2 in OSCC. 43.9% of the total pa-
tients (51/116) showed positive expression of laminin-5y2.
Among them, the VM-positive group was found to have
significantly increased level of expression of laminin-5y2
[88.23% (30/34)] compared with the VM-negative [25.61%
(21/82)] counterparts. Similar to the findings for the as-
sociation of VM with the clinicopathological features,
the positive expression of laminin-5y2 was mostly ob-
served in the patients with T3 and T4 primary tumour sta-
tus (68.18%, p < .001) and TNM stage groups III and IV
(57.37%, p = .002). Interestingly, the double-positive ex-
pressional status of VM-laminin-5y2 was also significantly
associated with tumour grade (p = .010), primary tumour
status (p < .001), lymph node metastasis (p = .00133) and
TNM stage group (p < .001) indicating the strong correla-
tion between VM and laminin-5y2 in the pathogenesis of
OSCC. In addition to laminin-5y2, we have also found a
significant positive association of its upstream modulator
MMP2 with VM (p < .001; Table S1). In association with
the significant positive correlation of MMP2 with VM
and laminin-5y2, we have also demonstrated the signifi-
cant association of MMP2 and VM-MMP2 dual positivity
with the other established prognostic features of OSCC
(Table S1). These data indicated the deterministic role of
laminin-5y2 and its activator molecule MMP2 in the oc-
currence of VM and progression of OSCC.

3.4 | Correlation of the positive
expression of laminin-5y2 and VM with
disease-free and overall survival

To understand the collaborative prognostic significance
of VM-laminin-5y2, the 5-year survival rate was calcu-
lated for total of 116 patients with respect to DFS and
OS. After completion of the follow-up (median follow-up
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TABLE 2 (Continued)

VM and laminin-5y2 dual expression

Laminin-5y2

Positive

Negative

Positive

Negative

Positive

Negative

Patients’

p value

X2

n (%)

2 p value n (%)

X

n (%)

p value n (%)

XZ

n (%)

n (%)

characteristics

VM

38.3 <0.001*

4(3.45)

30 (25.86)

Positive

61 (52.59)

21 (18.10)

Negative

* Significant values i.e. p < 0.05 are denoted in bold.

period: 56 months, range: 16-60 months), 36 patients
(31.03%) were dead due to local recurrence or metasta-
sis after surgery and 62 (53.45%) patients were alive with
the rest being lost to follow-up or died of other diseases
unrelated to OSCC and they were considered as cen-
sored for further analysis. The Kaplan-Meier plot of DFS
and OS in OSCC patients with differential status of VM,
laminin-5y2 and their dual existence have been shown in
Figure 2. The follow-up data demonstrated that the mean
DFS of VM-positive cohort and laminin-5y2-positive
cohort was significantly inferior to that of VM-negative
(log rank = 92.052, p < .001) and laminin-5y2-negative
(log rank = 40.575, p < .001) cohort; VM-laminin-5y2
double-positive cohort also had significantly worse DFS
compared with the respective double-negative cohorts
(log rank = 125.283, p < .001). The distinguishing DFS
rate among these groups was also reflected with the OS
time. The mean OS of VM-positive cohort, laminin-5y2-
positive cohort and VM-laminin-5y2 double-positive co-
hort was significantly poorer than that of VM-negative
(log rank = 80.363, p < .001), laminin-5y2 negative
(log rank = 45.209, p < .001) and VM-laminin-5y2
double-negative (log rank = 114.464, p < .001) cohorts
respectively. These findings interpreted that VM and
laminin-5y2 either individually or together are important
indicators of DFS and OS in OSCC patients. Additionally,
we have also found the significant difference in the
Kaplan-Meier plot of DFS and OS in the OSCC patients
with differential expression of MMP2 and of VM-MMP2
duality (Figure S3).

3.5 | Prognostic impact of paired VM-
laminin-5y2 positivity on disease-free and
overall survival

Based on the significant findings of univariate analysis, in-
dicating the significance of clinicopathological parameters
such as tumour grade, primary tumour status, lymph node
metastasis, TNM stage group and occurrence of VM inde-
pendently, as well as in conjunction with the expression of
laminin-5y2 in DFS and OS, the multivariate Cox propor-
tional hazard regression model was applied to assess their
role as independent survival risk factors (Table 3). The
multivariate analysis revealed that in addition to primary
tumour status and lymph node metastasis, the occurrence
of VM [hazard ratio (HR): 1.696; 95% CI :1.030-2.791;
p = .038], positive expression of laminin-5y2 (HR: 1.327;
CI: 1.013-1.739; p = .040) and VM-laminin-5y2 double-
positive status (HR: 9.896; CI: 1.286-76.173; p = .028) were
proved to be independent risk factors for DFS. Similar to
DFS, the occurrence of VM (HR: 3.081; CI: 1.428-6.651;
p = .004), positive expression of laminin-5y2 (HR: 1.424;
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FIGURE 2 Kaplan-Meier analysis of the disease-free survival (DFS) and overall survival (OS) rate of patients with OSCC. DFS of
patients in relation to (A) VM, (B) differential expressional status of laminin-5y2, (C) VM and laminin-5y2 dual status and OS of patients in
relation to (D) VM, (E) differential expressional status of laminin-5y2, (F) VM and laminin-5y2 dual status

TABLE 3 Assessment of prognostic factors of disease-free survival (DFS) and overall survival (OS) by multivariate analysis of Cox

proportional hazard model

Disease-free survival (DFS) Overall survival (OS)
95% CI 95% CI

Variables HR p value Lower Upper HR pvalue Lower Upper
Grade 1.759 0.099 0.900 3.439 1.219 0.625 0.551 2.699
Primary tumour status 1.821 0.003* 1.221 2.717 1.559 0.054 0.992 2.449
Lymph node metastasis 2.944 <0.001* 1.632 5.311 2.865 0.002* 1.478 5.554
TNM stage group 0.307 0.123 0.068 1.379 0.494 0.486 0.068 3.589
VM only 1.696 0.038* 1.030 2.791 3.081 0.004* 1.428 6.651
Laminin-5y2 only 1.327 0.040* 1.013 1.739 1.424 0.026* 1.043 1.945
VM and Laminin-5y2 double positive ~ 9.896 0.028* 1.286 76.173 21.401 0.033* 1.276 358.980
MMP2 only 1.091 0.582 0.801 1.485 1.084 0.697 0.721 1.630
VM and MMP2 double positive 1.047 0.951 0.238 4.619 0.282 0.232 0.035 2.251

" Significant values i.e. p < 0.05 are denoted in bold.

CI: 1.043-1.945; p = .026) and the simultaneous double- 4 | DISCUSSION

positive expression of VM-laminin-5y2 (HR: 21.401; CI:
1.276-358.980; p = .033) were also found to be independ-
ent risk factor for OS. In support of the significant find-
ings on the survival endpoints, the positive expression of
MMP2 and its co-existence with VM were also considered
for the analysis of risk factor assessment, but neither of
them proved to be the independent prognostic factor for
DFS and OS in our OSCC cohorts.

Alternative vascularization influences the poor prog-
nosis of cancer patients,s?”54 evoking tumour resistance
towards anti-angiogenic and anti-neoplastic therapy.>
Vasculogenic mimicry is a leading pathological entity rep-
resenting this state to which prompted us for a more com-
prehensive evaluation of VM and associated prognostic
biomarkers underpinning in OSCC.
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In this present study, we have evaluated the correlation
of VM with expression of laminin-5y2 in predicting the
survival and prognosis of OSCC. We have inferred that the
occurrence of VM is significantly prevalent in the poorly
differentiated tumour with increased primary tumour
size, higher lymph-node metastasis and TNM stage, which
reflected the mechanistic link of VM to the invasion and
metastasis attributing the aggressive and malignant pro-
gression of OSCC. Contextually, commonalities have been
observed in other malignant tumours.”®>’ Laminin-5y2
complements ECM remodelling and is considered to be
one of the most common downstream signalling pro-
teins in molecular cascades associated with VM, that is
TGF-p,® VE-cadherin, EphA2, PI3-K* and MMP2.%%!
Moreover, laminin receptor integrin pl-mediated FAK
signalling has also been associated with VM-like net-
work formation in human fibrosarcoma cells.®” On the
contrary, the cooperative interaction between MMP2
and laminin-5y2 has been well established in a number
of malignancies including glioblastoma®® and aggressive
melanoma when cultured on a three-dimensional ECM.*
Our study delineated a significant interrelation of VM,
laminin-5y2 and their coordinated alignment with the
histological and conventional prognostic parameters such
as tumour grade, primary tumour size, lymph node me-
tastasis and TNM stage group highlighting the impact of
integrating multiple facets of these markers that may ben-
efit while assessing the risk factors in OSCC. The double
positivity of vasculogenic mimicry-laminin-5y2, as well as
their individual positive expression, also had the signifi-
cantly poorer DFS and OS in our study, which may act as
a tool to predict a worse prognostic indication. Although
a few recent studies indicated the individual prognostic
significance of some VM-associated biomarkers includ-
ing LGR5,%* ALDHI1, Beclinl, p16* and extracellular
I1L17-F,% the combinatorial approach of VM with its asso-
ciated biomarkers'*® is still a less explored area in OSCC.
In this context, our investigation confirmed for the first
time that both VM and laminin-5y2 in combination pro-
vide better prognostic significance with higher statistical
power including increased hazard ratio [(HR) = 9.896,
p = .028 (DFS) and HR = 21.401, p = .033 (OS)] compared
with individual expression of VM [(HR) = 1.696, p = .038
(DFS) and HR = 3.081, p = .004 (OS)] and laminin-5y2
[HR) = 1.327, p = .040 (DFS) and HR = 1.424, p = .026
(0S)]. Collectively, these findings indicate the comple-
mentarity of VM and laminin-5y2 as powerful risk factor
for DFS and OS in OSCC. Our study also illustrated that
in spite of being the upstream modulator of laminin-5y2,
MMP2 was not found to be performed as an independent
risk factor in association with VM. We further validated
the manual quantification data with the inputs from au-
tomatic profiler and showed a linear pattern.®’ Indeed,

- 9
{INTERNATIONAL JOURNAL OF E;pt(imﬂ’el;saj ‘g!—wl LEYJ—

digital quantitative pathology is an evolving modality and
needs further validation before its routine adoption as
stand-alone method. Knowing the therapeutic challenges
of late refractory oral malignancies and roles of novel
prognostic biomarkers in informed treatment decision,
these findings will provide important contextual guidance
for defining appropriate clinical strategies.

In conclusion, the study revealed that the expression of
the extracellular matrix protein Laminin-5y2 coordinated
with VM is significantly associated with tumour grade, pri-
mary tumour size, lymph node metastasis and TNM stage.
Co-expression of vasculogenic mimicry with laminin-5y2
underlines the independent prognostic impact and cor-
relates with the decreased disease-free and overall survival
in OSCC patients. Further validation of these findings in
large independent studies would provide important pre-
dictive opportunities for better guidance towards effective
treatments.
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Abstract

Cadmium and lead are widespread, nonbiodegradable heavy metals of perpetual
environmental concerns. The present study aimed to evaluate whether sub-chronic
exposure to cadmium chloride (CdCl,) and lead acetate [Pb(CH3COO),] induces
reproductive toxicity and development of testicular germ cell neoplasia in situ
(GCNIS) in swiss albino mice. The effects of resveratrol to reverse the metal-induced
toxicity were also analyzed. The mice were randomly divided into four groups for
metal treatments and two groups received two different doses of each metal, CdCl,
(0.25 and 0.5 mg/kg) and Pb(CH3;COO), (3 and 6 mg/kg). The fourth group received
oral doses of 20 mg/kg resveratrol in combination with 0.5 mg/kg CdCl, or 6 mg/kg
Pb(CH;COQ), for 16 weeks. Toxic effects of both metals were estimated
qualitatively and quantitatively by the alterations in sperm parameters, oxidative
stress markers, testicular histology, and protein expressions of the treated mice.
Pronounced perturbation of sperm parameters, cellular redox balance were
observed with severe distortion of testicular histo-architecture in metal exposed
mice. Significant overexpression of Akt cascade and testicular GCNIS marker
proteins were recorded in tissues treated with CdCl,. Notable improvements were
observed in all the evaluated parameters of resveratrol cotreated mice groups. Taken
together, the findings of this study showed that long-term exposure to Cd and Pb
compounds, induced acute reproductive toxicity and initiation of GCNIS develop-
ment in mice. Conversely, resveratrol consumption abrogated metal-induced
perturbation of spermatogenesis, testicular morphology, and the upregulation of
Akt cascade proteins along with GCNIS markers, which could have induced the

development of testicular cancer.

KEYWORDS

cadmium, lead, male infertility, resveratrol, testicular GCNIS
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1 | INTRODUCTION

Cadmium (Cd) and lead (Pb) are ubiquitous environmental toxicants.
According to the US Geological Survey, Cd is primarily produced from
Asia and the Pacific region.[” On the other hand, the highest Pb
producing countries are China, Australia, Peru, and United States.”!
Reported sources of Cd and Pb in the environment include
anthropogenic, industrial, agricultural, pharmaceutical, and domestic
effluents.”) In recent decades, heavy metal contamination has
increased dramatically because of their continuous discharge in
sewage and untreated industrial effluents. These metals get
assimilated in the plant world as they progress through the food
chain.! They are nonbiodegradable and have long biological half-
lives inside human body, therefore persist in the environment.”?!
Compelling data from different parts of the world suggest that
environmental and occupational exposure to Cd and Pb compounds
significantly induce physiological, biochemical, behavioral dysfunc-
tions” *'! and development of a diverse range of cancers!*>*! in
humans as well as in animal models. The International Agency for
Research on Cancer (IARC) has classified Cd and its compounds as
“carcinogenic to humans” and Pb compounds as “possibly carcino-
genic to humans.”l"***! Other detrimental health implications of Cd
and Pb exposure include development of reproductive toxicity and
endocrine disruptions in both male and female subjects.l*¢~*¢]

Several epidemiological reports on the potential association
between the detrimental environmental impact on reproduction and
the increasing incidence of testicular cancer evoked curiosity among
researchers. Studies indicated that men with abnormal semen
parameters are at an increased risk of developing germ cell tumors
in future.'?"22 On the other hand, evidence from different parts of
the world links oxidative stress to a plethora of acute pathological
conditions including reproductive disorders and cancers.[?>2“

Glutathione (GSH), one of the most abundant low molecular
weight nonprotein thiols, modulates physiological levels of ROS and
is involved in the cell's oxidative stress response. In living cells,
Glutathione exists in reduced (GSH or Glutathione) and oxidized (GSSG
or Glutathione disulfide) states. GSH protect cellular components from
the damaging effects of oxidative stress by modulating intracellular
ROS levels.”>~?7! Studies suggest that glutathione (GSH) synthesis
under oxidative stress is regulated by activated Akt.?®??! Akt is a well-
established regulator of central glucose metabolism and aerobic
glycolysis.*%°! Aberrant expression of Akt has been reported to play
critical role in majority of tumorigenesis and malignancies.*?°%! Akt and
its downstream key signaling proteins, NF-kB, Cox-2 have been major
targets of efficacious therapeutic interventions.l>4-3¢

Germ cell neoplasia in situ (GCNIS) is the precursor lesion of
malignant testicular germ cell tumors (TGCTs). GCNIS cells express a
number of markers including Oct 3/4 and c-Kit.*”! In early 1990s,
KIT expression was first discovered in TGCTs. Subsequent studies
showed that KIT was significantly expressed in GCNIS along with
other pluripotency markers like OCT3/4.1°!
Dietary chemo-preventive compounds offer great potential to

reduce toxicity and combat cancer development by inhibiting the

carcinogenesis process and inducing antioxidant enzymes.[39'40]

Resveratrol is one such natural polyphenolic compound with potential
to alleviate adverse clinical conditions such as cancers, vascular
diseases, reproductive disorders, neurodegenerative processes.!** %
The present study aims to explore whether 16-week long sub-
chronic exposure to Pb and Cd doses can induce the alterations of
semen parameters, testicular histo-architecture, expression of Akt
cascade proteins, and the development of GCNIS in swiss albino
mice. The efficacy of resveratrol as a chemo-preventive and fertility

restorative compound was also evaluated.

2 | MATERIALS AND METHODS

2.1 | Animal care

Five-week-old male Swiss albino mice (Mus musculus), weighing
20-25 gm were procured for this study from animal breeding facility
of Chittaranjan National Cancer Institute, Kolkata, India and main-
tained at animal care facility of the institute as per the maintenance
guidelines prescribed by the institute and government regulatory
body. Mice were housed in well-ventilated wire-mesh cages (five
mice/cage). All animals had access to drinking water and standard
food pellets under controlled environmental conditions of humidity
(60 +5%), light (12-h light/dark cycle), and temperature (23 + 2°C).

2.2 | Ethical clearance of the study

The animal experiments were performed after receiving a written
approval from the Institutional Animal Ethics Committee (IAEC),
Chittaranjan National Cancer Institute (No: IAEC-1774/NM-3/2015/
16) as per the guidelines of the “Committee for the Purpose of Control
and Supervision of Experiments on Animals” (CPCSEA) of Govt. of
India. The experiments were performed according to the guidelines laid
down by the National Institutes of Health guide for the care and use of
laboratory animals (NIH Publications No. 8023, revised 1978).[41

2.3 | Antibodies and reagents

Rabbit polyclonal primary antibodies against Akt (sc-8312), p-Akt
(Ser-473; sc-7985-R), NF-kB (p50; sc-114), Cox-2 (sc-7951), Oct-3/4
(sc-5279), horseradish peroxidase (HRP)-conjugated goat anti-rabbit
secondary antibody (sc-2004) were purchased from Santa Cruz
Biotechnologies (Santa Cruz). c-Kit (AF1356) antibody was procured
from Novus Biologicals. The immunohistochemistry assay kit
(DAB150) was obtained from Merck Millipore, Germany. The GSH/
GSSG Ratio Detection Assay kit (ab138881) and Lipid Peroxidation
(MDA) Assay kit (ab118970) both were purchased from Abcam. For
protein estimation, BCA protein assay kit (Prod # 23225) was
procured from Pierce. Western blot bands were visualized using

chemiluminescence kit (BioVision ECL Western Blot Substrate).
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24 | Test chemicals and mode of administration

Crystalline Cd obtained from Sigma-Aldrich (439800) in the form of
CdCl, was dissolved in physiological saline (0.9% NaCl) immediately
before the use. Similarly, Pb obtained from Sigma-Aldrich (316512) in
the form of Pb(CH3COO), was dissolved in 0.9% NaCl. Both CdCl, and
Pb(CH3COOQ), solutions were injected to the mice intraperitoneally
(i.p.). Resveratrol, commercially available as the trans-isomer (34092,
Sigma Aldrich), was suspended in 0.7% carboxymethyl-cellulose (CMC)

and administered to mice by oral gavage.

241 | LDsg calculation

Lethal dose 50 or LDsj is used to measure acute toxicity of a chemical
on living system. The main objective of LDsq study was to determine
the drug dose which causes death of 50% of the treated animals under
the defined conditions of the experiment. An approximate LDsq of
the CdCl, and Pb(CH3COO), dose range was determined by using the
Probit analysis as described by Litchfield and Wilcoxon."*! The

experimental design for LDsg calculation described below:

Groups Treatments

Control | Treated with 0.9% saline

CdCl, Alone animals administered with single i.p. injection
of various doses of CdCl, (0-20 mg/kg body
weight)

Control Il Treated with 0.9% saline

Pb(CH3COO), Animals administered with single i.p. injection of a
dose range (0-200 mg/kg body weight)

Firstly, we found out the least tolerated (100% mortality) and most
tolerated dose (0% mortality) of both the metallic compounds in the
aforementioned dose range by hit and trial method. After that five
doses were selected in between the two determined doses in the dose
range for CdCl, (0.5, 1, 5, 10, 15mg/kg body weight) and Pb
(CH3COO), (5, 25, 50, 100, 150 mg/kg body weight). The selected
doses from the dose range for each metallic compound were given
intraperitoneally to seven experimental groups of swiss albino mice,
with 10 mice in each group (n = 10) for the determination of LDsq from
0% mortality to 100% mortality. The animals treated with doses were
monitored for signs of toxicity for 30 days and during this period any
signs of sickness and mortality were recorded. The percentage

mortality values are converted into LDsq values by the analysis.

2.5 | Experimental design, chemical exposure, and
determination of dose regimen

Following a few days of acclimatization, the mice were randomly

divided into four different experimental groups for each metal. CdCl,

treatment groups are divided into four groups (control group [untreated
mice], Gr. | [low Cd treatment group], Gr. Il [high Cd treatment group],
and Gr. lll [resveratrol plus Cd treatment group]). Similarly, Pb
(CH3COOQ), treatment groups are also divided into four groups (control
group [untreated mice], Gr. | [low Pb treatment group], Gr. Il [high Pb
treatment group], and Gr. lll [resveratrol plus Pb treatment group]).
Each group consisting of five mice (n = 5). The control mice of both the
groups received physiological saline (0-9%) for the experimental period
of 16 weeks. The selection of experimental doses was based on our
experimental data of LDsq (Figure S1). Cd-treated mice of Gr. | and Gr.
Il received the CdCl, solution, intraperitoneally, twice per week for 16
weeks at selected doses of 0.25 and 0.5mg/kg of body weight
respectively. These doses are 1/36th and 1/18th of the calculated LDsq
values of CdCl, (9.19 mg/kg body weight)_ Similarly, the Pb(CH3COO),
solution was injected intraperitoneally to the experimental male mice
twice per week for 16 weeks. The Pb(CH3COO), dose regimen was
determined to be 3 mg/kg of body weight for Gr. | and 6 mg/kg of body
weight for Gr. ll, which again are respectively 1/36th and 1/18th of the
calculated LDsq dose of PbCH3;COO), (108.80 mg/kg body weight).
Resveratrol administered to male mice (Gr. Ill) by oral gavage at a dose
of 20 mg/kg of body weight, 5 h before administration of metal doses,
twice per week for 16 weeks. The pilot studies were previously
performed in our laboratory (data not shown) to observe the effect of
resveratrol on mice. The PK/PD information and the dose selection
of resveratrol were also based on previously published litera-
ture.[*>=°% Twenty-four hours after the administration of the last dose
of this experiment, all mice were sacrificed by cervical dislocation. The

elaborate dose regimen has been presented in Figure 1.

2.6 | Variation in body weight, weight of testis, and
sperm analysis

During the 16 weeks of the treatment period, individual animals from
all four groups were weighed at a weekly interval to determine the
change in body weight. The testes were excised following the
sacrifice of the mice to record the relative changes in weights during

the course of the experiment.

2.6.1 | Isolation of testes tissues, sperm cells, and
serum from experimental mice

After the cervical dislocation, the testes from each group of mice
were excised out for further experiments and divided into parts after
the weight measurement. One part of testes with epididymis were
then placed in low-retention microcentrifuge tubes containing
1xPBS and agitated on an orbital shaker for 10 min to facilitate
the swim out of the sperm. The tubes were placed upright on a
benchtop and the epididymal tissues were allowed to settle for
10 min. The sperm suspension was removed and an aliquot was taken
to ensure purity (~99%) and for counting purposes. The second part
of tissue samples was immediately frozen in liquid nitrogen and



4 of 20
o2 | \WiLEY

MITRA ET AL

Study
weeks:

Con
@5 | X
@=35)
@=35)
@=35)
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m=5) l .
@=5)
Pb Gr.II
@=5)
@=5)

\:I Vehicle treatment T

group

0.25 mg/kg of b.w. ? 0.50 mg/kg of b.w. Qf RES oral treatment of

Cd, i.p. group Cd, i.p. group 20 mg/kg of b.w. prior
to 0.50 mg/kg of b.w.Cd
i.p. treatment

T 3 mg/kg of b.w. ? 6mg/kg of b.w. QT RES oral treatment of Sacrifice
Pb, i.p. group Pb, i.p. group 20 mg/kg of b.w. prior .

to 6 mg/kg of b.w. Ph

i.p. treatment

FIGURE 1 Treatment schedule of experimental mice. The schematic representation of 16-week long treatment regimen of experimental mice
groups using CdCl, and Pb(CH;COO), doses separately or in combination with resveratrol. Vehicle treatment group = 0.9% NaCl; Gr. | Cd = CdCl,
Group | dose, that is, 0.25 mg/kg body weight; Gr. Il Cd = CdCl, Group Il dose, that is, 0.50 mg/kg body weight; Gr. lll Cd = CdCl, Group Il dose, that
is, resveratrol 20 mg/kg body weight + CdCl, 0.50 mg/kg body weight; Gr. | Pb = Pb(CH3COQ), Group | dose, that is, 3 mg/kg body weight; Gr. ||
Pb = Pb(CH3COQ), Group Il dose, that is, 6 mg/kg body weight; Gr. Ill Pb = Pb(CH3zCOO), Gr. Il dose, that is, resveratrol 20 mg/kg body weight + Pb
(CH3COOQO), 6 mg/kg body weight. b.w., body weight; Gr., group; i.p., intraperitoneal; kg, kilogram; mg, milligram; RES, resveratrol.

stored at —80°C for the investigation of antioxidant status. The third
part of the tissue samples was preserved in formalin for histopatho-
logical examination. On the other hand, the fourth part of the testes
collected from mice was lysed in western blot lysis buffer and
centrifuged for protein analysis. Blood samples were collected by
cardiac puncture and aliquot of blood with anticoagulant (heparin)

was used to obtain blood plasma for measurement of testosterone.

2.6.2 |
analysis

Semen collection and epididymal sperm

The sperm suspension obtained from testes and epididymis for further
analysis was diluted with 2.9% (w/v) sodium citrate dehydrate solution
and thoroughly mixed to determine the sperm density and count.

2.6.3 | Sperm motility assessment

Collected sperm suspensions were flushed in 1 ml of Dulbecco's
Modified Eagle Medium (DMEM) in a ratio of 1:1 (1 part sperm
suspension and 1 part DMEM). From this suspension, 50 ul was placed
on the hemocytometer and each of the four quadrants was observed.
A total of 300 spermatozoa were counted by hemocytometer using the
improved Neubauer chamber (deep 1/10 mm, LABART, Germany) to
estimate sperm motility under light microscope at a magnification of

100x following the protocol by Zamjanis.”" The sperm cells were
characterized on the following recorded features: forward motility or
progressively motile sperms, moving but not making forward progres-
sion or nonprogressively motile sperms. Sperm cells were scored as

immotile if no flagellar movement was detected.

2.6.4 | Sperm morphological analysis

Anionic dye 0.5% (0.5 g/100 ml) solution of Eosin Y containing 0.9%
(0.9 /100 ml) aqueous sodium chloride was used for staining
spermatozoa. Smear was prepared from the supernatant isolated
from testis and epididymis, air-dried and stained with Eosin Y stain
(Fisher Scientific). This was followed immediately by examination
under the microscope at a magnification of 400x. A total of 400
sperm cells from each mice of each group were examined to assess

and record the morphological alterations.”?

2.7 | Biochemical assays

2.7.1 | Oxidative stress measurement

At the end of the exposure period, after the animals were killed,
testes specimens were collected from all experimental groups.
Tissues samples were washed in ice-cold 0.9% (w/v) NaCl for redox
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status assessment. The tissues were homogenized in Teflon-glass
homogenizer with a buffer containing 1.5% potassium chloride to
obtain 1:10 (w/v) homogenates. The reduced glutathione (GSH) and
malondialdehyde (MDA) levels of the testes tissues of different
groups of mice were determined. The tissue homogenates were
centrifuged at 18,000g (4°C) for 30 min to determine reduced
glutathione (GSH) levels. Tissue GSH concentrations were measured
by a kinetic assay using a dithionitrobenzoic acid recycling method

described by Ellmant®®!

and were expressed as nmol/mg tissues.
Lipid-peroxidation levels were measured according to the method
described by Ohkawa et al. using Lipid Peroxidation (MDA) Assay kit.
This method was based on estimation of the released malondialde-
hyde (MDA) molecules which can be quantified colorimetrically
(OD =532 nm). The concentrations of MDA were expressed in nmole

of MDA per gram of tissue.”*!

2.7.2 | GSH/GSSG ratio analysis

GSH/GSSG ratio in the cells of mice testes tissues was determined
using GSH/GSSG Ratio Detection Assay Kit (Fluorometric-Green;
Abcam #ab138881) according to the manufacturer's protocol. A
serial dilution of GSH and GSSG stock standards was prepared,
the testes tissue lysates were diluted to 1:80 for the analysis. A
one-step fluorimetric reaction of samples was performed by
incubating with respective assay buffer for 60 min protected from
light. The fluorescence intensity was measured using a spectro-
fluorometer (Aeye =490 nm, Aemm = 520 nm; SL 174, Elico). GSH
was calculated from the standard curve using the formula
GSSG = (total glutathione - GSH)/2.

2.7.3 | Testosterone measurement

To determine the effects of Cd and Pb on Leydig cells of testis,
plasma was isolated from the blood collected from each experimental
group. The plasma testosterone level was assayed using Coat-a-
Count Radioimmunoassay kits (Active Testosterone RIA DSL-4000,
Diagnostic System Laboratories Inc.) according to manufacturer's

protocol. The amount of testosterone was expressed as ng/ml.

2.8 | Histological and protein analysis

2.8.1 | Hematoxylin and eosin staining

To assess the in vivo influence of metal treatment at different doses
and the restorative effects of resveratrol on testicular morphology,
testes tissues were collected from each group of mice and fixed in
10% (v/v) formaldehyde. The tissues were processed and paraffin
blocks were made. Hematoxylin and eosin (H&E) staining was
performed following the standard protocols in 3-um sections of the
blocks to determine the morphological alterations in tissue structures

after treatment. Five slides per group with three repetitions of

sample sections from each mouse were analyzed for H&E staining.

2.8.2 | Immunohistochemistry

The testes tissues from control and experimental groups of mice were
paraffin embedded. The paraffin-embedded sections of 3 u thickness
were mounted on poly-L-lysine coated slides. The slides were kept in a
hot-air oven for 1 h at 56°C and later deparaffinized in xylene for 10 min
(three changes). After heat-induced antigen retrieval using 0.01 m citrate
buffer (pH 6.0), the slides were treated with 0.3% (v/v) hydrogen
peroxide in methanol for endogenous peroxidase blocking. The rest of
the procedure was performed according to a standard manufacturer's
protocol using an immunohistochemistry (Merck, Millipore) kit. c-Kit
antibody was reconstituted at a dilution of 10 ug/ml for immuno-
histochemistry as per the manufacturer's protocol (Novus Biologicals).
All the antibodies were used in 1:600 dilutions. Five slides per group
with three repetitions of sample sections from each mouse were

analyzed for histological scoring.

2821 |
The slides were examined independently by the pathologist of

Histological scoring

Chittaranjan National Cancer Institute who examined the clinico-
pathological characteristics of the experimental tissue sections. Semi-
quantitative scoring method was used to evaluate the IHC
staining.[551 Intensity of the staining was scored as 1, 2, 3, and 4
for the negative, weak, moderate and intense staining respectively.
The percentage of DAB positive cells per field was evaluated in 10
different fields and scored by qualified pathologist (SM) using the
following method: O (no expression), 1 (1%-25% expression), 2
(26%-50% expression), 3 (51%-75% expression), and 4 (76%-100%
expression). The sum of the stain intensity and positive cell score
resulted in the staining index, which was used to determine the final
result for each sample low (0-4) and high (5-7).

2.8.3 | Western blot analysis

Testes tissues were collected from each group of mice. To obtain
lysates, tissues were suspended into ice-cold lysis buffer (15 mM tris,
2mM EDTA, 50mM 2-mercaptoethanol, 20% (v/v) glycerol,
0.1% (v/v) triton X100, 1 mM PMSF, 1 mM sodium fluoride, 1 mM
sodium orthovanadate, 1 pg/ml aprotinin, 1 pg/ml leupeptin, 1 pug/ml
pepstatin), followed by homogenization and sonication on ice (40 Hz,
65 pulses). The lysates were centrifuged at 13,500 Gx at 4°C for
15min and the resulting supernatant was collected. Total cellular
extracts (50 ug protein/lane) were subjected to sodium dodecyl
sulfate polyacrylamide gel electrophoresis (SDS-PAGE) and electro-
transferred to nitrocellulose membranes. The membranes were
blocked with 5% (w/v) nonfat dry milk in Tris-buffered saline for
1h at room temperature. Immuno-antigenicity was detected by

overnight incubation of the membrane with the appropriate primary
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antibodies, that is, Akt, p-Akt, NF-kB(p50), and Cox-2 at 1:200
dilution. After being washed, the membranes were incubated with
horseradish peroxidase (HRP)-conjugated anti-rabbit secondary anti-
bodies at 1:10,000 dilutions and developed using enhanced
chemiluminescence (BioVision ECL western blot substrate) according
to the manufacturer's instructions. The immunoreactive bands were
analyzed using a densitometer (Bio-Rad, GS 800). B-actin was used as

loading control to confirm the equal distribution of protein.

2.9 | Statistical analysis

All experiments were conducted in triplicates. All statistical analyses
were performed with the help of Graph Pad Prism 7.0. Descriptive
statistical analysis was conducted to calculate the mean with corre-
sponding standard error (SE). One-way analysis of variance (ANOVA)
followed by Tukey's post hoc test was performed with the help of critical
difference (CD) at 5% (CD5) and 1% level (CD1) to compare different
sperm parameters (including morphology, motility, density), cellular level
of oxidative stress markers and testosterone levels in different
experimental groups. One-way ANOVA was also applied to compare
the tissue expression profiles of Akt, NF-kB(p50), and Cox-2 proteins
evaluated by immunohistochemistry and western blot analysis in
different experimental mice groups. Tukey's test was used to compare
the difference between two specific means after obtaining the significant
difference through ANOVA. The analysis of the associations between
different experimental parameters was simultaneously performed by
multivariate analyses and presented in the form of correlation matrices.
p <0.05 was considered to be statistically significant in all calculations.

3 | RESULTS

3.1 | Changes in body weight and weight of testes
in course of the experiment

The relative bodyweight of the mice was recorded once every week in
course of the experimental period of 16 weeks. The data of this record
when plotted graphically showed a significant gradual decrease on
average body weight of Cd- and Pb-treated experimental groups
compared to the control and resveratrol cotreated groups (Figure 2A B).
Significant (p < 0.0001) variations in relative testes weight (i.e., testes
weight/body weight x100) were also observed between different
CdCl, and Pb(CH3COOQ), treated experimental groups. However, no
variations were recorded in the relative testes weight of control and

resveratrol cotreated groups of both the metals (Figure 2C,D).
3.2 | Effects of sub-chronic metal treatment and
resveratrol cotreatment on sperm parameters in vivo

Table 1 summarized notable variations in the percentage of

epididymal sperm count, total motile sperms, sperm cell density,

and morphologically abnormal sperm cells of four groups of Cd- and
Pb-treated mice. Significant (p < 0.0001) decline in total sperm count,
percentage of motile sperm cells, and percentage of viable sperm
cells were observed among mice treated with two different
concentrations of CdCl, (Gr. I, 0.25 mg/kg and Gr. Il, 0.5 mg/kg of
body weight) compared to the control group. However, percentage
of motile and viable sperm cells remarkably improved in response to
cumulative treatment of resveratrol (20 mg/kg of body weight) and
CdCl, (0.5 mg/kg of body) in Gr. Ill mice. Conversely, the percentage
of average sperm morphological abnormalities notably increased in
two CdCl,-treated groups (Table 1).

The percentage of total sperm count and viable sperm cells
showed significant (p < 0.0001) decrease and percentage of morpho-
logically abnormal sperm cells showed significant (p <0.0001)
increase in case of two different concentrations of Pb(CH3;COO),-
treated mice groups (3 and 6 mg/kg of body weight). However, no
variation was observed in the percentage of motile sperm cells and
sperm density of these groups (Table 2).

The staining results of cauda epididymal sperm cells collected from
Cd-treated mice showed morphological aberrations including amor-
phous heads, multiple heads or tails, looped and coiled tails which were
summed up as the total percentage of sperm morphological defects.
On the other hand, the average percentage of sperm morphological
abnormalities significantly reduced in resveratrol cotreated group
(Gr. ) (Figure 3A). A similar notable increase in the percentage of
sperm morphological anomalies such as bent neck, looped head, folded
tails, and blunt hooks was also observed in groups treated with two
different doses of Pb(CH3;COO), compared to the control and
resveratrol cotreated groups (Figure 3B).

3.2.1 | Variations in the levels of GSH, MDA, and
testosterone among different treatment groups

The findings of our studies showed significant variations in the levels
of oxidative stress markers of four Cd- and Pb-treated experimental
groups. The ANOVA results showed (F=51.42, p<0.0001,
R?=0.906) notable decrease in the GSH level of testes tissues of
mice treated with two different concentrations of CdCl, (Gr. |,
2.89+0.087; Gr. 1, 2.088 £ 0.057) compared to the untreated control
group (Con, 3.75 £ 0.153). Conversely, relative increase in tissue GSH
levels was recorded in resveratrol cotreated groups (Gr. Il
3.392 +0.076). Similar variations were recorded in the tissue GSH
concentration of Pb(CH3;COO), treated mice groups (F=16.76,
p <0.0001, R?=0.758, Con, 3.80 +0.090; Gr. |, 3.48+0.139; Gr. Il
2.94 £ 0.050; Gr. lll, 3.80+0.097).

On the other hand, MDA is one of the significant markers of
lipid peroxidation process which is produced because of increasing
oxidative stress. Significantly, elevated levels of MDA was recorded
in the testes tissues of both Cd (F=37.96, p <0.0001, R%=0.876,
Con, 0.979 £0.006; Gr. |, 1.04 £ 0.050; Gr. Il, 1.456 + 0.054; Gr. Ill,
0.969+0.006) and Pb (F=8.663, p=0.0012, R?>=0.618, Con,
0.979 £0.006; Gr. I, 0.999+0.026; Gr. Il, 1.23+0.006; Gr. llI,
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FIGURE 2 Variation in the body weight and relative testes weight in different experimental groups of mice. In course of the 16 weeks of
experimental period, body weight of the mice was recorded once every week and the average weight of the testes was measured after the
sacrifice of the mice. (A) The plotted line graph represents significant decrease in the average body weight of only CdCl,-treated group of mice
compared to the control and resveratrol cotreated group. (B) The average body weight of only Pb(CH;COO),-treated groups also showed a
gradual decrease compared to the control and resveratrol treated group. The relative testes weight (as % to body weight) of (C) CdCl, and (D) Pb
(CH3COO0),-treated mice group varied significantly in four experimental groups. However, the mean weight of the control and resveratrol
cotreated group (Gr. Ill) did not vary significantly. gm, gram; mg, milligram; ns, not significant; *p < 0.05.

TABLE 1 \Variations in different sperm parameters of CdCl,-treated mice

Variables Control (h=5) Group |l (n=5) Groupll(n=5) Grouplll(n=5) CDs CD; F3,F16 p-value

Sperm density 5.8+0.18 5.34+0.37 5.96+0.12 5.38+0.22 0.62 1.00 1.59 0.2300™

Total sperm count (106/ml) 116.2+1.82 94.40+1.98 82+2.07 104.4+1.86 1.6 2.88 56.21 0.000001"**

% of motile sperm cells (P+NP)  75.07 +1.32 45.62+1.11 11.42+1.32 72.50 £ 1.60 1.29 195 75.87 0.000001"**

% of viable sperm cells 78.91+0.680 61.75+3.03 50.76 +2.64 71.3+0.8 144 176 34.23 0.000001"**

% of morphologically abnormal 21.4+0.763 50.79 +2.77 65.29+2.35 4.93+1.32 101 1.66 1855 0.000001***
sperm cells

Note: The results are presented as mean + SE. % of total motile sperm cells = % of progressively motile sperm cells (P) + % of nonprogressively motile
sperm cells (NP).

Abbreviations: CD1, Critical difference at 1% level of significance; CD5, critical difference at 5% level of significance; F, F statistic; ml, milliliter; ns, not
significant; SE, standard error.

***p < 0.0001.

0.972 +0.007) treated mice compared to the control and resveratrol Gr. I, 1.59+0.055; Gr. Ill, 1.51+0.132) and Pb (F=0.118,
cotreated groups. However, no notable alterations in the levels p=0.947, R>=0.021, Con, 1.53+0.038; Gr. |, 1.584+0.116; Gr.
of plasma testosterone were observed in the Cd (F=0.142, Il, 1.598+0.118; Gr. Ill, 1.576+0.010) treated groups of mice

p=0.933, R?=0.025, Con, 1.502+0.170; Gr. |, 1.574+0.076; (Figure 4A-F).
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TABLE 2 Variations in different sperm parameters of Pb(CH3;COO),-treated mice

Variables Control (h=5) Groupl(n=5) Groupll(n=5) Grouplll(h=5) CDs CD; F3,F16 p-value
Sperm density 5.94+0.20 5.22+0.24 5.84+0.26 5.5+0.24 0.54 1.03 1.84 0.180™
Total sperm count (10°/ml) 111.8+3.94 100.2+2.35 94.2+241 105.53+1.58 182 297 7.660 0.002**
% of motile sperm cells (P + NP) 71.094+£0.884 66.622+1.728 16.08+2.48 66.792+1.213 122 206 0.13  0.936™
% of sperm viability 77.2+1.85 62.6+237 56.46+363 69.8+0.489 147 189 1425 0.000001***
% of morphologically abnormal sperm 26.74+0.661 3524+1.88 38.19+237 27.03+1.75 0.85 1.5 15.55  0.000001"**

cells

Note: The results are represented as mean = SE. % of total motile sperm cells = % of progressively motile sperm cells (P) + % of nonprogressively motile
sperm cells (NP).

Abbreviations: CD1, Critical difference at 1% level of significance; CD5, critical difference at 5% level of significance; F, F statistic; ml, milliliter; ns, not
significant; SE, standard error.

**p <0.01; ***p < 0.0001.

(A) Con _ _ Gl (B) Con Grl

FIGURE 3 Effect of metal treatment separately or in combination with resveratrol on sperm morphological alterations of experimental mice.
Experimental mice of both Cd- and Pb-treated sets were divided into four experimental groups. After the sacrifice of mice smears of testes and
epididymis were isolated, air-dried, and stained with Eosin Y stain. The photomicrographs of (A) sperm cells of two concentrations of CdCl,-
treated groups (Gr. |, Gr. ll) showing significantly high percentage of sperm morphological deformities, such as bifurcated tails and coiled or
looped head compared to the sperm cells of control and resveratrol cotreated group (Gr. lll). (B) Sperm cells of two Pb(CH3;COO),-treated groups
showing that with increasing Pb doses, percentage of sperm morphological deformities including bent neck (Gr. 1) and looped head (Gr. II)
increased relative to the sperm cells of control group or Group Ill. All images are taken in 400x (inset) magnification. Scale bar corresponds to
50 um. Con = control group, 0.9% NaCl; Gr. | = CdCl, Group | dose = 0.25 mg/kg body weight, Gr. Il = CdCl, Group Il dose = 0.50 mg/kg

body weight, Gr. Ill = CdCl, Group Il dose = resveratrol 20 mg/kg body weight + CdCl, 0.50 mg/kg body weight; Pb(CH3;COO), Group |

dose = 3 mg/kg body weight, Pb(CH3COO), Group Il dose = 6 mg/kg body weight, Pb(CH3COO), Gr. lll dose = resveratrol 20 mg/kg body
weight + Pb(CH;COO), 6 mg/kg body weight.

3.2.2 | Variation of GSH and GSSH ratio in the

is a useful indicator of oxidative stress in cells and tissues. The

testes tissues of different experimental groups of mice
exposed to metals

Glutathione is a tripeptide that exists both in reduced (GSH) and
oxidized (GSSG) states. The determination of the GSH:GSSG ratio

ratios of GSH and GSSG in mice testes tissues were determined
spectrophotometrically with the help of a GSH/GSSG detection
assay kit. The experimental evaluations, followed by the one-way
ANOVA results showed notable decrease in the ratio of GSH
and GSSH

levels of mice tissues treated with increasing
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FIGURE 4 Impact of metal and resveratrol treatment on the oxidative stress markers and testosterone levels of experimental mice. At the

end of 16th week of experimental period, testes tissue samples were rapidly excised from the sacrificed animals to determine the levels of
oxidative stress markers and plasma testosterone. The box and whisker plots represent (A) significant variations in the level of glutathione (GSH)
in two different concentrations of CdCl,-treated testes compared to the untreated control and resveratrol cotreated group, (B) significant
variations in tissue malondialdehyde (MDA) levels of the aforementioned experimental groups, and (C) no notable differences in the plasma
testosterone levels of different Cd-treated groups. The representative box and whisker graphs of Pb(CH;COO),-treated groups also showing (D)
significant alterations in the GSH concentrations of testes tissues of four experimental groups, (E) notable variations in tissue MDA levels of four
Pb(CH3COOQ), concentration groups, and (F) no significant variation in the plasma testosterone levels of Pb-treated experimental mice. The
variations in oxidative stress markers' levels and testosterone concentrations in testes tissues of different experimental groups were analyzed by
one-way analysis of variance test followed by post hoc Tukey's test. The experiments were repeated three times and data is represented as
mean £ SE. ml, milliliter; mg, milligram; nmol, nanomole; ng, nanogram; ns, not significant; SE, standard error; *p < 0.05, **p <0.01, and ***

p <0.0001.

concentrations of CdCl, compared to the untreated control 3.3 | Histopathological alterations of testicular

However, no significant alterations in the GSH/GSSH ratio
was observed in resveratrol coexposed group compared to the
control group (F = 46.68, p <0.0001, R2=0.897; Con, 89.3+7.37;
Gr. |, 33.27+2.87; Gr. Il, 21.01+0.92; Gr. Ill, 71.37 +4.89)
(Figure 5A).

Similar variations in the GSH/GSSG ratio was also measured in
the tissues of four experimental mice groups exposed to
varied concentrations of Pb(CH3COO),, individually or in combi-
nation with resveratrol (F=24.95, p<0.0001, R?=0.823, Con,
70.13+3.21; Gr. |, 45.63+3.10; Gr. ll, 31.47+1.91; Gr. llI,
56.15 +4.39). However, the calculated GSH/GSSG ratio of two
different CdCl, concentration groups was found to be signifi-
cantly lower compared to that of Pb(CH3COO),-treated groups
(Figure 5B).

structures in Cd- and Pb-treated mice: Restorative
effects of resveratrol

H&E staining of CdCl,- and Pb(CH3COOQO),-treated tissues of
different groups showed significant alteration of testicular histo-
architecture compared to the control groups. The testicular
histology of control mice of both the metal groups showed normal
histological structures with functioning, mature seminiferous
tubules, and complete spermatogenic series. In the low CdCl, dose
group (Gr. |, 0.25mg/kg body weight), the architecture of the
tissue sections showed morphological derangement along with
the disrupted development of spermatogonia, spermatocytes, and
differentiating spermatids inside seminiferous tubules. Significant

numbers of atypical cells were observed in the tissue sections of
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FIGURE 5 Variations in the tissue glutathione/glutathione disulfide (GSH/GSSH) levels in Cd- and Pb-treated mice. The ratio of reduced
GSH and GSSG concentrations in the testes tissues of mice, treated with CdCl, and Pb(CH3COO),, individually or in combination with
resveratrol for 16 weeks were calculated and graphically represented. (A) The graph is showing notable decrease in the tissue GSH and GSSH
ratio of mice treated with increasing concentrations of CdCl, (Gr. | and Gr. Il) compared to the control and resveratrol cotreated testes
tissues. (B) Similar variations in the ratio of tissue GSH and GSSH levels of different Pb(CH;COQO),-treated groups are represented in this graph.
Con = control group, 0.9% NaCl; Gr. | = CdCl, Group | dose = 0.25 mg/kg body weight, Gr. Il = CdCl, Group Il dose = 0.50 mg/kg body weight, Gr.
IIl = CdCl, Group Il dose = resveratrol 20 mg/kg body weight + CdCl, 0.50 mg/kg body weight; Pb(CH3;COO), Group | dose = 3 mg/kg body
weight, Pb(CH3COO), Group Il dose = 6 mg/kg body weight, Pb(CH3COO), Gr. Ill dose = resveratrol 20 mg/kg body weight + Pb(CH3COO),
6 mg/kg body weight. The variations of GSH and GSSH ratio in testes tissues of different experimental groups were analyzed by one-way
analysis of variance test followed by post hoc Tukey's test. The experiments were repeated three times and data is represented as mean + SE. ns,
not significant; *p < 0.05, **p < 0.01, and ***p < 0.0001. SE, standard error.

treated mice. The seminiferous tubules lost their spherical shape
and became elongated. Vacuolization in the luminal parts of some
tubules with reduced spermatogenesis was prominent. Interest-
ingly, the high dose of CdCl, (Gr. Il, 0.50 mg/kg body weight)
treated tissue sections showed irregularly shaped nuclei, high
nucleus to cytoplasmic ratio, chromatin proliferation, and other
aberrant cellular morphology. Moreover, focal crowding of
moderately dysplastic cells inside the seminiferous tubule was
prominently visible which indicated the possibility of GCNIS
development. On the other hand, resveratrol cotreated group
(Gr. lll, CdCl, 0.50 mg/kg +resveratrol 20 mg/kg body weight)
showed restored germinal epithelium with distinct, spherical
seminiferous tubules (Figure 6A).

Among the Pb-treated groups, the tissue sections of low dose
of Pb(CH3;COO), (Gr. I, 3 mg/kg body weight) treated mice showed
distortion of the seminiferous tubules and loss of differentiating
sperm cells. Edema in interstitial space and nuclear atypia of germ
cells were also some of the distinct features observed in these
tissue sections. The high Pb(CH3;COO), (Gr. ll, 6 mg/kg body
weight) treated tissues showed significant morphological derange-
ment in seminiferous tubules. Tubular lumens filled with degener-
ated germ cells, prominent focal necrosis, and testicular edema
were clearly observed in the tissue sections compared to that of the
control group. Here also, the resveratrol cotreatment (Gr. Ill, Pb
6 mg/kg + resveratrol 20 mg/kg body weight) visibly improved
testes histo-architecture with redeveloped seminiferous tubules
(Figure 6B).

3.4 | Immunohistochemical analysis of Akt cascade
proteins in testes tissues of experimental mice

The immunohistochemical studies revealed aberrant expression of
Akt and its downstream key proteins NF-kB and Cox-2 in germinal
epithelium, sertoli cells, and interstitial cells of the two different
CdCl, dose-treated tissue sections compared to the untreated
control group. Pronounced expressions of the aforementioned
proteins were also observed in patches of dysplastic lesions in
CdCl,-treated tissues (Gr. | and Gr. II). Moreover, enhanced immuno-
positive expression of proteins was recorded in cells, clustered in the
form of degenerated clumps inside the tubular lumen of testes tissues
of high dose of CdCl,-treated mice (Gr. Il).
localization of NF-kB(p50) was observed in cells of Gr. Il tissues.
The key protein of the Akt downstream cascade, that is, Cox-2,
showed significant cytoplasmic expressions in germ cells of seminif-

Distinct nuclear

erous tubules and interstitial tissues. However, weak positive
expressions of the above-mentioned proteins were observed in the
resveratrol cotreated tissues (Gr. Ill). The Akt cascade protein
expressions recorded by semi-quantitative IHC scoring method and
analyzed by ANOVA showed that the mean expression of p-Akt (F
ratio = 21.06, p <0.0001, R?=0.7980), NF-kB(p50; F ratio = 73.27,
p <0.0001, R?=0.9322) and Cox-2 (F ratio=220.0, p<0.0001,
R? = 0.9763) varied significantly among the four experimental groups.
Interestingly, intense IHC staining with highest percentage of DAB
expression (>76%) of Akt, NF-kB (p50), and Cox-2 proteins was
observed in high CdCl, (0.5 mg/kg of body weight) treated tissues,
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FIGURE 6 Resveratrol confers protection against metal-induced histological alterations in mice testes tissues. The photomicrographs of
testes tissue sections of experimental mice after hematoxylin and eosin staining. (A) showing high percentage of histo-architectural derangement
in only CdCl,-treated mice tissues compared to the control. In high CdCl,-treated group (Gr. Il), aggregation of dysplastic cells can be observed
inside the seminiferous tubules. Restored tissue morphology in the section of resveratrol cotreated group was visible. (B) High percentage of
morphological abnormalities including distortion of the shape of seminiferous tubules and loss of differentiating sperm cells can be observed in
only Pb(CH3;COO)-treated testes tissue sections (Gr. | and Gr. Il) compared to the control group and the resveratrol cotreated group (Gr. lll). All
images are taken in 100x and 200x magnification. The boxes outlined with solid black lines are the representative sites in the 100x images. The
200x images are showing high-magnification views of the boxed areas. Scale bar corresponds to 50 um.

whereas weak to moderate intensity of staining and moderate DAB
expression (26%-50%) of proteins was recorded in low CdCl, dose
group. The untreated control group and the resveratrol cotreated
group showed negative and weak DAB expression respectively
(Figure 7A).

The Pb(CH3;COO),-treated mice tissue sections showed similar
variations in expression patterns of Akt cascade proteins of four
experimental groups. The average protein expression of control and
resveratrol cotreated tissue was significantly reduced compared to
two Pb(CH5;COO),-treated groups. The semi-quantitative IHC scores
showed that the mean expression of Akt (F ratio = 15.07, p < 0.0001,
R?=0.7386), NF-kB(p50) (F ratio =70.93, p<0.0001, R?=0.9301)
and Cox-2 (F ratio = 58.42, p < 0.0001, R? = 0.916) reasonably varied
among the four Pb-treated groups of mice (Figure 6B). However, the

intensity of IHC staining and the percentage of DAB expression of
Akt cascade proteins recorded in Pb-treated tissues were notably
(p <0.0001) lower than the Cd-treated groups (Figure 7B).

3.5 | Assessment of the Akt and downstream
signaling proteins by western blot

The results obtained by immunohistochemical analysis were further
corroborated by the western blot analysis. The densitometry results
showed notable (p<0.0001) overexpression of total Akt, p-Akt,
NF-kB(p50), and Cox-2 proteins in testes tissues of mice treated with
increasing concentrations of CdCl, (Gr. | and Gr. Il) compared to the
control and resveratrol cotreated group (Gr. lll). The ANOVA results
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FIGURE 7 Immunohistochemical analysis of Akt cascade proteins in testes tissue sections of different experimental groups. The photomicrographs
of immunohistochemical analysis of two different concentrations of CdCl, (Gr. | and Gr. Il) treated testes tissue sections showing (A) significantly high
expression of p-Akt, NF-kB(p50), and Cox 2 proteins in patches of dysplastic cells and distorted seminiferous tubules compared to the control group and
resveratrol coadministered Gr. lll tissues. The bar diagrams showing notable (p < 0.0001) variations in the IHC scores (which is a sum of staining intensity
and percentage of cells with DAB expression) of p-Akt, NF-kB(p50), and Cox-2 expression of four different CdCl,-treated groups (control, Gr. I, Gr.
I, and Gr. Ill) calculated by semi-quantitative method. (B) Similar variations in the expression of Akt cascade proteins were recorded in two different
concentrations of Pb(CH3COQ), (Gr. |, Gr. |l) treated groups compared to the control and Gr. lll tissues. The bar diagram represents the IHC scores of
p-Akt, NF-kB(p50), and Cox-2 of four Pb treatment groups (control, Gr. |, Gr. II, and Gr. lll). All images are taken in 200x (inset) magnification. Scale bar
corresponds to 50 um. The variations in IHC scores of Akt cascade protein expressions in testes tissues of different experimental groups were analyzed
by one-way analysis of variance test followed by post hoc Tukey's test. The experiments were repeated three times and data is represented as
mean + SE. ns, not significant; *p < 0.05, **p <0.01, and ***p < 0.0001. SE, standard error.

highlighted on the significant difference (F ratio=21.43, p=0.0004, Gr. |, 0.852+0.026, Gr. Il, 1.216 £0.033, Gr. lll, 0.176 £0.0211; NF-«B
R?=0.889) between mean expressions of proteins in four CdCl, (p50): control, 0.346 +0.008, Gr. |, 0.786 +0.016, Gr. I, 1.408 +0.034,
treatment groups (Akt: control, 0.366 +0.028, Gr. I, 0.838+0.031 and  Gr. lll, 0.364 +0.010; Cox-2: control, 0.28+0.017, Gr. |, 1.398 +0.054,
Gr. I, 1.306 £ 0.082, Gr. lll, 0.996 + 0.023; p-Akt: control, 0.222 £ 0.0058,  Gr. Il, 1.504 +0.028, Gr. lll, 0.474 +0.016) (Figure 8A).
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FIGURE 8 Evaluation of Akt cascade protein expressions in tissues of different groups of experimental mice by western blot analysis. The
tissue lysates of experimental mice treated with CdCl, and Pb(CH3;COO), separately or in combination with resveratrol were subjected to
western blot analysis for the quantitative assessment of total Akt, p-Akt, NF-kB(p50), and Cox2 protein expression. The blots were scanned and
the intensity of the bands was quantified by densitometry. The representative images of the blots and the respective bar diagram showing (A)
notable high expression of total Akt, p-Akt, and downstream proteins NF-kB(p50), Cox2 in Gr. | and Gr. Il CdCl,-treated tissues compared to that
of the control group and Gr. Ill tissues (resveratrol cotreated group). (B) The western blot results of Pb(CH3;COO),-treated tissues showing
similar but less significant variation in the expression pattern of proteins among four experimental groups compared to the Cd-treated groups.
The variations in expression patterns of Akt cascade proteins in testes tissues of different experimental groups were analyzed by one-way
analysis of variance test followed by post hoc Tukey's test. The experiments were repeated three times and the data is represented as mean + SE.
B-actin was used as the loading control to confirm equal distribution of proteins. Con = control group, 0.9% NaCl; Gr. | = CdCl, Group |

dose = 0.25 mg/kg body weight, Gr. Il = CdCl, Group Il dose = 0.50 mg/kg body weight, Gr. lll = CdCl, Group Il dose = resveratrol 20 mg/kg body
weight + CdCl, 0.50 mg/kg body weight; Pb(CH3COO), Group | dose = 3 mg/kg body weight, Pb(CH3;COO), Group Il dose = 6 mg/kg body
weight, Pb(CH3;COO), Gr. Il dose = resveratrol 20 mg/kg body weight + Pb(CH3COO), 6 mg/kg body weight. ns, not significant; *p < 0.05,
**p <0.01, and ***p < 0.0001. SE, standard error.

cotreatment group (Akt: 0.69 +0.032; p-Akt: 0.228 +0.008; NF-kf
(p50): 0.168 +0.013, and Cox-2: 0.302 +0.010) (Figure 8B).

On the other hand, the variations in Akt cascade protein
expression among the Pb-treated tissues were not as significant as
observed in Cd treatment groups. However, ANOVA results suggest
(F ratio = 4.510, p = 0.0393, R? = 0.6284) that the average expression
of Akt, p-Akt, NF-kB(p50), and Cox-2 in testes of mice treated with
two different doses of Pb(CH3;COO), (Akt: Gr. I, 0.788+0.045

3.6 | Association between overexpression of Akt
cascade proteins, altered sperm parameters, and

and Gr. Il, 0.852+0.028; p-Akt: Gr. |, 0.494+0.011 and Gr. Il,
0.85 +0.030; NF-kB(p50): Gr. 1,0.556 £ 0.033 and Gr. II, 1.01 + 0.003;
Cox-2: Gr. I, 0.782 +0.016, and Gr. Il, 0.914 +0.025) was notably
higher than the untreated control group (Akt: 0.266 + 0.021; p-Akt:
0.124 +£0.007; NF-kB(p50): 0.236 + 0.018, and Cox-2:0.274 + 0.024).
Whereas, the protein expression results of the control groups did not
show any notable difference with the results of the resveratrol

oxidative stress in different experimental groups

The Pearson's correlation results showed significant positive associa-
tion between increasing expression of Akt cascade proteins,
percentage of sperm cell abnormalities, and altered level of oxidative
stress marker, GSH, in testes tissues of CdCl,- and Pb(CH;COO),-

treated mice. The correlation between the results of different
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experimental parameters of Cd- and Pb-treated mice was repre-
sented as correlation matrices. The color of each box represents the
level of correlation between the parameters. Blue represented
positive correlation, whereas red represented negative correlation.
Notable positive (p <0.001) associations were observed between
enhanced expressions of Akt cascade proteins and percentage of
morphologically abnormal sperm cells. Conversely, significant inverse
correlation was recorded between high expression of Akt cascade
proteins and the percentage of motile sperm cells as well as tissue
GSH concentrations, in two CdCl, treatment groups (Gr. | and Gr. Il).
The represented correlation matrix showed less notable associations
between the aforementioned proteins and the sperm parameters
among the Pb(CH3;COO),-treated mice groups (Figure 9A,B).

3.7 | Variations in testicular carcinoma in situ (CIS)
marker protein expressions in Cd-treated tissues

Immunohistochemistry results showed prominent expressions of
testicular GCNIS (formerly known as CIS) markers, c-Kit (F ratio =
31.79, p<0.0001, R?>=0.856] and Oct 3/4 (F ratio=8151,
p <0.0001, R?=0.9386] in testes tissues of mice treated with two
different concentrations of CdCl, compared to the untreated control
group. Additionally, the resveratrol cotreated group did not show any
significant expression of the marker proteins. The IHC scores
calculated by the semi-quantitative method showed intense IHC

staining with highest percentage of DAB expression (>76%) of c-Kit
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and Oct 3/4 proteins in high CdCl,-treated tissues (Gr. Il) compared
to the other experimental groups. The Gr. Ill or the resveratrol
cotreatment group showed weak staining with very low percentage
of DAB expression (<25%). This indicated that prolonged exposure to
low doses of Cd compound stimulated an elevated expression of CIS
markers, c-Kit and Oct 3/4, in the testes of experimental mice.
However, the resveratrol cotreatment effectively suppressed the
upregulation of c-Kit and Oct3/4 proteins in Gr. lll (Figure 10).

Interestingly, no significant expression of c-Kit (F ratio=1.41,
p=0.275 R?>=0.2096] and Oct 3/4 (F ratio=2.24, p=0.33,
R?=0.409] were observed in two different concentrations of Pb
(CH3COO), treatment groups (Gr. | and Gr. Il) compared to the
untreated control and resveratrol cotreatment group (Gr. IlI;
Figure 11).

4 | DISCUSSION

The underlying molecular mechanism of metal-induced toxicities in
mammalian testes is a result of interactions of a complex network of
molecules which is yet to be explored properly.¢~>% However,
testicular changes due to Cd-induced toxicity have been recorded in
a variety of animal models at different stages of growth and
maturity.®” In our previous published study, we observed that a
2 weeks exposure of two different CdCl, doses (1.25 mg/kg body
weight and 2.5mg/kg body weight) to mice perturbs semen
parameters, testicular histopathology, and EGFR cascade protein
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FIGURE 9 Analysis of the associations between different experimental parameters by correlation coefficient matrix. The correlation
matrices are representing the association between the upregulation of Akt cascade proteins, alterations in the level of sperm parameters, and
oxidative marker, GSH upon a 16-week long, sub-chronic exposure to CdCl,, and Pb(CH3;COO), doses_ The color of each box represents the
level of correlation between the analyzed parameters. In this matrix, blue represents positive correlation, red represents negative correlation
between the mentioned parameters of (A) different CdCl,-treated experimental groups and (B) different Pb(CH;COO),-treated groups. The
Pearson's correlation coefficient and p values are presented in each box. r = Pearson's correlation coefficient, ns = not significant,

% = percentage, conc. = concentration, *p < 0.05, **p < 0.01, and ***p < 0.0001.
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FIGURE 10 Alterations in expression patterns of testicular GCNIS markers in the testes of Cd-treated mice. The overexpression of testicular
GCNIS markers, c-Kit, and Oct3/4, were prominent in CdCl,-treated mice tissues compared to the control group. Resveratrol coadministered
tissues did not show any notable expression of the markers. The IHC scores of immuno-positive cells calculated by semi-quantitative method in
the tissue sections are graphically represented. All images are taken in 200x (inset) magnification. The boxes outlined with solid black lines are
the representative sites of the 200x images. The 400x images represent the high-magnification views of the boxed areas to highlight the

expression of proteins in that particular part of the tissue section. Scale bar corresponds to 50 um. The variations in IHC scores of c-Kit and
Oct3/4 protein expressions in testes tissues of different experimental groups were analyzed by one-way analysis of variance test followed by
post hoc Tukey's test. The experiments were repeated three times and data is represented as mean + SE. ns, not significant; *p < 0.05, **p < 0.01,

and ***p < 0.0001. SE, standard error.

expression while cotreatment of resveratrol alleviates the toxic
effects of the metal.’” The findings of this study were consistent
with the previous results and elucidated that 16-week long sub-
chronic exposure to CdCl, doses (0.25 and 0.5 mg/kg of body weight)
caused significant alterations of body weight, semen parameters, and
oxidative stress levels in testes tissues compared to the untreated
control and resveratrol cotreated mice. Similarly, the toxicity of Pb
has also been well-documented in mammalian system and the
findings showed that exposure to Pb affects libido along with semen
parameters in male reproductive system.[®*¢? The results of the
present study were in agreement with the previous findings which
showed that sub-chronic exposure to Pb(CH3COO), doses (3 and
6 mg/kg respectively) for 16 weeks, induced significant alterations in
all sperm parameters except sperm density and percentage of motile
sperm cells of mice compared to the untreated control group.
Increase in the level of cellular oxidative stress and generation of
reactive oxygen species (ROS) has been associated with severe
pathological conditions which induces compensatory upregulations
of antioxidant systems to restore the redox homeostasis.[*! Among

the enzymatic systems involved in the maintenance of the
intracellular thiol-redox balance, glutathione (GSH) is an abundant
tripeptide thiol in aerobic cells.[®! Glutathione peroxidase catalyzes
the formation of GSSG from GSH, and glutathione reductase recycles
GSSG to GSH. Measuring the GSH/GSSG ratio in pathological tissues
is an excellent way to assess cellular redox state.[®>=”! It has been
observed that GSH/GSSG ratio is significantly lower in men with
abnormal semen parameters!®® 7% Alterations in the GSH/GSSG
index have also been implicated in malignancies of different organs
and in cancer cell resistance.”* 7! Interestingly, our findings high-
lighted that sub-chronic exposure to low doses of CdCl, and Pb
(CH3COO); significantly decreases the intracellular GSH/GSSG ratio
which in turn shifts the intracellular redox balance towards acute
oxidative stress condition.

The findings of our studies showed that prolonged exposure to
metallic compounds [CdCl, and Pb(CH3COO),] induced high oxida-
tive stress, which in turn caused testicular histo-architectural
degeneration and necrosis. These observations are supported by
existing literature.”*~7¢! Interestingly, the high dose of CdCl,-treated
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FIGURE 11 Expression patterns of testicular germ cell neoplasia in situ (GCNIS) markers in testes of Pb-treated mice. No significant
expression of testicular GCNIS/CIS marker proteins, c-Kit, and Oct3/4, was observed in groups of mice sub-chronically exposed to Pb
(CH3COO0), for 16 weeks. The graphical representation of the IHC scores of the marker proteins showing no notable variations in the scores
among the experimental groups. All images are taken in 200x (inset) magnification. The boxes outlined with solid black lines are the
representative sites of the 200x images. The 400x images represent the high-magnification views of the boxed areas to highlight the expression
of proteins in that particular part of the tissue section. Scale bar corresponds to 50 um. The variations in IHC scores of c-Kit and Oct3/4 protein
expressions in testes tissues of different experimental groups were analyzed by one-way analysis of variance test followed by post hoc Tukey's
test. The experiments were repeated three times and data is represented as mean + SE. ns, not significant; *p < 0.05, **p < 0.01, and

***p < 0.0001. SE, standard error.

tissue sections showed aberrant cellular morphology, high nucleus to
cytoplasmic ratio, and focal crowding of moderately dysplastic cells
inside the seminiferous tubule indicating the possibility of GCNIS
development. These observations were also in agreement with
previous studies.l””7#!

Cd has been shown to interact with the PI3K/Akt cascade via
ROS and non-ROS-mediated pathways.”?®? The Akt signaling
pathway has been involved in many critical cellular functions,
including protein synthesis, proliferation, apoptosis in response to
diverse growth factors (such as EGF, VEGF, etc.), hormones, and
cytokine stimulation. There is an array of different upstream stimuli
of Akt, which can induce activation of Akt signaling cascade.®* %% It
was a conscious decision to focus on Akt and its downstream
proteins NF-kB(p50) and Cox-2 for this study, as there can be several
upstream growth factors or stimulators involved in the upregulation
of Akt. The binding of growth factor ultimately activates Akt serine/
threonine kinases, which successively promotes the induction of

downstream target genes including transcription factor NF-kB and

Cox-2. Recent studies indicate that accumulated ROS in cells actively

B,[84-8¢! which has been associated

induces the upregulation of NF-k|
with the control of multiple cellular processes including proliferation,
metastasis, and upregulation of the downstream key molecule Cox-
21872921 On the other hand, aberrantly activated Akt cascade,
primarily caused by the defect of its corresponding phosphatase
PTEN, has been implicated in the pathogenesis of multiple critical
disorders, including reproductive impairment and different forms of
cancers.”®"7°! Our study showed significant inverse associations
between activated Akt cascade protein expressions and tissue GSH
concentrations of mice exposed to two different concentration of
CdClI, for 16 weeks. However, less significant associations were
observed between the above-mentioned parameters among the Pb
(CH3COO),-treated groups. These observations significantly implied
that prolonged, sub-chronic exposure to Cd or Pb compounds
induced oxidative stress and an increase in the cellular ROS
production which leads to the amplification of Akt signaling cascade
(a potent modulators of cellular redox balance). The upregulation of
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Akt cascade resulted in dysregulation of GSH biosynthesis. On the
other hand, histopathological findings of our study highlighted on the
focal clumping of atypical dysplastic cells and patches of proliferative
lesions inside the seminiferous tubules along with strong positive
expressions of Akt cascade proteins in these testes tissue sections of
CdCl,-treated mice groups. Partial necrosis, morphological alteration
of seminiferous tubules, and higher than the normal expression of
these proteins were also observed in the cross-sections of Pb
(CH3COO),-treated testes tissues. The significant morphological
alterations and signs of GCNIS development prompted us to further
check the expressions of testicular CIS markers c-Kit and Oct3/4 in
experimental tissue sections.

TGCTs originate from CIS cells, which are found on the basement
membrane of abnormal seminiferous tubules. GCNIS is the pre-
cancerous lesion of testes, formerly known as testicular CIS
(carcinoma in situ) or ITGCNU (intratubular germ cell neoplasia
unclassified). Existing studies suggest that GCNIS consists of
neoplastic gonocyte-like germ cells and are common precursors of
seminoma and nonseminoma development.”¢?”! Morphologically,
the GCNIS or CIS cells resemble primordial germ cells and express
number of markers including c-Kit and Oct 3/4. Therefore, c-Kit and
Oct 3/4 are identified as testicular CIS markers.”®7%°! The immuno-
histochemical data of our study showed higher than the normal
expression of c-Kit and Oct-3/4 in atypical cell patches of CdCl,-
treated testes tissues compared to the untreated control. In contrast,

immunohistochemical results of Pb(CH3COO),-treated tissues
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showed basal expression of c-Kit and Oct 3/4 proteins in testes of
experimental mice. These findings indicate that prolonged exposure
to low doses of Cd compound may lead to the initiation of malignant
transformation of testicular cells, while chronic exposure to Pb
compound did not induce any noticeable carcinogenic alterations in
testicular tissues of Pb-treated mice. Recent findings suggest that Akt
and Oct4 are connected by a regulatory circuit which is expressed in
embryonic stem cells and plays a significant role in the development
of embryonal carcinoma.l'°>%?! Another finding suggested that the
c-Kit receptor promotes cell survival via activation of Akt-mediated
phosphorylation of Bad on Ser136.'°°! However, the precise
molecular mechanism by which Akt activation induces Oct3/4 or c-
Kit overexpression is yet to be investigated in detail.

Previous in vitro and in vivo investigations highlighted the
biological attributes of resveratrol.l'%*~1%% The antioxidant properties
of resveratrol in vivo include inhibition of NADPH oxidase-mediated
production of ROS by downregulating the expression of the

[107.108] " Resveratrol also acts as a potent chemo-

oxidases.
preventive compound and one of its key molecular targets is
Akt.l1071101 Our previous study showed that a short-term cotreat-
ment of resveratrol with the CdCl, markedly improved the sperm
quality, distorted testicular histology, and decreased the overexpres-
sion of signaling proteins.[éol Consistently, the results of the present
investigation showed that prolonged administration of 20 mg/kg
resveratrol with toxic metallic compounds can significantly improve

sperm motility, morphology, and density by inducing the biosynthesis
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FIGURE 12 The schematic representation of the probable molecular events. (A) The diagrammatic representation of the probable molecular
mechanism of action of Cd compound and the mitigative actions of resveratrol treatment against Cd-induced toxicity in testicular tissues of
experimental mice. (B) Similar schematic representation of the possible mechanism of action of Pb and resveratrol treatment in testicular tissues
of different treatment groups of mice. GCNIS, germ cell neoplasia in situ; OS, oxidative stress; ROS, reactive oxygen species.
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of cellular GSH. The existing literature regarding the chemo-
preventive role of resveratrol also resonated with our observations
which showed that it can significantly inhibit the Cd or Pb induced
aberrant expression of Akt cascade proteins, consequently reducing
the cellular oxidative stress in vivo. Restoration of cellular redox
balance resulted in reduced cellular toxicity and suppression of
GCNIS development.

5 | CONCLUSION

Taken together, our findings showed that long-term exposure to low
concentration of CdCl, and Pb(CH3COO), induced an increased
production of cellular ROS, which inhibited the biosynthesis of GSH
and stimulated the upregulation of Akt and downstream signaling
proteins. In turn, activated Akt reduced the production of cellular
GSH, resulting in acute cellular oxidative stress. Significant alterations
in cellular redox balance for a long period of time resulted in reduced
reproductive capacity and initiation of testicular GCNIS development
in treated experimental mice (Figure 12). In contrast, consumption of
resveratrol effectively reversed the metal-induced reproductive
toxicity and carcinogenicity, restoring oxidative balance in mice
testes tissues.
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Abstract

A high incidence of oral squamous cell carcinoma (OSCC) is observed in South-
East Asian countries due to addictions such as chewing tobacco. Local invasion and
distant metastases are primary causes of poor prognosis in OSCC. This study aimed
to understand the alterations in metastasis biomarkers, such as stromal cell-derived
factor-la (SDF-1 or SDFla) and its receptor C-X-C chemokine receptor type 4
(CXCR4), in OSCC patient samples that were stratified based on the history of ad-
diction to chewing tobacco. Targeted immunohistochemical staining and Western
blotting were performed on primary tumour and metastatic lymph node (LN) tissues
in parallel. Overexpression of hepatocyte growth factor (HGF), activated form of
its cognate receptor tyrosine kinase, c-Met (p-Met), GRB2-associated-binding pro-
tein 1 (Gabl), phospho-protein kinase B (pAkt), nuclear factor kappa B (NF-kB)
and cyclooxygenase-2 (COX-2) were observed in primary tumour and metastatic
lymph nodes in both chewer and non-chewer cohorts. Variance analysis showed sig-
nificant positive correlation between them (P < .0001) indicating upregulation of
these biomarkers upon ligand-induced activation of c-Met in both tobacco chew-
ers and non-chewers. Significantly higher expressions of SDF1a and CXCR4 were
observed in both primary tumours and metastatic lymph nodes of tobacco chewers
(P < .0001) and coincided with overexpressed HGF. In contrast, no significant cor-
relation was observed between expression of HGF and that of SDFla and CXCR4
in non-chewers. Together, our findings provide important insights into the associa-
tion of HGF/c-Met and the SDF1o/CXCR4 axis in lymph node metastasis and to an

aetiological link with the habit of chewing tobacco.

KEYWORDS

chewing tobacco, HGF/c-Met pathway, SDF1a/CXCR4 axis, lymph node metastasis, oral
squamous cell carcinoma
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1 | INTRODUCTION

Oral squamous cell carcinoma is the most prevalent form
of head and neck squamous cell carcinoma (HNSCC) with
metastasis and accounts for 50%-70% of total cancer-
related mortality.l‘2 The prime risk factors for the initiation
and progression of OSCC include tobacco consumption,
alcohol abuse and human papillomavirus (HPV) 16/18
infection.’

Tobacco products are known to increase the risk of var-
ious types of cancers including HNSCC, oesophageal and
gastric. Worldwide, tobacco is consumed in various forms,
smoking of cigarettes being the commonest one. However,
another form of tobacco consumption, smokeless tobacco, is
especially popular as chewing tobacco in many South-East
Asian countries.* This comes in various forms such as chew-
ing tobacco, oral tobacco, dip, spit tobacco and snuff. The
World Health Organization (WHO) declared smokeless to-
bacco as a major and consequential part of the worldwide
tobacco problem in 2017. Chewing tobacco is as harmful
as smoking tobacco because it contains nicotine and similar
tobacco-specific carcinogens including nitrosamines, which
are absorbed by the mucous membrane of the mouth and go
directly to the bloodstream. This form of smokeless tobacco
has been associated with many major health problems - can-
cer of the oral cavity, oesophagus and pancreas, leucoplakia,
gum disease and tooth decay.s'7 Despite significant progress
in delineating molecular alterations leading to oral cancer de-
velopment and progression, in tobacco chewers understand-
ing the biomarkers involved in the molecular mechanisms of
cancer development could be a promising approach for early
detection, treatment and reducing metastasis.

Despite recent advances in surgery, chemotherapy and
radiation therapy, OSCC patients with regional lymph node
metastasis have a poor 5-year overall survival (OS) rate in
comparison with patients without metastasis.>” Immediately
after initiation, OSCC can spread to the regional lymph nodes
in neck and this procedure is accelerated by the lymphatic
drainage from the oral fissure.'%!* Several biomarkers have
been shown to be associated with metastasis of OSCC.'>!°
However, the underlying molecular mechanisms that explic-
itly drive the migration and invasiveness of OSCC into the
adjacent lymph nodes are still not well defined.

Epidermal growth factor receptor (EGFR) pathway is
overexpressed in OSCC, which is generally correlated with
poor prognosis, invasion and metastasis. Multiple drug tar-
gets have been developed against EGFR.'” While the thera-
peutic benefit of these targeted modalities in combinatorial
setting is evident,18 there is an unmet need to develop more
effective therapies targeting other oncogenic pathways that
together orchestrate OSCC pathogenesis. An alternative/par-
allel oncogenic pathway that has emerged as a potential drug
target is c-Met signalling.
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HGFR/c-Met is the transmembrane receptor tyrosine
kinase (RTK) encoded by N-methyl-N’-nitroso-guanidine
human osteosarcoma transforming (MET) gene and stimu-
lated by its cognate ligand HGF."” In a large number of oral
cancer cases, HGF and its receptor c-Met have been reported
to be overexpressed.20 In OSCC, overexpression of HGF/c-
Met has been clinically correlated with poor prognosis and
metastasis to the lymph nodes in the neck region, conferring
anti-EGFR therapy resistance. Additionally, this perturba-
tion is contingent upon HPV status.”'?* In case of oral can-
cer, HGF is secreted by the tumour-associated fibroblasts
(TAFs).” HGF/c-Met signalling is closely linked to the
EGFR cascade in lung cancer, breast cancer, glioblastoma
and other malignancies, but the underlying mechanisms have
not yet been properly delineated.”** HGF, depending on
context, exhibits its pleiotropic effects by dysregulating var-
ious receptor tyrosine kinase signalling cascades that share
common downstream nodes, such as phosphatidylinositol
3-kinase/Akt/mitogen-activated protein kinase (PI3K-Akt-
MAPK) axis and Janus kinase/signal transducer and activator
of transcription (JAK/STAT) pathways. Moreover, NF-kB—
regulated gene expression has been shown to be dependent
on the c-Met—-mediated recruitment of the PI3K/Akt and
non-receptor tyrosine-protein kinase, such as Src, signalling
pathways. Furthermore, the spatiotemporal dynamics of the
intracellular network involving c-Met is evidenced by its
crosstalk with EGFR pathw21y.30’31 The compensatory activa-
tion of multiple receptor tyrosine kinases including c-Met is
a well-elucidated resistance mechanism in case of anti-EGFR
therapy in HNSCC.” The HGF/c-Met and EGFR signalling
pathways converge at both the PI3K/Akt and MAPK nodes,
pointing towards the roles for complementary and compen-
satory mechanisms and therefore space for therapeutic op-
portunities. In preclinical models and in HNSCC patients,
it has been observed that EGFR blockade can be obliterated
by c-Met activation.’*® This in turn establishes the fact that
therapies that target EGFR can be potentially restricted or
even blocked by the activation of the HGF/c-Met pathway. Of
note, the DNA-binding and subsequent transcriptional activa-
tor functions of NF-kB are both stimulated by HGFE.* Indeed,
activation of NF-kB is important for tumour development as
it controls the gene expression related to cell growth and me-
tastasis.> For instance, hyperexpression of COX-2 has been
linked to the pathogenesis and tumour progression in multi-
ple cancer types including oscc.6-38

The hypoxic condition of a clinically defined oral lesion
is often responsible for aberrant activation of the HGF/c-
Met and other RTK pathways. Subsequent stimulation of
the SDF1o/CXCR4 cascade promotes metastatic progres-
sion of OSCC.*** C-X-C motif chemokine 12 (CXCL12)
or SDFla is the known chemokine ligand for CXCR4, a G
protein—coupled receptor. It has been shown to play a pivotal
role in tumour progression and metastasis in OSCC and other
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tumours.***” SDF1a is present in lymph nodes, lungs, bones ~ TABLE 1 Comprehensive patient profile
and livers, suggesting that these sites are contextually most Number of  Percentage
oriented for developing niches for cancer cell metastasis. The Patient profile patients m) (%)
underlying hypothesis is that the SDF1a attracts circulating Gender
cells to secondary sites where they can sustain themselves
. 47 . Male 65 72.22%
and thus result in metastases.” For the establishment of fur-
ther metastasis, cancer cells drift out from the metastatic Female 2 21.78%
lymph nodes and intravasate into the neo-angiogenic microb- Age
lood vessels. This latter mechanism in OSCC is thought to be <40 years 21 23.33%
critical because OSCC patients with distant metastases have 40-60 years 52 57.78%
a high incidence of metastases in the neck lymph nodes.*! >60 years 17 18.89%
Expression of CXCR4 is regulated by stimuli from the tu- Site of origin of carcinoma
mour Tnicroenvironment (TME), a1.1d these include HGF an.d Gingivobuccal complex 63 75.56%
hypox1a. NF-KB-promotfer interactions under l'lypomc condi- Floor of the mouth 13 14,44
tions and HGF stimulation plays a key role in CXCR4 ex-
R R . Tongue 9 10%
pression.”” Within these contexts, our present study aimed
. . . . . Grade of carcinoma
to delineate the alterations in the metastasis-related biomark- _ .
ers in OSCC patients with lymph node metastasis after we Wl e enlieire = Ll
segregated the cohorts based on the history of addiction to Moderately differentiated 17 18.89%
chewing tobacco. Habit
Only chewing tobacco and betel 45 50%
quid
2 | MATERIALS AND METHODS No habit 45 50%
2.1 | Sample collection and preparation specimens were first trimmed and cleanly divided into two

A total of 90 cases of primary squamous cell carcinoma diag-
nosed and subsequently undergoing surgery in Chittaranjan
National Cancer Institute (CNCI), Kolkata, India, in the pe-
riod between 2012 and 2016, were included in the present
study. All the patients were divided into two groups: the
first group included 45 cases with the habit of only chew-
ing tobacco, and the second group included 45 cases with-
out any history of chewing tobacco or smoking and alcohol
abuse. After surgery, the tumour tissue samples and affected
metastatic lymph nodes were collected from all the cases.
Staging of primary carcinoma cases was done according to
the TNM classification based on recommended guidelines by
the Union for International Cancer Control (UICC). Relevant
clinicopathologic details including the tumour staging and
the histologic grading provided by the pathologist were given
due consideration. All the cases were selected on the basis
of strict inclusion and exclusion criteria. Only histologically
confirmed cases of OSCC with more than 30% tumour con-
tent, the gingivobuccal complex (ie alveolus, gingivobuccal
sulcus, buccal mucosa or retromolar area alone), the floor of
the mouth and tongue were selected for this study. Other pro-
liferative lesions such as proliferative verrucous leucoplakia
and verrucous carcinomas were excluded. Moreover, patients
who had pre-operative chemoradiotherapy or had a history
of recurrence were excluded from the study (Supporting
Information File S1). The comprehensive data of patients’
history are shown in Table 1. After tumour excision, all the

sections. One part was routinely fixed in 10% formalin solu-
tion for 24 hours, and paraffin blocks were prepared from
processed tissues for immunohistochemical analysis. The
immediately adjacent part of the corresponding sample was
used for preparation of protein lysate for Western blot analy-
sis. Institutional Ethics Committee (IEC) approval was ob-
tained to carry out this study. All work has been carried out
in accordance with the Code of Ethics of the World Medical
Association (Declaration of Helsinki).

2.2 | Antibodies and reagents

For biomarker evaluation, primary antibodies used against
HGF (clone 7-2, Novus Biologicals, NBP1-19182), p-Met
(Tyr 1234/1235) (clone D26, Cell Signaling Technology,
Cat# 3077s), Gabl (clone H-198, Santa Cruz Biotechnology,
sc-9049), pAkt (Ser-473, Santa Cruz Biotechnology,
sc-7985-R), NF-kB p50 (NF-kB1 or subunit p50, NLS,
Santa Cruz Biotechnology, sc-114), COX-2 (Santa Cruz
Biotechnology, sc-7951), SDF-1a (clone FL-93, Santa Cruz
Biotechnology, sc-28876), CXCR4 (clone H-118, Santa Cruz
Biotechnology, sc-9046), -actin (Santa Cruz Biotechnology,
sc-7210) and horseradish peroxidase (HRP)—conjugated goat
anti-rabbit (Santa Cruz Biotechnology, sc-2004) secondary
antibody were used in this study. For detection of chromog-
enic signal, the immunohistochemistry assay kit (DAB150:
IHC Select HRP/DAB Tests, Merck Millipore, Germany)
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was used. For Western blot analysis, chemiluminescent
detection was performed by using Clarity Western ECL
Substrate (Bio-Rad).

2.3 | Immunohistochemistry

Formalin-fixed paraffin-embedded (FFPE) sections (3 p
thickness) were mounted on poly-L-lysine—coated slides.
The slides were kept in a hot air oven at 56°C for 30min and
later dipped and deparaffinized in xylene for 10 mins (three
changes). After antigen retrieval using 0.01 mol/L citrate
buffer (pH 6.0), the slides were treated with 3% hydrogen per-
oxide in methanol for endogenous peroxidase blocking. The
rest of the procedure was performed following the standard
manufacturer's protocol using immunohistochemistry assay
kit. Primary antibodies against HGF, p-Met and COX-2 were
used at 1:200 dilution, whereas primary antibodies against
Gabl, pAkt, NF-xB p50, SDF-1a, CXCR4 and f-actin were
used at 1:100 dilution. Binary scoring method was used for
immunohistochemistry scoring. Only those cells with DAB
positive (brown colour) and that specifically displayed the
respective antigens were scored as ‘1’, while those without
the brown colour were scored as ‘0’. Each field was again
divided into nine squares, and DAB-positive cells in each of
the nine squares were counted under 200X magnification of
a brightfield microscope. The sum of total score in the nine
squares constituting one field was calculated. The relative ex-
pression level of each marker/antigen was calculated as the
percentage of DAB-positive cells among total number of cells
in each field. Five such random fields were chosen for each
antibody in each slide. The final score that was calculated
was the average score of all five fields for each marker.>?>*

2.4 | Western blot

Each tissue sample was separately lysed in ice-cold cell lysis
buffer (15 mmol/L Tris, 2 mmol/L ethylenediaminetetraacetic
acid, 50 mmol/L p-mercaptoethanol, 0.1% Triton X-100, 20%
glycerol, I mmol/L sodium orthovanadate, 1 mmol/L. sodium
fluoride, 1 mmol/LL phenylmethylsulphonyl fluoride, 1 ug/mL
leupeptin, 1 ug/mL aprotinin and 1 ug/mL pepstatin). The whole
tissue lysates were first centrifuged at 16912 x g for 15 min-
utes at 4°C, and then, the supernatant from each sample was
aliquoted in separate tubes. Protein concentration of the samples
was measured using Bicinchoninic Acid (BCA) Protein Assay
Kit (Thermo Scientific) following the manufacturer's protocol.
Total extract (50 ug protein/lane) of each sample was subjected
to sodium dodecyl sulphate-polyacrylamide gel electropho-
resis (SDS-PAGE) and then electro-transferred to nitrocellu-
lose membranes. Postblotting, the membranes were incubated
in blocking buffer using 5% non-fat dry milk in Tris-buffered
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saline (20 mmol/L Tris-HCI and 137 mmol/L sodium chloride,
pH 7.5) at room temperature for 1 hour. The membranes were
incubated overnight with appropriate primary antibodies for the
target proteins (SDF1a and CXCR4 at 1:200 dilution). Next day,
the unbound primary antibody was removed from the membrane
using wash buffer (Tris-buffered saline with 0.5% Tween-20).
The membranes were incubated with HRP-conjugated goat anti-
rabbit secondary antibody (1:10,000 dilution) for 1 hour at room
temperature and washed with the same wash buffer to remove
any excess unbound secondary antibody. The signal was finally
detected by using enhanced chemiluminescence kit following
the manufacturer's instructions. The resultant bands were ana-
lysed using a densitometer (Bio-Rad, GS 800). -Actin expres-
sion was tested as the loading control, and the expression of all
the other proteins was normalized against 3-actin.

2.5 | Statistical analysis

All statistical analyses were performed with the help of
GraphPad Prism 5.0. To calculate the expression of HGF/c-
Met and its downstream proteins, mean and standard error
of mean (s.e.m) were calculated. In order to establish the
correlation between HGF, c-Met, Gabl, Akt, NF-KB p50
and COX-2, correlation (Pearson's) analysis was performed.
Correlation analysis was also performed in order to test the
correlation between HGF, SDF1a and CXCR4 in both to-
bacco chewers and non-chewers, respectively. One-way
analysis of variance (ANOVA) was performed followed by
Tukey's test with the help of critical difference (CD) in both
tobacco chewer and non-chewer groups. P < .05 was consid-
ered statistically significant for all calculations.

3 | RESULTS
3.1 | Expression of HGF/c-Met and related
key proteins

Mainly, two types of cells found in the OSCC tumour sec-
tions were considered for evaluation in this study: the tumour
cells and the tumour-associated fibroblasts (TAFs) found
in the stroma, which constitutes the TME. All the samples,
including tumours and metastatic lymph nodes, were first
tested for EGFR expression by immunohistochemistry. The
protein showed high expression in both the tumour cells and
tumour-associated stroma in all cases. Thus, we next pro-
ceeded to test the expression status of HGF and activated c-
Met in both chewing tobacco users and non-users. HGF is
secreted by the TAFs, which then bind to the c-Met receptors
present on the tumour cells. HGF and p-Met were also found
to be highly expressed in both the tumour cells and tumour-
associated stroma in primary tumours, whereas it was highly
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expressed in only the tumour cells in the metastatic lymph
nodes (Figure 1A and 1B). Gabl and pAkt showed positive
cytoplasmic expression in the tumour cells (Figure 1C and
D). The nuclear localization of NF-kB p50 was found in 37
samples of primary tumour, whereas metastatic lymph nodes
showed cytoplasmic expression of NF-kB p50 indicating its
inactive state (Figure 1E). COX-2, the final downstream tar-
get of the cascade, showed high cytoplasmic expression in the
tumour cells of both primary tumours and metastatic lymph
nodes (Figure 1F). No significant difference in the expression
pattern of the above-mentioned proteins was observed in to-
bacco chewers (TC) and non-chewers (NTC).

3.2 | Positive correlation between
HGF and its downstream elements in primary
tumour and metastatic lymph nodes

In order to understand the downstream cascade of an in-

teractive pathway, correlation analysis was performed. In
tobacco chewers, primary tumours showed the expression

¥
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(mean =+ s.e.m) of HGF (66.26 + 0.11), p-Met (61.36 + 0.10),
Gabl (53.37 = 0.10), pAkt (55.34 + 0.10), NF-xB p50
(65.12 + 0.13) and COX-2 (63.42 + 0.09). Similarly, in case
of non-chewers, primary tumours were evaluated for the ex-
pression (mean + s.e.m) of the same set of proteins, thatis HGF
(64.64 + 0.09), p-Met (53.57 = 0.10), Gab1 (54.36 + 0.10),
pAkt (59.54 + 0.10), NF-xB p50 (67.50 = 0.10) and COX-2
(62.37 + 0.11). ANOVA showed positive correlation among
all proteins with very high significance (P < .0001) indicat-
ing upregulation of all proteins upon activation of c-Met by
HGF (Table 2). One-way ANOVA showed that there was
significant difference in mean percentage of expression of the
different proteins in primary tumour samples of both tobacco
chewers (Fjs 554 = 2556.655894, P < .0001) and non-chewers
(F5064 = 3108.800963, P < .0001). As per the Tukey's criti-
cal difference (CD), the mean percentage of expression of
HGF was significantly higher and that of Gab1 was found to
be significantly lower among all the other proteins (P < .001)
examined in case of tobacco chewers. While in case of non-
chewers, as per CD, the mean percentage of expression of
NF-kB p50 was significantly higher and that of p-Met was

S LY S i
Negative Control
200X

Immunohistochemical analysis of the HGF/c-Met cascade in both the primary tumour and metastatic lymph node. Expression for

HGF (A), p-Met (B), Gabl (C), pAkt (D), NF-xB p50 (E) and COX-2 (F). Each section was compared with a negative control (ie without primary

antibody). Images were taken in 200X and 400X magnifications
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TABLE 2 Mean and ANOVA of percentage of expression of HGF and its downstream proteins for primary tumour

HGF p-Met Gabl pAkt NF-xB p50 COX-2

Tobacco chewers’ profile
Mean + sem 66.26 + 0.11 61.36 + 0.10 53.37 +0.10 55.34+0.10 65.12 +0.13 63.42 + 0.09
Variance 0.509459 0.450664 0.437574 0.46902 0.707102 0.399072
CD 2.24

Non-chewers’ profile
Mean + sem 64.64 + 0.09 53.57 +£0.10 54.36 £ 0.10 59.54 +0.10 67.50 + 0.10 62.37 +0.11
Variance 0.357641 0.441254 0.461687 0.459941 0.471091 0.520412
CD 2.24

Note: Data are given in mean = s.e.m and analysed through one-way ANOVA. The tobacco chewer group is compared with the non-chewer group.
TABLE 3 Mean and ANOVA of percentage of expression of HGF and its downstream proteins for metastatic lymph node
HGF p-Met Gabl PAkt NF-xB p50 COX-2

Tobacco chewers’ profile
Mean + sem 61.67 +£0.10 55.62 +0.11 52.67 +0.11 59.67 +0.09 6543 +£0.13 66.55 +£0.12
Variance 0.473257 0.542584 0.585395 0.39818 0.81002 0.636535
CD 2.24

Non-chewers’ profile
Mean + sem 64.43 +0.10 63.43 +0.11 60.57 +£0.11 57.72 + 0.15 64.51 +0.11 65.46 +0.11
Variance 0.427422 0.558988 0.593331 1.059465 0.562338 0.562
CD 2.24

Note: Data are given in mean =+ s.e.m and analysed through one-way ANOVA. The tobacco chewer group is compared with the non-chewer group.

significantly lower among all the other protein markers ana-
lysed (P < .001) (Supporting Information File S2).

Indeed, for tobacco chewers, in metastatic lymph nodes, the
mean expression (+s.e.m) of the HGF pathway biomarkers was
determined; data showed the value of HGF (61.67 + 0.10), p-
Met (55.62 + 0.11), Gabl (52.67 + 0.11), pAkt (59.67 + 0.09),
NF-«xB p50 (65.43 + 0.13) and COX-2 (66.55 + 0.12). Also,
for metastatic lymph nodes of non-chewers, the mean expres-
sion (+s.e.m) of the same proteins was determined and spec-
trum showed different levels for different proteins, that is HGF
(64.43 + 0.10), p-Met (63.43 + 0.11), Gabl (60.57 + 0.11),
pAkt (57.72 + 0.15), NF-xB p50 (64.51 + 0.11) and COX-2
(65.46 + 0.11). ANOVA showed positive correlation among all
proteins with very high significance (P < .0001), except between
HGF and NF-xB (Table 3). One-way ANOVA also showed that
there was significant difference in mean percentage of expres-
sion of the different pathway proteins in metastatic lymph nodes
of both tobacco chewers (Fs,qq = 2316.136, P < .0001) and
non-chewers (Fs,q, = 627.602, P < .0001). As per the CD,
the mean percentage of expression of COX-2 was significantly
higher, whereas that of Gab1 was significantly lower among all
the other proteins (P < .001) in case of tobacco chewers. In the
case of non-chewers, based on CD, the mean percentage of ex-
pression of COX-2 was significantly higher, pAkt was found to
show significantly lower expression among all the other proteins

(P < .001) (Supporting Information File S2). These results in-
dicate that in case of tobacco chewers and non-chewers, Gab1,
pAkt, NF-xB and COX-2 show upregulated expression upon
activation of oncogenic c-Met pathway by HGF.

3.3 | Perturbed expression of SDF1a/
CXCR4 metastatic axis ascribes to
chewing tobacco

Aberrant activation of HGF is responsible for induction of the
SDF1o/CXCR4 metastatic axis and subsequent entry of circu-
lating tumour cells to the metastasis sites. The lymph nodes of
the neck region are the primary sites for metastasis in case of
OSCC, and hence, we investigated the alteration in the expres-
sion of the metastatic markers in both primary tumours and
the affected lymph nodes in patients with confirmed history of
chewing tobacco. Immunohistochemistry results demonstrated
high cytoplasmic expression of SDF1a (Figure 2A) and high
membrane expression of CXCR4 (Figure 2B) particularly in
the tumour cells compared with the stroma, in both primary
tumours and affected lymph nodes of tobacco chewers. In
comparison, the expression levels of both SDF1a and CXCR4
were significantly lower in the primary tumour samples and
in metastatic lymph nodes of non-chewers (Figure 2C and D).
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Correlation analysis was done in order to check the relation-
ship between the expression status of the three proteins. For
tobacco chewers, the marker expression in primary tumours
(mean + s.e.m) was determined for HGF (66.72 + 0.13),
SDFla (67.76 + 0.14) and CXCR4 (67.24 + 0.13). In case of
non-chewers, in primary tumours, expression (mean + s.e.m)
was confirmed for HGF (64.93 + 0.16), SDF1a (29.84 + 1.79)
and CXCR4 (24.82 + 1.35). In case of tobacco chewers, there
was positive correlation among the three proteins implying
that upregulation of HGF induces the subsequent downstream
SDF1a/CXCR4 axis (P < .001). However, in case of non-
chewers, there was no significant correlation between these
three proteins (Figure 3A and B; Table 4). In the case of meta-
static lymph nodes, for tobacco chewers, the expression level
(mean =+ s.e.m) of the three aforementioned proteins was deter-
mined and accordingly showed patterns for all three markers—
HGF (61.95 + 0.14), SDFla (64.59 + 0.10) and CXCR4
(69.87 £+ 0.11). For metastatic lymph nodes of non-chewers, the
expression level (mean + s.e.m) of these three proteins was dif-
ferent: HGF (64.72 £ 0.15), SDF1a (29.84 + 2.09) and CXCR4
(28.27 £ 2.15). Consistent with the pattern observed in primary
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tumours, metastatic lymph nodes of tobacco chewers showed
positive correlation among the three proteins (P < .001), high-
lighting that upregulation of HGF relays its effects to SDF1a/
CXCR4 axis, whereas in case of non-chewers, there was no
significant correlation between the three proteins (Figure 3C
and D; Table 4; Supporting Information File S3). Together,
these data reveal that upregulation of HGF has the ability to
lead the activation of metastasis signalling via SDF1o/CXCR4
axis in OSCC representing the tobacco chewers. In contrast, the
SDF1o/CXCR4 axis is not overtly activated by upregulation of
HGF in case of non-chewers.

3.4 | Metastatic risk assessment of
chewing tobacco based on perturbation of
signalling markers

The differential perturbation of metastatic signalling axis
proteins based on their immunohistochemical quantification
prompted us to further assess the impact of the potential effects
of chewing tobacco on metastatic markers in OSCC patients.
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FIGURE 2 Immunohistochemical analysis of the HGF and SDF1a/CXCR4 axis in primary tumour and metastatic lymph node of both

tobacco chewers and non-chewers. In case of tobacco chewers (A), patterns of SDF1a and CXCR4 expression in both primary tumour and affected
lymph node. In non-chewers (B), expression of SDF1a and CXCR4 in primary tumour and in metastatic lymph node. Each section was compared
with a negative control (ie without primary antibody). Image magnifications: 200X, 400X
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FIGURE 3 Comparison of HGF/c-Met
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TABLE 4 Mean of percentage of expression of SDF1a and CXCR4 in tobacco chewers and non-tobacco chewers
Primary tumour Metastatic lymph node
HGF SDF1a CXCR4 HGF SDF1a CXCR4
Tobacco chewers
Mean + SEM 66.72 +0.13 67.76 + 0.14 67.24 +0.13 61.95+0.14 64.59 +0.10 69.87 £0.11
Median 66.77 67.87 67.25 62.1 64.55 70.2
Range 65.3 -68.4 66.1 - 69.6 65.8 - 69.0 60.0 - 65.8 63.0 - 66.0 68.3-70.9
Non-chewers
Mean + SEM 64.93 +0.16 29.84 + 1.79 24.82 +1.35 64.72 + 0.15 29.84 +2.09 28.27 +2.15
Median 65.2 28.2 23.4 64.6 29.07 26.3
Range 63.2-67.5 7.4-584 12.1-52.6 63.2 - 68.1 9.2-69.4 9.5-80.3

Note: Data are given in mean + s.e.m and analysed through one-way ANOVA. The tobacco chewer group is compared with the non-chewer group for both primary

tumour and metastatic lymph node.

The paired t test showed that in primary OSCC samples, the ex-
pression of SDF1a was significantly higher in tobacco chewers
in comparison with non-chewers (TC vs NTC — OSCC —msd
— 194 =21.07, P <.0001). In the same way, CXCR4 was signifi-
cantly higher in chewing tobacco users in comparison with non-
users (TC vs NTC — OSCC —msd — 194 = 208.67, P < .0001).
In case of metastatic lymph nodes (MLN), the t test analysis
revealed that SDF1a was significantly higher in tobacco chew-
ers in comparison with non-chewers (TC vs NTC — MLN —msd
— 19y = 16.63, P < .0001). Similarly, CXCR4 was significantly
higher in chewing tobacco users in comparison with non-users
(TC vs NTC —MLN —msd — 79, = 19.34, P < .0001) (Supporting
Information File S4). The results obtained by immunohisto-
chemistry analysis were further validated by Western blot.

The densitometric analysis demonstrated significantly higher
expression of both SDFla and CXCR4 in primary tumours
and metastatic lymph nodes of tobacco chewers in comparison
with non-chewers (Figure 4). Together, these data assert that
chewing tobacco initiates lymph node metastasis via the SDF1/
CXCR4 and relies on HGF. However, the same pathway mark-
ers were not significantly overexpressed in their tobacco non-
chewer counterparts.

4 | DISCUSSION

Oral cancer is a major public health issue worldwide. Despite
considerable advances in the diagnostic and therapeutic
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FIGURE 4 Comparison of SDF1a and CXCR4 expression in tobacco chewers and non-chewers by Western blot. Panel represents protein

expression of SDF1a and CXCR4 (left). The densitometric analysis of expression of SDFla and CXCR4 in primary tumour and metastatic lymph

node of tobacco chewers and non-chewers. ** denotes statistically significant difference between chewer and non-chewer groups

fronts,” both the incidence and mortality of OSCC have
increased over the past decade. In 2018, globally over 18
million new cases of cancer have been diagnosed approxi-
mately.56 Tobacco-related deaths are hardly properly re-
ported. Worldwide, overuse of tobacco is responsible for
every 1 in 10 deaths and this results in over 5 million deaths
per year.”” The tobacco market in recent years has been cap-
tured by chewable and flavoured forms of tobacco, which
are locally known as gutka, zarda, khaini, etc.”® Gutka con-
tains various other ingredients along with tobacco such as
slaked lime, catechu, areca nut, condiments and fragrances.59
The fact that it is also being exported to almost 22 countries
worldwide confirms its growing usage. In South-East Asia,
the demand has escalated so much that it is being sold even
to minors in the region.ﬁo’61 In India, most men <40 years
of age use gutka.m’62 This chewing tobacco or gutka can
be more addictive than smoking tobacco. The most alarm-
ing statistics show that more than five million children
<15 years of age are addicted to chewing tobacco in India.”®
It has been reported with strong evidence that chewing to-
bacco, gutka, betel nut and betel quid are pre-eminent risk
factors for oral cancer in India along with other regions of
South-East Asia.%%* Many forms of chewing tobacco have
become available commercially, and this necessitates the
scrutiny of their harmful effects. Widespread use of betel
quid, slaked lime and areca nut, with or without tobacco,
has been identified as one the major causes of gingivobuccal
OSCC (OSCC-GB) in India.%% OSCC-GB patients mostly
manifest advanced stage of cancer with high rate of loco-
regional metastasis and high rate of mortality.68 However,
there is paucity of data so far that could provide critical in-
sights into the effect of chewing tobacco on oral cancer at
molecular level. The alterations in the genes EGFR, ILS, AR,
ATM, BRCAI, CDKNIA and TP53 have been reported to be
associated with nitrosamines and arecoline that are found in
chewing tobacco and betel quid.(’9 Additionally, the altered

genes of TRPM3, ARID2, MLL4, UNCI13C and USP9X have
been identified by the India Project Team of the International
Cancer Genome Consortium (ICGC) to be specifically linked
with OSCC-GB.” In an in vitro model, the proliferative and
invasive potential of oral keratinocytes has been shown to
increase significantly on exposure to chewing tobacco due
to overexpression of ERBB2 and RABLG genes.’' Also when
immortal oral keratinocytes are exposed to chewing tobacco,
there is alteration in microRNA (miRNA) expression and
their target proteins, which are predominantly involved in
the initiation and progression of OSCC.”* However, a well-
defined signalling cascade that is responsible for OSCC-GB
and subsequent loco-regional lymph node metastasis has not
yet been delineated. In this study, we report the potential bio-
markers and their alterations to understand their roles in lead-
ing lymph node metastasis in OSCC patients with the habit
of chewing tobacco.

Metastasis is one of the most inimical facets of cancer. The
presence of lymph node metastasis usually points towards
elevated risk of distant metastasis.”> Our study deals with
demonstrating the difference in the expression of metastasis-
related markers in OSCC in chewing tobacco users in com-
parison with non-users. This also emphasizes the potential
effects of chewing tobacco on the aggressiveness of oral
cancer. EGFR is the predominant molecular target, and it is
overexpressed in >90% of cases of OSCC. Overexpression of
EGFR is clinically related to poor prognosis and elevated risk
of metastasis.”* The targeted therapies against EGFR have
limitations due to the adaptive or acquired resistance devel-
oped to the EGFR blockade and owing to other compensatory
pathways that are contextually active to bypass anti-EGFR
therapy. This highlights the need to develop rationally driven
therapies that target other oncogenic pathways involved in
pathogenesis of OSCC. The HGF/c-Met signalling is one of
the key potential target pathways. Functional proteomic anal-
ysis confirmed that in the case of malignant cells, EGFR and
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c-Met immunoprecipitate simultaneously in protein extracts,
which is not the case for normal hepatocytes. These point
towards the fact that the crosstalk between the EGFR and
HGF/c-Met pathways is tumour-specific. c-Met may be ac-
tivated as a result of EGFR activation and crosstalk. Indeed,
HGF in turn can transactivate EGFR through amphiregulin
and other growth factors.” Thus, in the event of an EGFR
blockade, HGF/c-Met pathway can function as an alternative
cascade for promoting tumour progression. Activation of
the HGF/c-Met pathway stimulates epithelial-mesenchymal
transition (EMT), thus inducing the process of invasion, mi-
gration and metastasis in 0scc.’® Also, the HGF/c-Met and
EGEFR signalling pathways interact at both the PI3K/Akt and
MAPK nodes, pointing towards the their ability for imparting
compensatory effects.

In this context, we first checked the expression of EGFR
in both tumour tissues and metastatic lymph nodes. All the
samples demonstrated high membrane expression of acti-
vated form of EGFR. High membrane expression of both
HGEF and activated c-Met was observed in the same region
as EGFR. Immunohistochemistry results demonstrated
overexpression of HGF/c-Met pathway and its downstream
molecules such as Gabl and phospho-Akt in both primary
tumours and metastatic lymph nodes. Nuclear expression
of NF-xB p50 was observed in primary tumours, but cyto-
plasmic expression was observed in most metastatic lymph
nodes indicating its inactive state. The key end product of
the pathway, COX-2, was overexpressed in the cytoplasm
in both primary tumour tissues and affected lymph nodes.
Positive correlation between HGF, p-Met, Gab1, pAkt, NF-
kB and COX-2 with very high significance (P < .0001)
indicated upregulation of all the downstream proteins, re-
spectively, upon activation of c-Met by HGF. The overex-
pression of both pEGFR and p-Met in the primary tumour
of OSCC and metastatic lymph node suggested the prob-
ability that even if the EGFR pathway is inhibited during
treatment, activation of c-Met can overcome this block-
ade. As both the pathways are activated in all the cases,
they need to be targeted simultaneously during treatment.
In OSCC, overexpression of HGF and c-Met is linked to
elevated risk of lymph node metastasis and poor progno-
sis.”’ SDFla is involved in stem cell proliferation, survival
and homing to the bone marrow, via its receptor CXCR4.
It has been reported that CXCR4 expression by tumour
cells act as chemotactic gradient to organs expressing the
ligand SDF-1. Such an endocrine pathway is required for
moving CXCR4-positive cancer cells to determine the spe-
cific homing sites for metastasis.’ In recent years, several
pieces of evidence supporting the role of SDF-1/CXCR4 in
OSCC progression have been reported. CXCR4 expression
is increased in OSCC cells,79 while SDF-1 induces inva-
sion and scattering of CXCR4-expressing OSCC cells. !0
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Moreover, overexpression of SDF-1 in lymph nodes
strongly suggests local metastasis in 0SCC.2"#2 HGF fa-
cilitates Akt phosphorylation and activates CXCR4 via pro-
tein kinase C delta (PKCC) in cancer cells.®® Furthermore,
HGEF enhances the ability of SDF1 to promote cancer in-
vasion.?* Thus, an interconnection between the HGF/Met
axis and the SDF1a-CXCR4 axis seems to be essential for
determining the homing sites in lymph node metastasis. In
order to check the difference in the expression of these met-
astatic markers in OSCC between chewing tobacco users
and non-users, we checked the expression status of SDF1a
and CXCR4 in primary tumour and metastatic lymph nodes
in both tobacco chewer and non-chewer groups. The results
demonstrated significantly high cytoplasmic expression of
SDFla and high membrane expression of CXCR4 in pri-
mary tumour of chewing tobacco users in comparison with
non-chewers. Similarly, both the proteins were significantly
overexpressed in specific tumour-infiltrated regions of the
metastatic lymph nodes of chewing tobacco users. However,
there was no significant expression in non-chewers. These
results clearly indicate that the HGF/c-Met pathway activa-
tion is critical for inducing SDF1a/CXCR4 axis, which aids
in lymph node metastasis in OSCC patients with the habit
of chewing tobacco. To our knowledge, this is the first study
that reports the critical roles of the HGF/c-Met-stimulated
SDF1a/CXCR4 axis in promoting regional lymph node me-
tastasis in case of OSCC specifically in chewing tobacco
users but not in non-users in an Indian patient population.
Furthermore, our results clearly indicate that in chewing to-
bacco users, HGF has specific role in promoting cancer in-
vasion via SDF1q, thus increasing the aggressiveness of the
tumours. These results also imply that in future, the SDF 1o/
CXCR4 axis may be used as a specific target to intervene
metastasis in OSCC patients with habit of chewing tobacco
usage.

Collectively, these findings imply that in case of oral
squamous cell carcinoma, HGF/c-Met and SDF1o/CXCR4
axes facilitate regional lymph node metastasis predominantly
among chewing tobacco users, highlight its role in promot-
ing the early molecular events linked to cancer progression,
invasion and metastasis and imply its potential prospect of
acting as prognostic and stratification biomarkers for the ar-
rest of regional metastasis. Further translational studies and
clinical validation of these data are essential before these
findings can be taken forward as potential diagnostic bio-
markers in OSCC patients segregated based on the history
of tobacco usage.
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ARTICLE INFO ABSTRACT

Keywords:
Chewing tobacco
Oral leukoplakia

The use of chewing tobacco is a severe risk factor for oral mucosa related diseases including cancer in India as
well as USA, although its relationship with Oral Leukoplakia (OL) or related carcinogenicity is still not clear. This
work chose two oncogenic pathway proteins- the Epidermal Growth Factor Receptor and the WNT pathway

5\?15,? among leukoplakia patients and established their correlation with the individuals’ tobacco chewing habit.
Atypia 89 fresh patients with OL were selected for the work. The samples were classified based on the individual’s
Dysplasia tobacco chewing habit. The divided samples were then immunostained with antibodies for both of the EGFR as

well as WNT pathway proteins. The samples were further classified based on their proliferation status and the
expression of these oncoproteins was also observed. In order to compare the cytological data with histological
data, 30 OL patients undergoing biopsy were chosen and immunohistological analysis was performed for the
same pathways.

Results showed overexpressing EGFR and WNT pathway proteins in all OL samples. Structurally atypic cells
had a tendency to overexpress these oncoproteins. However the immunocytochemistry data could not confirm
any positive effect of chewing tobacco on the OL’s proliferative state. Statistical data from the immun-
fluorescence finally revealed the overexpression of both EGFR and WNT pathway proteins on the proliferative
population establishing chewing tobacco as a positive risk factor for the onset of OL. Data from biopsy samples
followed the same trend of protein expression seen in the cytological samples. Dysplastic zones showed huge
overexpression of EGFR and WNT pathway proteins among tobacco chewers. In conclusion, this is the first time
report showing the effect of chewing tobacco on the EGFR and WNT pathway in OL and its possible role as a
potential risk factor for its proliferative type.

Risk factor

1. Introduction

Oral leukoplakia (OL) is the most common potentially malignant
disorder of the oral mucosa [1-3]. According to literature, OL affects
from 0.2 % to 11.7 % of the population in India [4]. Such significant
differences are due to dissimilarities in the incidence of pathology in the
defined age, ethnic and social group. Apart from oral leukoplakia,
actinic cheilitis, lichen planus, and erythroplakia are also considered
budding pre malignant conditions affecting the oral cavity. These lesions
might herald oral squamous cell carcinoma, which is the most common
malignancy of the oral cavity. The use of tobacco, including smokeless

* Corresponding author.
E-mail address: nabendu.murmu@cnci.org.in (N. Murmu).
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tobacco and excessive consumption of alcohol are the prominent risk
factors in oral cancer. However, studies among selected group of pop-
ulation (Southern Taiwan) have shown strong correlation between betel
quid chewing, tobacco use with that of development of pre cancerous
lesions such as leukoplakia and oral submucous fibrosis. Conversely, the
occurrence of the disease and alcohol consumption showed weak cor-
relation [5].

The WNT and EGFR pathway has been of immense concern in oral
carcinoma cases.The WNT signaling pathway is one of the foremost and
evolutionarily conserved pathway that modulates crucial aspects of cell
fate determination, cell migration, cell polarity, neural patterning and
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organogenesis during embryonic development.The canonical WNT
Signaling is initiated by the secreted WNT proteins, which bind to a class
of seven-spanning serpentine transmembrane receptors encoded by the
frizzled genes [6,7]. This leads to the activation of the receptor resulting
into phosphorylation of the dishevelled protein which, through its as-
sociation with axin, prevents glycogen synthase kinase 3p (GSK3p) from
phosphorylating critical substrates such as p-catenin [8]. The GSK3p
substrates include the negative regulators axin and APC and p-catenin
[9,10]. Unphosphorylated f-catenin escapes recognition by -TRCP, a
component of an E3 ubiquitin ligase, and translocates to the nucleus
where it binds to transcription factors such as TCF and LEF [11,12].
Epidermal growth factor receptor (EGFR) is the first discovered type of
the family Receptor Tyrosin Kinase (RTK). This pathway leads to cell
survival, cell proliferation etc. Aberrant expression of this pathway is
linked to many types of cancers. After receptor activation, the protein
activates its several downstream targets including Protein Kinase B or
AKT [13] which finally leads to  overexpression of
Prostaglandin-endoperoxide synthase 2 or Cyclooxygenase-2 (COX-2),
an inflammatory cytokine that contributes to the development and
progression of a variety of cancers, including squamous cell carcinoma
of the oral cavity and oropharynx [14].

Malignant cells have a small cytoplasmic amount often with vacuoles
[15]. An atypic cell on the other hand is one in which some morpho-
logical or architectural change can be noticed in comparison with its
normal counterpart. However atypic cells do not always refer to ma-
lignancy [16]. Hyperplasia is a condition in which the number of cells
increases but microscopically these cells resembles that with the normal
cell architecture. The probability of a hyperplastic cell to convert into a
malignant one is very rare. Again, hypertrophy is a condition whereby
the volume of the cell increases. Although hyperplasia and hypertrophy
are two separate conditions, they generally take place together [17]. On
the contrary, dysplastic cells are those that show pre-malignant
neoplastic conditions. In two previous publications these precancerous
changes and altered proliferative status of oral squamous cells have been
studied thoroughly and the results showed that both EGFR and WNT
pathway proteins are responsible for this premalignant transformation.
It was found out that EGFR is expressed in leukoplakia regardless of
dysplasia, but the protein’s positivity was found to be more frequent in
lesions sited in areas of high cancer risk [18]. On the other hand, nuclear
translocation of the canonical WNT pathway protein, WNT3 and f-
Catenin was accounted for progression of dysplasia in oral leukoplakia
[19]. These two independent pathways were not only found to play the
key role in oral premalignancy but scientists revealed a highly sophis-
ticated molecular cross-talk between these two pathways in advanced
stage of oral malignancy [20,21]. It was found out that EGFR regulates
B-catenin location, stability, and transcriptional activity whereas -
Catenin inhibition alters the fucosylation status of EGFR. Keeping these
particulars in mind, the main aim of the project was to draw a correla-
tion between the classic morphological alterations in oral leukoplakia
patients, the expression of several oncoproteins (i.e. the EGFR and WNT
pathway), proliferative status of the cells and the habit of tobacco
chewing.

2. Materials and methods
2.1. Patient samples

A sum total of 89 patients with fresh incidence of oral leukoplakia
were chosen for the work. Patients with additional complications
including oral infections and prior treatment histories were excluded
from the work. Squamous cell layers were scraped from the patients
using sterilized cytobrush and the samples were divided into two parts-
one part was used for morphological identification of the samples
whereas the other part was used for immunocytochemical analyses. The
demographic data for patients along with their addiction habit are
attached in Table 1. To check the proteins’ expression status in
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Table 1

Demographic data of OL patients. The entire population has been sub- divided
into two groups based on the experiments carried out. The top panel represents
the “Swab samples” pool and the later panel represents patients undergone for
both swab sample collection as well as “Biopsy samples” group.

Swab samples

Age group (Years) 35-45 (47) 45-55(31) (5151365

Sex Male (48) Female (41)

Addiction (Chewing i ve (66) Negative (23)
tobacco)

- Buccal Hard palate  Soft palate Gingiva
Leukoplakia site mucosa (34) @D ©22) ©02)
Biopsy samples
Age group (Years) 35—45 (3) 45-55 (9) 55-65 (6)
Sex Male (13) Female (5)

Addiction (Chewing  p, ve (10) Negative (8)
tobacco)

. Buccal Hard palate  Soft palate Gingiva
Leukoplakia site mucosa (14) © o o

histological sections 18 OL patients from the pool undergoing biopsy
was selected. These samples were divided into two sub- groups as well;
one part of which was used for immunohistochemistry and the other
part was kept for quantitative western blot analyses (Demographic data
given in Table 1). All procedures performed in the study involving
human participants were in accordance with the ethical standards of the
institutional research committee and with the Helsinki declaration
(1964) and its later amendments or comparable ethical standards.

2.2. Antibodies and reagents

Antibodies against EGFR (sc-373746), pAKT1/2/3 (sc-514032), NF-
kB p50 (sc-8414), COX-2 (sc-376861), WNT (sc-514531), APC (sc-
9998), GSK-3 (sc-373800), B-catenin (sc-7963) and Ki-67 (sc-15402)
were purchased from SantaCruz Biotechnologies (California, USA). FITC
and PE tagged secondary antibodies (anti- mouse, sc-516140 and anti-
rabbit, sc-3753) were also purchased from SantaCruz Biotechnologies
(California, USA). For immunocytochemistry IHC Select® HRP/DAB,
150 Test was purchased from Merck (Darmstadt, Germany). All the
stains used for differential staining techniques (Haematoxylin, EA50 and
Orange G) were purchased from Merck (Darmstadt, Germany).

2.3. Classification of the squamous cell population

To differentiate between normal cellular structure and atypia,
Papanicolaou staining (PAP) staining was performed in all samples. The
cell smears were first fixed on glass slides using methanol. Next the
slides were dipped in Harri’s Haematoxylin for 5 min and rinsed for 2
min under running tap water. The slides were then dipped in Orange G
staining solution (specifically stains Keratin) for 5 min followed by ten
dips in 90 % ethanol (differentiating agent). In the next step the slides
were dipped in EA50 (Eosin Azure 50, containing Eosin and Light Green
SF Yellowish) for 5 min and dipped in 90 % ethanol 10 times. The slides
were finally dipped in 100 % ethanol for 5 min, followed by 10 dips in
xylene and mounted using DPX mountant. All samples were photo-
graphed under 20X and 40X magnification using Bright Field Micro-
scope (Leica DM1000, Germany).

For micronuclei detection in the cells, Feulgen staining was per-
formed. DNA hydrolysis was first done by placing the slides in 1 N HCl at
60 °C for 8 min. The cells were next placed in the Schiff’s reagent and
incubated for 1 h 30 min in dark. The cells were next rinsed with
sulphrous acid followed by counterstaining by Light Green SF Yellowish.
The slides were finally mounted using DPX and observed under bright
field microscope (Leica DM1000, Germany) in 100X magnification.
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2.4. Immunocytochemistry

The entire experiment was performed followed by standard protocol
mentioned in the Immunoperoxidase Secondary Detection System
(DAB150, Merck Millipore). The slides were first treated with citrate
buffer for antigen retrieval (microwave method) followed by endoge-
nous peroxidase blocking. For primary antibodies, all samples were
treated with anti- EGFR, pAKT1/2/3, NF-«xB p50, COX-2, WNT, APC,
pGSK-3p and p-catenin antibodies respectively. After staining with DAB,
the smears were counterstained with Mayer’s hematoxylin and photo-
graphed using bright- field microscope under 40X magnification (Leica
DM1000, Germany).

2.5. Immunohistochemistry

Thin sections of 4 pm each was made from the FFPE biopsy tissue
blocks and were de-waxed in xylene and rehydrated in graded alcohols.
Endogenous peroxidase was quenched (using 3 % H3Os solution in
Methanol) followed by heat-induced epitope retrieval in citrate buffer
(0.01 mol/L; pH 6.0). Immunohistochemical staining (IHC) for was
performed by incubating the tissue sections for 1 h at room temperature,
using the same primary antibodies followed by DAB (3, 3'-Dia-
minobenzidine) detection method according to the manufacturer’s
protocol (DAB 150 Kit, Merck).

2.6. Immunofluorescence staining

For quantitative identification of the expression status of the EGFR
and WNT pathway proteins on the proliferative cell population, double
immunofluorescence staining was performed using all the aforemen-
tioned antibodies along with Ki-67 -a well established marker for
cellular proliferation. After incubation with the universal blocking
buffer (1 % BSA, 0.1 % cold fish skin gelatin, 0.5 % Triton X-100, 0.05 %
sodium azide in 0.01 M PBS, pH 7.2-7.4) for 1 h, the cells were incu-
bated with primary antibodies for 1 h at room temperature in a moist
chamber. After incubation with the FITC (sc-516140) and PE (sc-
516141) tagged secondary antibodies followed by thorough wash with
PBS, the samples were mounted with 90 % glycerol and observed under
Fluorescence microscope (Leica DM 4000B).

2.7. Western Blot

With the purpose of estimating the presence and quantification of the
proteins, western blot was done on the supernatants of the patient bi-
opsy samples. Tissue lysates were produced by homogenizing and son-
icating the samples in western blot lysis buffer (15 mM Tris, 2 mM EDTA,
50 mM 2-Mercaptoethanol, 20 % Glycerol, 0.1 % Triton X100, 1 mM
PMSF, 1 mM Sodium Fluoride, 1 mM Sodium Orthovanadate, 1 pg/mL
Aprotinin, 1 pg/mL Leupeptin, 1 pg/mL Pepstatin) at room temperature.
Fifty microgram of total cell lysates (TLC) were separated on a 10 %
sodium dodecyl sulphate- polyacrylamide gel SDS-PAGE, and blotted
onto nitrocellulose membranes, blocked in TBS-T (0.1 % Triton in
1xTBS) and probed with primary antibodies (EGFR and WNT pathway)
overnight at 4 °C. The membranes were then incubated with the
appropriate horseradish peroxidase- conjugated secondary antibodies.
The immunoreactive protein bands were developed by enhanced
chemiluminescence kit (BioVision ECL Western Blot Substrate, USA) and
analyzed by a densitometer (Bio Rad, GS 800, USA) for quantification.

2.8. Scoring and Statistical analyses

For histological scoring, binary scoring technique was used. Each cell
showing DAB positive color was scored as ‘1’ whereas cells with no
brown precipitate were counted as ‘0’. Each field was subdivided into
nine squares under 40X magnification, and the number of DAB positive
cells in each small square was counted. All statistical analyses were

Pathology - Research and Practice 218 (2021) 153287

performed with the help of Epi Info (TM) 3.5.3 which is a trademark of
the Centre for Disease Control and Prevention (CDC), NIH, USA. To
calculate the expression of EGFR and WNT pathway proteins, mean and
standard error (s.e.) were calculated. For establishing the correlation
between the EGFR and WNT pathway proteins, correlation analysis was
performed. Risk factor analysis was also performed using the micro-
scopic score comparing with the patients’ tobacco chewing habit.

3. Results
3.1. Classification of the squamous cell population

PAP staining revealed two distinct types of squamous cells in all
patients’ samples. Cells with normal cellular characteristics of the
squamous epithelium were marked as ‘normal’ whereas cells with
morphological changes (neoplastic type) were marked as ‘atypia’
(Supplementary Fig. 1). In order to determine the altered expressional
status of the EGFR and WNT pathway proteins, cells from each sample
was sub divided into these two classes and their expression status were
compared.

3.2. Alteration in the EGFR and WNT pathway proteins

Immunocytochemistry revealed overexpression of the key EGFR
pathway proteins both in normal cells as well as atypic cells among
tobacco chewers (Fig. 1A). However, although tobacco non chewers had
high expression of the pathway proteins in the atypic cells among non
tobacco users, their expression on the normal cells among non tobacco
chewers were at basal level. On the other hand, there was very little or
no expression of the WNT (Fig. 1B) pathway proteins among non to-
bacco chewers in normal cells, but comparatively higher expression of
all the proteins were found in all atypia cases indicating this pathway’s
probable participation in tobacco induced early carcinogenesis from
leukoplakia. To check if the samples collected from cytobrush represent
true data, immunohistochemistry (IHC) was also performed in the same
patients’ biopsy samples. IHC revealed identical expression pattern for
both EGFR (Fig. 2A) and WNT (Fig. 3A) pathway (Except GSK-3p)
among tobacco chewers and non chewers. Western blot from Biopsy
samples confirmed the findings after densitometric evaluation (Figs. 2B
and 3 B). Statistical analysis showed positive correlation among all the
pathway proteins (i.e. EGFR, pAKT1/2/3, NF-kB and COX-2 for the
EGFR pathway and WNT, APC and p-catenin for the WNT pathway). p
-value <0.05 was considered to be significant for all cases.

3.3. Effect of chewing tobacco on the proliferative cell population

To check the proteins’ expression on proliferating cells from OL
samples, immunofluorescecnce staining was performed using the pro-
liferation marker Ki- 67. Results showed positive expression of both
cascade proteins among tobacco users with respect to the patients with
no history of chewing tobacco (Fig. 4). The results remained the same
when the only Ki- 67 positive population was considered.

3.4. Comparative evaluation and risk factor analysis

From the entire pool of immunocytochemistry data, the cells from
each patient were classified into two further groups- total population
expressing the EGFR and WNT pathway proteins and atypic cells
expressing these proteins’ among tobacco chewers and non chewers.
Results revealed marked downregulation of both the EGFR and WNT
pathway proteins among tobacco non- chewers for the total population.
On the other hand, among the atypic population, no such correlation
was observed (Fig. 5A). For risk factor analysis, initially the KI-67 pos-
itive population was chosen and the expression profile of the EGFR and
WNT pathway proteins was assayed. Although the atypic population did
not show any significant effect of chewing tobacco on the
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Fig. 1. Expression profiling of the EGFR and WNT pathway proteins in OL swab. Inmunocytochemistry was performed for both the EGFR and WNT pathway proteins in
all OL samples. Results showed relatively higher expression of the proteins among tobacco chewers in normal cells. In the atypic population, the EGFR pathway had a
mixed expression pattern. Upon quantification, it was revealed that although the normal morphology population had noticeably higher expression of the proteins, the
atypic population too had higher expression among tobacco chewers (A). The WNT pathway proteins showed huge upregulation of WNT, APC and p-Catenin with
downregulated GSK-3f among the tobacco chewing population in normal cells. Atypic cells showed similar protein expression pattern among the tobacco chewers
although the difference of percentage positivity of the proteins remained minor (B).
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Fig. 2. Comparative profiling of the EGFR pathway proteins in both OL swabs and biopsies. Inmunohistochemistry of the biopsy samples showed huge upregulation of the
EGFR pathway proteins in the dysplastic zones suggesting these pathways’ roles in the cells’ proliferative state (A). Swab data of the same patients showed identical
expression pattern supporting the results of cytobrush- isolated squamous cells. Data from western blot also showed an overall upregulation of all the proteins in the
tobacco chewing population (B) with respect to the non- chewers.
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Fig. 3. Comparative profiling of the WNT pathway proteins in both OL swabs and biopsies. Inmunohistochemistry of the biopsy samples showed upregulated WNT
pathway proteins in the dysplastic zones. Swab data of the same patients showed identical expression pattern supporting the results of cytobrush- isolated squamous
cells (A). Data from western blot also showed an overall upregulation of all the proteins in the tobacco chewing population (B) with respect to the non- chewers.
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Fig. 4. Molecular profiling of the EGFR and WNT pathway proteins in proliferative cells. To check the expression pattern of both the EGFR and WNT pathway proteins
among the proliferative cell population in OL samples, immunofluorescence staining was done. Data showed comparatively higher expression of EGFR cascade
expression among tobacco chewers with respect to non chewers. On the other hand, the WNT pathway proteins showed similar upregulation for WNT and APC with
marked downregulation of GSK3p among the tobacco chewers whereas the non chewers had relatively lower expression of WNT and APC and upregulation of GSK3p.
However, p-Catenin did not show any significant expression among both the tobacco chewers and non chewers.

proteins’expression, KI-67 positive population clearly showed a rise in
the mentioned proteins among the tobacco chewer population (Fig. 5B).
For risk factor analysis the average expression for all proteins were first
calculated and protein expression higher that the average was

considered as “high” expression and expression lower than the average
was considered as “low”. Data showed that, among the tobacco chewers
population, the entire WNT pathway proteins had significant odds ratio
(OR) except GSK3p which made tobacco chewing a risk factor for the
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Fig. 5. Risk factor analysis of chewing tobacco among OL patient samples. Inmunocytochemistry data from the total population showed an overall upregulation of both
the EGFR and WNT pathway proteins among tobacco chewers. However the atypic population did not show any significant correlation (A). For further investigation,
the population was again divided among tobacco chewers and non chewers but this time, only the proliferative cells were chosen. Result from the second set showed
huge upregulation of both pathway proteins among tobacco chewers (B) and risk factor analysis revealed upregulation of both these pathways as a positive risk for

the occurrence of OL (p < 0.05).

upregulation of the entire WNT signal cascade (C). The OR range for all
proteins were between 0.2593 (for p-Catenin) to 4.929 (for WNT). The p
value was significant (<0.05) for all cases except EGFR and AKT
(Table 2).

4. Discussion

According to the National Cancer Institute (NCI) Dictionary of cancer
terms, “premalignancy” describes a condition that is likely to become
cancer. However, besides being a well- known premalignant lesion, the
definition for OL changes with time based on the current findings and
their understanding. The hallmark of Histopathological aspects of leu-
koplakia is epithelial hyperplasia and surface hyperkeratosis. Additional
epithelial dysplasia, if present may range from mild to severe. However,
there is no molecular profiling for the cells participating in OL and their
altered expression based on environmental carcinogens. This work first
time showed the significance of the EGFR as well as the WNT pathway
proteins in different cases of OL. Our work also showed the indepen-
dence of these proteins’ expression based on their morphological dif-
ference. The expression pattern did not show any direct significance for
either of the atypic or the normal population.

Tobacco companies have played a mammoth role in advertising
within the sports industry since the beginning. As a result, the use of

chewing tobacco has become a common habit among school goers in
USA [22,23]. In India, although two states have already banned the
marketing of chewing tobacco, the entire country is still submerged in
this noxious addiction. Low socio-economic status is found to be
significantly associated with increased use of chewing tobacco among
males and females in India [24]. A severe lack of knowledge and
awareness is thought to be the key reason for the higher usage of tobacco
in this country [25]. Although there were previous studies deciphering
the effect of chewing tobacco on the onset of oral carcinogenesis, this
work shows the significance of this habit on the formation of OL, if any.
From a molecular signaling based approach, we chose to observe the
expression pattern of the two most cited signaling pathways related to
oral carcinogenesis i.e. the EGFR and the WNT pathway [26,27]. The
experiments revealed significant upregulation of most of the proteins
among tobacco chewers suggesting its ability to trigger oral carcino-
genesis. Results also showed chewing tobacco to be a significant risk
factor for the upregulation of the EGFR and WNT pathway proteins
among the dysplastic cell population in OL tissues.

OL has long been considered as risk factor for the development of
oral cancer [18]. Although the etiology is not fully explored, these le-
sions are often associated with carcinogenic exposures, particularly in
Southeast Asia, betel nut [5]. The contribution of chewing tobacco has
also been observed in some studies [28,29]. However, all of these studies
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Table 2

Risk factor analysis for chewing tobacco in OL. Data from fluorescence staining
was quantified using the percentage number of proliferating cells showing
positive expression for the EGFR and WNT pathway proteins. Results showed
positive odds ratio with significant p value suggesting chewing tobacco as a
positive risk factor for the overexpression profile of the EGFR and WNT pathway
proteins in OL.

Risk factor Cases (n) Control (n) OR 95 % CI P value
for
EGFR Hi 59 (66.29 7 (7.86 %)
0,
o s
EGFR Lo : 5 (5.61 %) :
%)
. 56 (62.92 ,
AKT Hi %) 7 (7:86 %) Loos 05442 0.3078
AKT Lo 212359 o0 6.667 (s)
%)
) 57 (64.04 10 (11.23
P50 Hi %) %) soq6 1335 0.0099
P50 Lo 13 (1460  9(10.11 : 11.66 )
%) %)
. 58 (65.16 9 (10.11
X-2 H
COxX-2 Hi %) %) seg3 1205 0.0176
COX-2 Lo 140573 g 5080 1126 )
%)
WNT Hi 61(68.53  9(10.11
%) %) 0.0040
(1235 4929 15631555 [
WNT Lo g 8 (8.98 %)
%)
) 59(66.20  9(10.11
APC Hi %) %) vz 1308 0.0113
13 (14. : 12. *
APC Lo 301460 g (5308%) 44 ®
%)
) 12(13.48 54 (60.67
GSK3p Hi %) %) arso 1621 0.0029
GSK3p Lo 14(1573 12 (13.48 : 13.92 )
%) %)
. 57(64.04  10(11.23
p-Catenin Hi o) %) 02503 0-0%, 0.0059
cateninLo 1201348 1001123 - 0.699 )
P %) %)

were either retrospective or case- control study that deals with only the
incidence of the disease. The classical swab testing has recently gained
its focus after the recent work published in the Journal of American
Medical Association (JAMA) based on the current Covid testing methods
[30]. This work used the expression profile of oncoproteins for the first
time for determining the likelihood of OL samples (cytological as well as
histological) to turn into neoplasms, based on the individual’s tobacco
chewing habit.
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Piper capense belongs to Piperaceae family and has long been used as a traditional medicine to treat various diseases in several
parts of Africa. The present study aims to investigate the effect of Piper capense fruit extract (PCFE) alone and in combination with
dacarbazine on metastatic melanoma cell line B16-F10 and in vivo in C57BL/6] mice. Cytotoxic effects of PCFE alone and in
association with dacarbazine on B16-F10 cells were studied by 3-(4, 5-dimethylthiazol-2-yl)-2, 5-diphenyl tetrazolium bromide
(MTT) assay and colony formation assay. Wound healing assay, immunofluorescence staining, and western blot analysis were
performed to evaluate the individual and combined effect of PCFE and dacarbazine on epithelial-mesenchymal transition (EMT).
For in vivo studies, C57BL/6] mice were subcutaneously injected with B16-F10 cells (5 x 10° cells/mL), and the effect of PCFE and
dacarbazine was studied on tumor development. The alteration of EMT was evaluated by targeting E-cadherin, vimentin, and
CD133 in PCFE alone and in combination with dacarbazine-treated tumor tissues by western blot analysis. Phytochemical
screening of PCFE reveals the presence of certain secondary metabolites. Our results showed that PCFE alone and in association
with dacarbazine has a good activity in preventing B16-F10 melanoma cell progression and clonogenicity. This extract also
regulated EMT. In vivo results showed that PCFE (100 mg/kg body weight) reduced tumor size in C57BL/6] mice along with the
decrease in the expression of vasculogenic mimicry (VM) tubes as well as an improvement in the qualitative and quantitative
expression of markers involved in EMT. Our study suggests that PCFE may be useful for managing the growth and metastasis
of melanoma.

developed and developing countries [3]. WHO Bulletin in
2018 reports 15769 cases of cancer detected against 10533
cases of deaths or more than half of the incidence in

1. Introduction

Cancer is increasingly recognized as a critical public health

problem worldwide, specifically in some parts of Africa
where people are poor and do not have the financial means
to obtain adequate treatment even though the survival rates
are lower compared to other countries [1].

The latest World Health Organization (WHO) global
data show 18.1 million new cases and 9.6 million cancer
deaths in 2018 [2]. It is recognized as the leading and the
second leading cause of death, respectively, in economically

Cameroon [2]. There are more than a hundred different
cancers depending on the organ affected. Malignant mela-
noma is the most aggressive form of skin cancer. About
96480 new cases of melanoma have been diagnosed (57220
in men and 39260 in women) and 7230 cases of death (4740
in men and 2490 in women) from this disease in the United
States in 2019 according to the work of Siegel et al. [4].
Melanomas which are not of epithelial origin develop from
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neural crest-derived pigmented melanocytes [5]. In Africa
and more particularly in Cameroon, its incidence in 2018 has
been estimated at 148 cases against 89 cases of death [2].

These growing burdens in developing countries are
caused by not only etiological factors [6] but also risk factors
such as genetics, population growth and ageing, urbanisa-
tion, and the adoption of new lifestyles (smoking, alco-
holism, and lack of physical exercise). This has led to a rapid
increase in incidence, environmental pollution, lack of
preventive measures, delay in diagnosis, and a deficit of
health workers trained in oncology. If adequate measures are
not taken quickly, cancer mortality will continue to increase
at the same rate as incidence [7, 8]. The scientific com-
munity, in its quest to find ways and means to reduce the
morbidity and mortality rate associated with this disease, has
set up several treatment strategies. These strategies include
chemotherapy, radiotherapy, and surgery which are the
most important and have given rise to the hope of eradi-
cating this disease, though it was later on discovered that
cancer cells were capable of developing resistant mecha-
nisms to overcome the lethal action of conventional drugs
(chemotherapy) given that it is the most widely used
treatment method.

Cancer can be subdivided into several types according to
the causal agent and the affected organ. Melanoma is par-
ticularly common among Caucasians, especially Northern
and North-Western Europeans, living in sunny climates.
There are higher rates in Oceania, North America, Europe,
Southern Africa, and Latin America. This geographic pattern
reflects the primary cause, ultraviolet light (UV) exposure in
conjunction with the amount of skin pigmentation in the
population. A crucial conundrum that goes hand in hand
with tumor aggressiveness and poor prognosis of patients is
drug resistance. Many tumors, especially melanoma, have
the tendency to show resistance against various chemo-
therapeutic drugs that make the treatment difficult at best
[9]. Although the general mode of action for drug resistance
is thought to be achieved by the ATP-binding cassette (ABC)
transporter system [10] present in the cancer stem cell (CSC)
population, the molecular signalling is different in mela-
noma. Dacarbazine, a potent alkylating agent, is considered
the gold standard for melanoma treatment. But the response
rate of the drug is only 15-20% [11], and the possible
mechanism of evasion is mediated by the upregulation of
interleukin-8 (IL-8) and vascular endothelial growth factor
(VEGF) expressions, two major proteins that regulate an-
giogenesis, drug resistance, and tumor cell growth by an
autocrine mechanism [12-14].

Besides being the most widely used chemotherapeutic
agent for eliminating malignant melanoma, the response
rate and duration of dacarbazine treatment are disap-
pointing due to the resistant property of the cells and it is still
uncertain whether combination therapies are superior to the
single-agent dacarbazine [15, 16] in various randomized
phase III studies. In 2018 in Africa, melanoma of skin cancer
caused 6629 new cases and 4143 deaths [2].

Cancer cells have developed resistance to existing con-
ventional drugs over time, but also signs of toxicity have
been observed; for example, doxorubicin, a widely used
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chemodrug, causes renal and cardiac toxicity [17-20], and 5-
fluorouracil, a common chemotherapeutic agent, is known
to cause myelotoxicity and cardiotoxicity [21, 22]. All of
these justify the urgency in the search for naturally occurring
anticancer drugs with fewer side effects and designed to
overcome the resistance problem. Several studies have al-
ready been carried out with plant extracts in relation to
melanoma cell line B16-F10; for example, Pandey [23],
showed the in vivo antitumor potential of extracts from the
different parts of Bauhinia variegata Linn. Rajasekar et al.
[24] showed the anticancerous effect of Lithospermum
erythrorhizon extract in vitro and in vivo. Uscanga-
Palomeque et al. [25] showed the inhibitory effect of Cuphea
aequipetala extracts on melanomas in vitro and in vivo. In
coherence with these findings, a keen interest in a Camer-
oonian pharmacopoeia plant called Piper capense from the
Piperaceae family was taken into consideration due to its
therapeutic virtues, most especially in the treatment of
several illnesses like cancer when used in the form of for-
mulation [26, 27]. Piper capense L. is traditionally used in
Cameroon to treat cancers [28]; the aerial part of Piper
capense L. is traditionally used in the Comoro Islands for
diarrhoea and cough [29], with their traditional use in South
Africa for the treatment of wounds, vaginal discharge, in-
fertility, sore throat, and tongue sores. Both the aerial part
and the plant roots when boiled are also used against malaria
in Kenya [30]. Nevertheless, its in vitro cytotoxic activity on
several types of cancer cell lines, notably methanolic extract
against CCRF-CEM leukemia cell lines (inhibitory con-
centration 50% (ICsp): 6.95ug/mL), HL60 (ICsy: 8.16 ug/
mL), HL60AR (ICsy: 11.22ug/mL), and CEM/ADR5000
(ICs¢: 6.56 ug/mL), breast adenocarcinoma cell lines MDA-
MB231 (ICso: 4.17 ug/mL) and MDA-MB231/BCRP (ICs;
19.45 ug/mL), colon carcinoma cell lines HCT116 p53+/+
(ICso: 4.64 ug/mL) and HCT116 p53—/— (ICso: 4.62 ug/mL),
glioblastoma cell lines U87MG (ICsq: 13.48 yug/mL) and
U87MG.AEGEFR (ICsq: 7.44 ug/mL), has been demonstrated
[28, 31]. The activities of P. capense MeOH and aqueous
extracts against Mycobacterium tuberculosis and C. albicans
with minimal inhibitory concentrations (MICs) of 512 ug/
mL and 0.56 yug/mL, respectively [32, 33], have been
demonstrated.

Despite all these studies and the results found in the lit-
erature, no report on Piper capense extract on melanoma cell
lines has been documented in vitro as well as in vivo. Hence,
this work aims to evaluate the in vitro and in vivo anticancer
effects of the methanol extract of PCFE alone and in com-
bination with dacarbazine on B16-F10 murine melanoma.

2. Material and Methods

2.1. Collection and Identification of Plant Material. The fruits
of Piper capense Linn (Piperaceae) were purchased from the
Dschang City main market, in the Menoua Division of the
West Region of Cameroon. The plant was subsequently
identified and authenticated at the National Herbarium of
Cameroon (NHC) by Mr. Fulbert Tadjouteu, Yaoundé,
where a sample was deposited and registered under refer-
ence number 6018/SRF-Cam.
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2.2. Preparation of the PCFE. The plant was cleaned and
ground and the powder obtained was macerated in methanol
in the proportions 1:3 (m/v) for 48 hours at room tem-
perature followed by filtration using Whatman No.1 paper.
The filtrate obtained was concentrated using a rotary
evaporator under reduced pressure (BUCHI R-200) at 40°C
where the crude extract was obtained. The extract was
thereafter lyophilized and stored at —20°C for future use.

2.3. Chemicals, ~ Antibodies, ~— and  Cell  Line.
3-(4,5-Dimethylthiazol-2-yl)-2,  5-diphenyl tetrazolium
bromide (MTT) (Merck) has been used for the revelation of
viable cells, Dimethylsulfoxide (DMSO) (Merck) was used to
dissolve the formazan crystals formed, Dulbecco’s modified
Eagle medium (DMEM) and high glucose culture medium
supplemented with fetal bovine serum (FBS) (Gibco) were
used for the cultivation and maintenance of the B16-F10 cell
line, and penicillin/streptomycin (Invitrogen) was used for
the preparation of culture media; 4/, 6-diamino-2-
phenylindole (DAPI) (LB097-10MG) was purchased from
HIMEDIA Laboratories (Mumbai, India) and used as a
nuclear counterstain; dacarbazine was purchased from
Celon Laboratories (Telangana State, India) and used as
reference chemotherapeutic drug.

The aqueous solution of dacarbazine was freshly pre-
pared and exposed to sunlight at least one hour before any
experiment to activate the chemotherapeutic drug.

Antibodies vimentin (mouse IgGl; NBP2-32910) and
CD133 (rabbit IgG; NB120-16518) were purchased from
Novus Biologicals (10730 E. Briarwood Avenue Centennial,
CO 80112); E-cadherin (rabbit IgG; sc-7870), f-actin (rabbit
IgG; sc-47778), and CD31 (mouse IgG) (sc-1506) were
purchased from Santa Cruz Biotechnology (Bergheimer Str.
89-2, 69115 Heidelberg, Germany, Europe). All secondary
antibodies (anti-mouse IgG-HRP: sc-2031, anti-rabbit IgG-
HRP: sc-2004, and anti-mouse IgGk BP-PE: sc-516141) were
purchased from Santa Cruz Biotechnology (Bergheimer Str.
89-2, 69115 Heidelberg, Germany, Europe). For periodic
acid-Schiff staining (PAS), periodic acid was purchased from
Merck (Massachusetts, USA); Schiff's reagent and hema-
toxylin were purchased from SRL (India).

2.4. Cell Culture. The cell line B16-F10 murine melanoma
was obtained from the National Centre for Cell Science
(NCCS), Pune, India. It was cultured and maintained in
Dulbecco’s modified Eagle medium (DMEM) and a high
glucose culture medium supplemented with 10% fetal bo-
vine serum (FBS) and 1% penicillin/streptomycin in an
incubator at 37°C in an atmosphere containing 5% CO,. All
experiments were carried out after three passages.

2.5. Phytochemical Screening of Piper capense. The main
classes of secondary metabolites, alkaloids (Mayer’s tests),
sterols (Salkowski’s test), polyphenols (ferric chloride test),
tannins (gelatin test), saponins (foam test), flavonoids
(aluminum chloride test), triterpenes (Lie-
bermann-Burchard’s test), and anthraquinones

(Borntrager’s test), have been investigated following the
phytochemical methods as described in [34, 35].

2.6. In Vitro Evaluation

2.6.1. MTT Assay. The assay was carried out following the
experimental protocol described in [36]. Briefly, 100 yL of
culture medium at a density of 1 x 10* cells per well in a 96-
well plate was exposed to 100 L increasing concentrations
of PCFE (10-1000 yg/mL) for 24 hours. 10 yL of 5mg/mL
MTT (3-(4, 5-dimethylthiazol-2-yl)-2, 5diphenyltetrazolium
bromide) was added to each well and incubated for 2 hours
at 37°C. After incubation, 100 uL DMSO was added to each
well and the absorbance was measured at 570 nm using a
microtitre plate reader (Tecan Infinite M200). Results were
expressed as a percentage of viable cells as compared to 100%
representing control cells. The IC5, value was calculated
using nonlinear regression (curve fit) followed by log (in-
hibition) vs. response equation in GraphPad Prism software.
The amount of drug was plotted on the X-axis as the log of
drug concentration and OD was plotted on the Y-axis.

2.6.2. Clonogenic Assay. B16-F10 cells were seeded at a very
low number (500 cells in 2 mL/well) in six-well plates. After
24 h, they were treated with the optimum concentration of
PCFE (100 yg/mL) alone and in combination with dacarba-
zine at 1000 yg/mL [37] and incubated for 72 hours. The
colonijes were fixed with methanol and stained with Harry’s
hematoxylin. The number of colonies defined as>50 cells/
colony was counted under the bright field of a light micro-
scope (Leica DM1000, Germany) at 200x magnification [38].

2.6.3. Wound Healing Assay. The wound healing assay was
performed in a 6-well plate following the experimental
protocol described in [39]. 2mL of B16-F10 cells was cul-
tured in DMEM without serum to minimize cellular pro-
liferation. Wounds were generated by scratching the 90%
confluent cell monolayer with a sterile 200 ul pipette tip. The
unattached cells were washed away with PBS, and cells were
treated with PCFE (100 yg/mL) alone and in combination
with dacarbazine (1000 yg/mL) diluted in DMEM. Images of
the wounds were acquired every 24 h under a phase-contrast
microscope. The scratch area was measured using Wound
Healing Tool in Image J software and relative scratch closure
was calculated as the average length of the relative scratch
gap based on the change in the scratch area at time zero.

2.6.4. Immunofluorescence Staining (IFS). For immunoflu-
orescence analysis, 2 mL of B16-F10 cells in DMEM culture
media was seeded on coverslips in six-well plates and cul-
tured overnight. Cells were treated with PCFE (100 yg/mL)
alone and in combination with dacarbazine (1000 yg/mL) for
24 h. The coverslips were fixed with methanol and incubated
for 1 hour with 1:400 dilution of primary antibody against
vimentin, E-cadherin, and CD133 followed by incubation
with goat anti-mouse IgG-FITC (green) and goat anti-
mouse IgG-PE (red) at 1:300 dilutions [40]. Coverslips were



mounted with glycerol, and images were captured with a
fluorescence microscope (Leica DM4000 B, Germany).

2.6.5. Western Blot Analysis. Briefly, 2mL of B16-F10 cells
was seeded in six-well plates and treated with individual and
combination doses of PCFE (100 ug/mL) and dacarbazine for
24 hours. After incubation, treated cells were lysed in cold
western blot lysis buffer (15 mM Tris, 2mM EDTA, 50 mM 2-
mercaptoethanol, 20% glycerol, 0.1% Triton X-100, 1 mM
PMSF, 1 mM sodium fluoride, 1 mM sodium orthovanadate,
1 ug/mL aprotinin, 1pug/mL leupeptin, and 1ug/mL pep-
statin) for 5 minutes at room temperature. Cell lysates were
sonicated and centrifuged at 13500 rpm for 15 minutes.
Protein samples (50 ug per lane) were thereafter resolved on a
10% sodium dodecyl sulfate-polyacrylamide gel (SDS-PAGE),
blotted onto nitrocellulose membranes, blocked in TBS-T
(0.1% Triton in 1xTBS), and probed with primary antibodies
(E-cadherin, vimentin, CD133, and actin) overnight at 4°C.
The membranes were incubated with the appropriate
horseradish peroxidase-conjugated secondary antibodies. The
immunoreactive protein bands were developed by an en-
hanced chemiluminescence kit (BioVision ECL Western Blot
Substrate) and the immunoreactive bands were analyzed by
using Image Lab software (Bio-Rad, GS 800) [41].

2.7. In Vivo Evaluation

2.7.1. Experimental Anmimals. The male mice of strain
C57BL/6] (aged 4-5 weeks; weight 22-25 g) were reared in
the Animal House Department of the Chittaranjan National
Cancer Institute in appropriate conditions with an alter-
nating light-dark cycle of 12 hours and controlled tem-
perature (22 +2°C). They were fed with a standard mouse
diet and received water and feed ad libitum. The mice were
acclimatized for seven days before being divided into dif-
ferent subgroups according to well-defined criteria before
the onset of each experiment. The distribution of the mice
was based on their body weight and tumor size as well. The
animals were treated according to the recommendations of
the Institutional Animal Ethics Committee (IAEC) of the
Chittaranjan National Cancer Institute, Kolkata, just as the
protocols used in this study were approved by this com-
mittee (Project no. IAEC-1774/NM-14/2019/9; 25.06.2019).

2.7.2. Evaluation of the Effect of PCFE and Dacarbazine on
Tumor Development in Mice. To check the effect of PCFE on
solid melanoma tumor tissue, B16-F10 cells were admin-
istered in C57BL/6] mice. Five- to six-week-old C57BL/6]
mice were subcutaneously injected with 2.5x10* B16-F10
cells (in 200 L of PBS) into the right dorsolateral flanks.
Treatment with the PCFE began once the tumors were
visible and reached an average volume of 50 to 70 mm®.
Animals were separated into six different groups (5 mice per
group) receiving PCFE 50, 100, 150, 200, and 250 mg/kg
body weight (b.w.), respectively, and control group. The
choice of doses <250 mg/kg was made on the basis of the
results of the acute and subchronic toxicity studies of PCFA
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carried out by Wamba and collaborators which highlighted
in their work the nontoxic effects of PCFE at a dose of
250 mg/kg b.w./day and the toxic effects of PCFE at high
doses [42]. After 15 days of intraperitoneal treatment, tumor
size was determined and animals were sacrificed by cervical
dislocation [43]. Tumors were collected for further analysis.

2.7.3. Combination Treatment. In order to check the effect
of dacarbazine alone and in combination with PCFE in solid
melanoma tumor, the experiment was designed in 5 groups.
The first group was treated with dacarbazine at 80 mg/kg
body weight [37]; second, third, and fourth groups were
treated with different doses of PCFE 100, 150, and 200 mg/kg
b.w., respectively, along with dacarbazine, and the fifth
group was considered as a control. The treatment was carried
out over a period of seven days; on the 8th day, all animals
were sacrificed. After determining the size of the tumor for
each treatment group, the tumor tissues of the different
groups were treated specifically for further experiments.

2.7.4. CD31 Immunohistochemistry with PAS Staining for
Identification of VM Tubes. Formalin-fixed paraffin-
embedded (FFPE) sections (5ym) were kept in xylene for 20
minutes at 55°C and later dipped and deparaffinised in xylene
for 10 min (3 changes). The tissue sections were rehydrated
with various grades of alcohol. For CD31 expression, an im-
munochemistry study was performed according to the stan-
dard protocol as mentioned in the immunoperoxidase
secondary detection system (DAB 150, Merck Millipore). After
staining with DAB, the tissues were incubated with a freshly
prepared periodic acid solution (5 mg/mL) for 15 min at room
temperature [44]. The slides were treated with Schiff base for
20-30 min in dark and counterstained with Harris hematox-
ylin. Pink stained VM tubes in the sections were photographed
using a bright-field microscope (Leica DM1000, Germany).

2.7.5. Qualitative and Quantitative Estimation of the Markers
that Play a Key Role in the VM. A qualitative analysis was
made with the aid of immunofluorescence staining following
the experimental protocol previously described [40]. The
tissues were rehydrated with different grades of alcohol,
blocked with a blocking buffer solution (1% bovine fetal
serum (FBS), and incubated separately with primary anti-
bodies anti-E-cadherin and anti-vimentin, followed by
treatment with secondary antibodies marked PE and FITC.
4', 6-Diamino-2-phenylindole (DAPI) (1 mg/mL; 1:10000)
was used for nuclear staining. After mounting the slides,
images were captured using a Leica BM 4000B fluorescence
microscope (Germany). The alteration of EMT was evaluated
by targeting E-cadherin, vimentin, and CD133 in PCFE
alone and in combination with dacarbazine-treated tumor
tissues. The mice melanoma tissues were homogenized and
lysed (UP200S) in a western blot lysis buffer and centrifuged
at 13500 rpm for 15 minutes (Thermo Scientific Biofuge
Stratos). The lysate thus obtained was separated on SDS-
PAGE and probed with desired primary and secondary
antibodies.
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2.7.6. CD31 Immunohistochemistry with PAS Staining for
Identification of Microvessel Density. To evaluate micro-
vessel density for angiogenic activity in PCFE and dacar-
bazine-treated tumor tissues, CD31 immunohistochemistry
with PAS staining was performed according to the standard
protocol previously described [45]. The diameters of the
microvessel were measured and their numbers were esti-
mated after skeletonization of the endothelium in three
different fields using Image] software.

2.8. Statistical Analysis. Statistical analyses were performed
with GraphPad Prism 5 software. Representative data from
three independent experiments are shown as mean val-
ue + SEM. One-way analysis of variance (ANOVA) followed
by post hoc Tukey’s test was used to determine the signif-
icance of the difference between mean values relative to the
control. The p value was calculated to determine significant
differences (p value <0.05).

3. Results

3.1. Qualitative Phytochemical Composition of PCFE. The
results of the phytochemical screening reported in Table 1
revealed the presence of alkaloids, polyphenols, saponins,
tannins, and sterols in the plant extract while secondary
metabolites such as anthraquinones, flavonoids, and tri-
terpenes were absent in the plant extract.

3.2. PCFE Inhibits the Proliferation of B16-F10 Melanoma
Cell Line

3.21. MTT Assay. To investigate the role of PCFE and
dacarbazine on B16-F10 melanoma cells, MTT assay was
performed. B16-F10 cells were treated with increasing
concentrations of PCFE (10 to 1000 mg/mL) for 24 hours
and subjected to MTT assay. The result showed a decrease in
the viability of B16-F10 cells as compared to the control
(Figure 1(a)). The ICsy value of treated B16-F10 cells was
calculated to be 47.38 pug/mL (Figure 1(b)).

3.2.2. Colony Formation Assay. To further confirm the cy-
totoxicity of PCFE on melanoma cells, colony formation
assay was performed. Cells were treated with single and
combined doses of PCFE and dacarbazine for 24 hours.
Result revealed that PCFE alone and in combination with
dacarbazine significantly (p<0.0001; F ratio=244.3;
R*>=0.989) decreased the number of colonies in B16-F10
cells up to 35% and 12%, respectively (Figures 1(c) and 1(d)).

3.3. PCFE Inhibits EMT in B16-F10 Melanoma Cells

3.3.1. Wound Healing Assay. Wound healing assay showed
that PCFE (100 yg/mL) and dacarbazine (1000 yg/mL) de-
creased the invasion and migration of the B16-F10 mela-
noma cells. However, PCFE treatment and combination
treatment inhibit wound healing after 48 hours (Figure 2).

TaBLE 1: Phytochemical composition of PCFE.

Chemical classes Piper capense extract

Extractive yield (%) 12.80

Alkaloids
Anthraquinones -
Flavonoids
Polyphenols
Saponins
Tannins
Sterols
Triterpenes

+

L+ + + +

(+): present; (—): absent; yield is obtained by the ratio of the mass of the
extract to the methanol obtained to the mass of the plant powder.

3.3.2. Immunofluorescence Staining. In order to evaluate the
effect of PCFE and dacarbazine on EMT of B16-F10 cells,
immunofluorescence assay was performed. Fluorescence
intensity was quantified and represented as a percentage of
intensity. The results revealed that PCFE at a concentration
of 100 ug/mL downregulates the expression of the vimentin
and upregulates E-cadherin protein expression in B16-F10
cells. However, treatment with dacarbazine (1000 mg/mL)
showed strong immunopositive expressions of vimentin and
no detectable E-cadherin expression in B16-F10 cells.
Conversely, in the combination treatment (PCFE 100 pg/mL
and dacarbazine 1000 ug/mL), detectable expressions of
E-cadherin and moderate immunopositive expression of
vimentin were observed (Figure 3(a)).

3.3.3. Western Blot Analysis. Western blot analysis was
performed to evaluate the expression of E-cadherin,
vimentin, and CD133. The results obtained showed a sig-
nificant decrease in the expression of the vimentin
(p<0.0001; F ratio=51.86; R*=0.9511) and CDI133
(p <0.0001; F ratio = 33.74; R* = 0.9268) proteins compared
to the control (Figure 3(b)). However, the expression of
vimentin with dacarbazine treatment was not statistically
significant with the control (calculated by Tukey’s multiple
comparison test) (Figure 3(c)). But we observed significant
downregulation with PCFE alone at a concentration of
100 pug/mL and in association with dacarbazine. Conversely,
we observed a significant increase in the expression of
E-cadherin protein (p < 0.0001; F ratio = 102.4; R*> = 0.9746)
at different treatment concentrations compared to the
progressive control as described progressively with effective
upregulation at the treatment dose corresponding to the
association between PCFE and dacarbazine. PCFE extract
alone or in association with dacarbazine used in this work
results in a downregulation of vimentin and CD133 proteins
and an upregulation of the E-cadherin protein compared to
the control (Figures 3(b) and 3(c)).

3.4. Antitumoral Activity of PCFE and Dacarbazine on B16-
F10 Melanoma in Mice

3.4.1. PCFE Reduces Tumor Size in B16-F10 Melanoma Mice.
An increase in tumor size was observed in animals treated
with dacarbazine (4.0x4.3cm?) compared to control
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FiGure 1: Cytotoxic effect of PCFE in B16-F10 cells. The percentage viability of PCFE-treated B16-F10 cells was calculated as OD of the
drug-treated sample/OD of the nontreated sample x 100 (a). ICs, of melanoma cells treated with increasing concentration of PCFE was
calculated as 47.38 yug/ml (b). PCFE alone and in combination with dacarbazine significantly induced inhibition of colony formation and
development of B16-F10 cells in vitro (c, d). Statistical significance of each treatment group with untreated control is analyzed by one-way
ANOVA test (p anova <0.0001) followed by post hoc Tukey’s test. Data are represented as mean + SD of triplicate determinations from their
independent experiments with *p value <0.05, **p value <0.01, and ***p value <0.0001 versus untreated control and among each group.
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FI1GURE 2: Antimigratory effect of PCFE on B16-F10. PCFE alone and in combination with dacarbazine prevents cell migration as compared
to the control.
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the expression of FITC-tagged (green) E-cadherin and downregulates PE-tagged (red) vimentin of B16-F10 cells as compared to the
untreated control (a). Western blot analysis and densitometric plot also showed significant upregulation of E-cadherin and downregulation
of vimentin as well as CD133 (b, ¢). Statistical significance of each treatment group with untreated control is analyzed by one-way ANOVA
test (panova <0.0001) followed by post hoc Tukey’s test. Data are represented as mean+ SD of triplicate determinations from their
independent experiments; ns: not significant, *p value <0.05, **p value <0.01, and ***p value <0.0001 versus untreated control and among

each group.

animals (3.3 x 3.1 cm?). In contrast, there was a remarkable
decrease in tumor size in animals treated with different doses
of PCFE: 50 mg/kg (2.4 x 2.6 cm?), 100 mg/kg (0.8 x 1.0 cm?),
150 mg/kg (1.0x1.1cm?), 200mg/kg (1.6 x1.7cm?), and
250 mg/kg (2.4 x 2.5 cm?®). PCFE at different concentrations
in combination with dacarbazine at 80 mg/kg showed re-
markable inhibition in tumor size: dacarbazine + 100 mg/kg
dose (1.1x1.3cm®), dacarbazine+ 150 mg/kg  dose
(1.9%x1.8cm®, and  dacarbazine+200mg/kg  dose
(2.8 x2.5cm®). PCFE at the dose of 100 mg/kg b.w. showed
maximum antitumor effect alone in melanoma mice as well
as in combination with dacarbazine at 80mg/kg b.w
(Figures 4(a) and 4(b)).

3.4.2. PCFE Inhibits the Formation and/or Development of
Vasculogenic Mimicry. CD31-PAS immunohistochemistry
results of dacarbazine-treated tumor tissue isolated from

mice melanoma showed enormous VM tubes. However,
different doses of PCFE alone and in combination with
dacarbazine treatment showed inhibition of vasculogenic
mimicry tubes (CD31 negative/PAS positive). 100 mg/kg
b.w. doses of PCFE alone and in the presence of dacarbazine
showed a significant decrease in the tumor size and therefore
a decrease in the number of tubes at different doses of
treatment (Figures 5(a) and 5(b)).

3.4.3. Qualitative and Quantitative Effect of PCFE and
Dacarbazine on the Expression of the Markers that Play a Key
Role in the VM and EMT. The immunofluorescence carried
out on the corresponding tissue sections, each at a precise
dose, made it possible to demonstrate the effect of different
doses of PCFE alone and in association with dacarbazine on
protein expression. These proteins are involved in the heart of
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FiGure 4: PCFE alone and in combination with dacarbazine causes a decrease in tumor size of B16-F10 melanoma mice. The treatment of
melanoma mice with various doses of PCFE alone (a) and in combination with dacarbazine (b). PCFE alone at 100 mg/kg b.w. and in
combination with dacarbazine showed a maximum decrease in tumor size as compared to the untreated control and other treatment

regimes.

EMT, especially in the inhibition of the expression of
vimentin (progressive reduction of the red color) and acti-
vation of the expression of E-cadherin (progressive increase in
green color), dose dependently in groups of animals treated
with PCFE compared to the control group (infected and
untreated group). 100 mg/kg dose of PCFE was found to be
the dose with the best ability to regulate the expression of
these proteins both when administered individually and in
combination with dacarbazine (Figure 6(a)). Similar results
were obtained from western blot analysis of mice melanoma
tumor lysates treated with different doses of PCFE which
showed significant downregulation of CD133 (p <0.0001; F
ratio=70.74; R?*=0.963) and vimentin ( p<0.0001; F
ratio=152; R*=0.982) and upregulation of E-cadherin ex-
pression (p < 0.0001; F ratio = 158.1; R* = 0.983) (Figures 6(b)
and 6(c)). However, a better regulation was observed in terms
of expression at the dose of 100 mg/kg individually and in
combination with dacarbazine (Figure 6(d)).

3.44. Effect of PCFE and Dacarbazine on Microvessel
Density. This test was performed in order to evaluate the
effect of different doses of PCFE on the antigenic vessels
present in the tumors collected from different groups of
animals. The treatment of animals with the PCFE resulted in
a progressive and significant decrease in the number and
diameter of the different antiangiogenic vessels in different
groups of animals tested and those treated more intensely
treated with the 100 mg/kg dose (Figures 7 and 8).

4. Discussion

According to the International Agency for Research on Cancer
(IARC) in 2018, the global cancer burden was estimated at 18.1
million for new cases against 9.6 million cancer deaths. Both
metastatic and nonmetastatic melanomas have over time
developed resistance to conventional anticancer drugs, which
are nowadays classified as a public health hazard with refer-
ence to their relatively high mortality rate. There is therefore an
urgent need to find new effective, low-toxicity substances, and
given that phytochemicals are a poorly explored field makes it
an unexplored gold mine for researchers. Piper capense is a
food plant used in Cameroon and other countries in the world
in the preparation of dishes and also for its therapeutic virtues
[46, 47]. This plant species found in the natural flora of
Cameroon has already been the subject of several in vitro
studies on its anticancer activities on several cancer cell lines
[28, 48]. Nevertheless, no reports in the literature have so far
shown activities of this plant on melanoma both in vitro and in
vivo, hence the essence of this work.

Several classes of secondary metabolites in plants are
known to have cytotoxic and antitumor activities, in-
cluding alkaloids, polyphenols, saponins, tannins, and
sterols [49, 50]. The presence of alkaloids, polyphenols,
saponins, tannins, and sterols in the methanol extract of
Piper capense may justify its anticancer activities in vitro
and in vivo observed in this work. The phytochemical
screening results obtained in this study corroborate those
of Fankam et al. [51].
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Figure 5: Effect of PCFE on the development of vasculogenic mimicry. CD31-PAS immunohistochemistry result showed PCFE alone (a)
and in association with dacarbazine (b) inhibits the formation and development of vasculogenic mimicry in B16-F10 melanoma mice.
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F1GURE 6: Qualitative and quantitative effect of PCFE on the expression of the markers that play a key role in the VM and EMT. Im-
munofluorescence study with various individual treatments of PCFE and in combination with dacarbazine in mice melanoma tumor sample
showed an increase in the expression of E-cadherin and decrease in vimentin (a). Western blot analysis (b) and its densitometry plot (c, d)
also showed significant upregulation of E-cadherin and downregulation of vimentin and CD133 in tumor tissue lysate of mice melanoma.
Statistical significance of each treatment group with untreated control is analyzed by one-way ANOVA test (panova < 0.0001) followed by
post hoc Tukey’s test. Data are represented as mean + SD of triplicate determinations from their independent experiments with *p val-
ue <0.05, **p value <0.01, and ***p value <0.0001versus untreated control and among each group.
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Research on new drugs focuses on substances targeting a
specific metabolic pathway or acting on a molecular target
with a key role in the survival of cancer stem cells (CSCs),
especially those with the ability to restore the expression of
proteins involved in EMT. Epithelial-mesenchymal transi-
tion is a cellular process in which cells lose their epithelial
characteristics and acquire mesenchymal characteristics.
EMT has been associated with various tumor functions,
including tumor initiation, malignant progression, tumor
tenacity, tumor cell migration, metastasis, and treatment
resistance [52, 53] and is often defined by downregulation of
the epithelial marker E-cadherin and upregulation of the
mesenchymal markers vimentin and CD133 [54].

The results obtained in this work show the ability of
PCEFE to induce a cytotoxic effect on B16-F10 cells and the
ability of PCFE alone and in combination with dacarbazine
to prevent and/or inhibit colony formation and also for the
inhibition of wound healing of B16-F10 melanoma cells and
to the reversal of markers involved in EMT by modification
of their expression in vitro. All these activities could be
attributed to the presence of various secondary metabolites
with proven anticancer activity in this plant extract [55].
Many works have demonstrated the antiproliferative effect
of secondary metabolites such as alkaloids, phenolic com-
pounds, and triterpenes [28, 56, 57]. PCFE alone and in
combination with dacarbazine-induced shrinkage of tumor
size in animals by inhibiting the development of VM tubes
and microvessel density. It also restored the expression of
proteins involved in EMT (downregulation of CD133 and
vimentin markers and upregulation of E-cadherin) both in
vitro and in vivo. These activities could be due to the
presence of the secondary metabolites endowed with anti-
cancer activity in the extract. These results corroborate those
of other previous works that have shown that spices possess
cytotoxic activities either by induction of apoptosis or by cell
cycle arrest at a specific phase [28, 58] and action on EMT
markers in vitro and in vivo [59-61].

The work done by Woguen et al. [48] on the evaluation
of the phytochemical composition of essential oil of fruits of
P. capense by GC-MS revealed the presence of two major
compounds (fB-pinene and (E)-caryophyllene) with good
cytotoxic activities. f3-Pinene and (E)-caryophyllene are
compounds belonging to the class of phenolics and terpe-
noids, respectively; the latter were identified in PCEFE.
Phenolics and terpenoids are classes of secondary metab-
olites with antiproliferative and antitumor activities [48, 56].
The presence of these classes of metabolites in PCFE may
account for the in vitro and in vivo anticancer activities
observed in this study.

Some compounds like piperine found in alkaloids having
anticancer activities in vitro and in vivo as documented in
the literature are also found in plants belonging to the genus
Piper and the species Piper nigrum, Piper longum, and Piper
capense [61-63]. In view of the above, the similarities be-
tween the results with the methanol extract of Piper capense
obtained in this study and those with piperine obtained in
other studies lead us to suggest that alkaloids (one group of
secondary metabolite highlighted in PCFE) could also be
responsible for the activities observed in this study. The
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results of this study showed the capacity of PCFE to inhibit
the formation and development of VM tubes which are
indeed neoformed vessels which play a role in supplying the
cancerous cells with nutrients at the level of the primary
tumor [64]. The inhibition of the development of these VM
tubes by PCFE accompanied by the restoration of the
expression of proteins involved in EMT could justify
the decrease in the size of the tumor because it lacks a supply
route. Also, the antiangiogenic activities of this plant extract
were observed in this study as shown previously [65]. These
aforementioned activities demonstrate and sufficiently jus-
tify the antiproliferative activity of PCFE and could be due to
the possible presence of alkaloids in this plant.

The work of Greenshields et al. [66] demonstrates the
ability of piperine to inhibit the growth of triple breast
cancer xenografts in immune-deficient mice corroborating
the results of this study which was carried out on moles of
mice of C57BL/6] strains with melanomas. Makhov et al.
[67] showed a remarkable effect of the association of an
anticancer agent (docetaxel) with piperine through the
improvement of the antitumor activity in the xenograft
model of human castration-resistant prostate cancer. This is
consistent with the results obtained in our study given that a
remarkable improvement in the activity of dacarbazine
(conventional chemotherapeutic drug of melanoma) ad-
ministered in association with the PCFE was noted both in
vitro and in vivo. A justification for this activity could be due
to the possible presence of one or many active compounds
that can be found in the different groups of secondary
metabolite that we have highlighted in PCFA.

5. Conclusion

In conclusion, this study, which is the first of its kind to
evaluate the anticancer activity of the methanol extract of
Piper capense fruit against melanoma in vitro and in vivo,
clearly demonstrates the ability of PCFE to inhibit cell
proliferation alone and in combination with dacarbazine in
vitro, to induce the shrinkage of the melanoma tumor size in
mice by modification of expression of the markers involved
in EMT through downregulation of CD133 and vimentin
markers and up-regulation of the E-cadherin marker in vivo
in melanoma models with the best effect at 100 mg/kg b.w.
These results coupled with those in the literature indicate
that the Piper capense plant is a very good candidate plant for
the formulation of phytomedicines in the treatment of
melanoma. One of the limitations of this study is the
characterization of the phytochemical constituents and
mostly the bioactive as well as potentially toxic constituents
of the tested methanol extract. However, this work is on-
going and constitutes the aim of our further investigations.
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