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ABSTRACT

Head and neck squamous cell carcinoma (HNSCC) is the 6th common malignancy worldwide,

and it is characterized by high recurrence and mortality rates. Despite advances in diagnosis



and treatment, the five-year survival rate remains poor. Precision medicine approaches
integrating functional assays, molecular profiling, and novel therapeutic agents represent a
promising strategy to overcome treatment resistance and improve therapeutic decision-
making.

This thesis aimed to develop and evaluate an integrated precision-oncology framework for
HNSCC combining functional chemosensitivity testing, transcriptomic profiling, and
preclinical evaluation of bioactive compounds. Patient-derived tumor samples were used to
establish primary cultures of bulk tumor cells and cancer stem cell (CSC)-enriched
populations.

For functional drug testing, biopsy specimens were divided into diagnostic and research
samples. Primary cultures and CSC-enriched spheroids were generated using a rotating
bioreactor and exposed to standard chemotherapeutic agents, with cell viability assessed to
determine patient-specific drug sensitivity. Transcriptomic profiling was performed using bulk
mMRNA sequencing, followed by differential expression and pathway enrichment analyses to
identify transcriptional programs associated with CSCs and therapeutic resistance.

The therapeutic potential of two bioactive compounds was investigated. Polydatin was tested
on HNSCC cells and healthy gingival cells to assess effects on viability and oxidative stress.
Benzyl Isothiocyanate (BITC) was evaluated as a chemosensitizing agent in therapy-resistant
HNSCC cell lines treated with cisplatin and radiotherapy, with analyses of apoptosis, reactive
oxygen species modulation, and mitochondrial function.

Chemosensitivity assays revealed inter-patient variability within CSC populations.
Transcriptomic analyses demonstrated differences between 2D and 3D cultures, with CSC-
enriched models activating pathways related to stemness and aggressiveness. Polydatin

selectively reduced tumor cell viability while sparing healthy cells, whereas BITC enhanced



sensitivity to chemo-radiotherapy. Overall, these findings support the translational potential of

precision medicine approaches for improving therapeutic efficacy and reducing treatment-

related toxicity in HNSCC.

1. BACKGROUND

1.1

Head and neck cancer

Head and neck squamous cell carcinoma (HNSCC) comprises a heterogeneous group
of epithelial malignancies arising from the mucosal surfaces of the upper aerodigestive
tract. These tumors originate from the stratified squamous epithelium lining the oral
cavity, pharynx, larynx, lips, sinonasal tract, and, less frequently, the salivary glands.[1]
Collectively, head and neck cancers represent a major global health burden,
accounting for 800,000 new cases diagnosed worldwide annually.[2]

Approximately 90% of head and neck malignancies are classified as squamous cell
carcinomas, reflecting their common epithelial origin.[1]

HNSCC is characterized by high incidence, significant morbidity, and poor clinical
outcomes. A major clinical challenge lies in the fact that many patients are diagnosed
at advanced stages of disease, when tumors have already acquired aggressive features
and therapeutic options are limited. Consequently, prognosis remains unfavorable[3],
with five-year survival rates that have shown only modest improvement over recent
decades despite advances in treatments.[2,4] High rates of local recurrence, regional
lymph node metastasis, and treatment resistance further contribute to the substantial

mortality associated with this disease.[5]



This complex clinical behavior reflects the intrinsic biological heterogeneity of HNSCC,
which encompasses diverse cellular subpopulations, adaptive survival mechanisms,
and variable responses to therapy.[6] Understanding the shared and distinct features of
HNSCC across anatomical sites is therefore essential for the development of more
effective, personalized therapeutic strategies.[7]

1.1.1 Epidemiology

HNSCC predominantly affects older adults, with the highest incidence observed in the
fifth and sixth decades of life.[8] However, epidemiological trends over recent decades
indicate a concerning increase in incidence among younger populations, particularly
among caucasian women aged between 18 and 44 years. This shift suggests evolving
etiological patterns and highlights the dynamic nature of HNSCC epidemiology.[9]
Historically, HNSCC has shown a strong male predominance, with a male-to-female
incidence ratio of approximately 2:1 across most ethnic groups. Nevertheless, this
gender gap has progressively narrowed over the past fifty years, largely attributable to
increased exposure of women to established risk factors such as tobacco use and
alcohol consumption.[10,11] These changes underscore the influence of sociocultural
and behavioral factors on disease distribution.

At a global level, head and neck cancers (HNCs) represent a substantial public health
burden. According to GLOBOCAN 2022 estimates, HNC accounted for approximately
940,000 new cases and 480,000 deaths worldwide, ranking as the seventh most
prevalent type of cancer globally in terms of incidence and mortality.[10,11] The
geographic distribution of HNSCC is highly heterogeneous, reflecting regional
differences in lifestyle, environmental exposures, and socioeconomic factors. High

incidence rates have been reported in the Indian subcontinent, where betel quid



chewing and smokeless tobacco use are widespread, accounting for up to 80% of all
HNSCC cases.[2,12]

In the United States, HNSCC accounts for approximately 3-4% of all cancer diagnoses
and nearly 2% of cancer-related deaths. Although advancements in diagnostic
techniques and therapeutic strategies have been achieved, more than 60% of patients
continue to present with locally or regionally advanced disease at the time of diagnosis.
[4] As aresult, overall survival rates have shown only marginalimprovement over the past
three decades. Patients with locally advanced, recurrent, or metastatic HNSCC face a
particularly poor prognosis, with median survival ranging from 6 to 15 months despite
multimodal treatment approaches. [13]

In Italy, epidemiological data indicate a substantial disease burden, with approximately
2.343 new head and neck cancer diagnoses estimated in 2024, the majority occurring in
men.[14] Mortality remains high, with over 4,000 deaths reported annually. [15] Incidence
rates are notably higher in northern regions compared to central and southern areas, a
distribution likely influenced by industrial exposure patterns and lifestyle-related risk
factors. Current estimates indicate a five-year survival rate of 13% in men and 22% in
women.[14] This picture remains unsatisfactory and emphasizes the urgent need for
improved prevention, early detection, and more effective therapeutic strategies.
Overall, the persistent high incidence, late-stage diagnosis, and limited survival gains
associated with HNSCC underscore the substantial clinical burden of this disease.
These epidemiological challenges provide a strong rationale for the development of
innovative, personalized treatment approaches aimed at improving patient outcomes
and reducing disease-related mortality.

1.1.2 Etiology and risk factors



HNSCC arises through a complex, multifactorial process involving the interaction of
environmental, behavioral, infectious, and host-related factors.[1] Although tobacco
use and alcohol consumption remain the most significant and well-established risk
factors for HNSCC development, increasing evidence highlights the contribution of
additional etiological agents, underscoring the biological heterogeneity of the
disease.[16]

Tobacco

Tobacco smoking is the single most important risk factor for HNSCC and has been
unequivocally classified as carcinogenic to humans by the International Agency for
Research on Cancer (IARC).[17,18] Epidemiological studies indicate that up to 80% of
patients diagnosed with oral squamous cell carcinoma (OSCC), and a substantial
proportion of HNSCC overall, are current or former smokers.[16] The risk of developing
HNSCC is strongly dose-dependent, with heavy smokers exhibiting a markedly
increased risk compared to moderate smokers, and individuals consuming large
quantities of cigarettes daily showing a 5-25-fold increased risk compared to non-
smokers.[10]

The carcinogenic effects of tobacco are primarily mediated by combustion-derived
compounds, including nitrosamines, polycyclic aromatic hydrocarbons such as
benzo[a]pyrene, and aromatic amines.[19] These substances act as pro-carcinogens
that undergo metabolic activation by oxidative enzymes, generating reactive
intermediates capable of forming covalent DNA adducts and inducing mutagenic
lesions.[20] In addition to these genotoxic effects, nicotine and its metabolites have

been shown to exert pro-tumorigenic activity by activating nicotinic acetylcholine



receptors, thereby stimulating signaling pathways involved in cell proliferation, survival,
and angiogenesis.[21]

Nicotine-mediated activation of epidermal growth factor (EGF) release and subsequent
epidermal growth factor receptor (EGFR) signaling promotes mitogenic and anti-
apoptotic pathways, while the induction of catecholamine release leads to B-adrenergic
receptor activation and further amplification of oncogenic signaling cascades.[22]
Moreover, activation of nicotinic receptors has been implicated in the induction of
epithelial-to-mesenchymal transition (EMT), a process associated with enhanced
migratory capacity, invasive behavior, and acquisition of malignant phenotypes.[23]
Beyond chemical carcinogenesis, thermal irritation of the mucosa caused by tobacco
smoke may act as a cofactor in tumor initiation, as suggested by the markedly increased
risk observed in populations practicing reverse smoking.[24] Smokeless and chewing
tobacco products are also strongly associated with site-specific HNSCC development,

particularly in regions of direct mucosal contact.[17]

Alcohol

Alcohol consumption represents a major independent risk factor for HNSCC and acts
synergistically with tobacco, resulting in a multiplicative rather than additive increase in
cancer risk.[25] Epidemiological data suggest that the combined exposure to tobacco
and alcohol can increase the risk of oral cancer by up to 100-fold, with heavy smokers
and drinkers experiencing a substantially higher incidence than expected from the
individual effects of either agent alone.[26]

Ethanol contributes to carcinogenesis through both local and systemic mechanisms.

Locally, alcohol increases the permeability of the oral mucosa by disrupting epithelial



lipid components, leading to epithelial atrophy and facilitating the penetration of
tobacco-derived carcinogens. Systemically, chronic alcohol abuse impairs innate and
adaptive immune responses, increasing susceptibility to infections and malignant
transformation.[27] Furthermore, acetaldehyde, the primary metabolite of ethanol, is
classified as a carcinogenic compound due to its ability to form DNA adducts and

interfere with DNA repair mechanisms, thereby promoting genomic instability.[28]

Other Etiological Factors

In addition to tobacco and alcohol, several other factors contribute to HNSCC
pathogenesis. Human papillomavirus (HPV) infection, particularly with high-risk
oncogenic strains such as HPV-16 and HPV-18, plays a pivotal role in a distinct subset of
HNSCC, predominantly affecting the oropharynx.[29] HPV-positive HNSCCs most
commonly arise in the tonsils and base of the tongue and account for up to 75% of
oropharyngeal squamous cell carcinomas, while HPV-driven tumors are relatively rare
in non-oropharyngeal sites.[29]

Other infectious agents have been proposed as potential contributors to oral
carcinogenesis, including Herpes Simplex Virus (HSV) and Epstein—-Barr Virus (EBV).
Elevated EBV titers have been reported in a high proportion of patients with oral cancer
and in individuals presenting with potentially malignant oral disorders.[30] Fungal
infections, particularly those caused by Candida albicans, have also been associated
with malignant transformation of the oral mucosa. Several mechanisms have been
proposed to explain Candida-mediated carcinogenesis, including chronic
inflammation, production of carcinogenic metabolites, and induction of epithelial

dysplasia.[31]



Additional predisposing factors include nutritional deficiencies, such as inadequate
intake of vitamins C and E, carotenoids, vitamin A, riboflavin, folates, and iron, as well
as exposure to |ultraviolet radiation, particularly in lip carcinomas.[32]
Immunosuppressive conditions, including HIV infection, further increase the risk of
HNSCC development by impairing immune surveillance and facilitating oncogenic viral
persistence.[33]

1.1.3 Tumor heterogeneity and disease progression

HNSCC is characterized by marked clinical and biological heterogeneity, reflected in its
variable patterns of presentation, progression, metastatic behavior, and therapeutic
response. This heterogeneity represents a major challenge in disease management and
contributes significantly to differences in therapeutic response and clinical outcome
among patients. [33]

Recenttranscriptomic and integrative genomic analyses have further demonstrated that
HNSCC can be stratified into distinct molecular subtypes, each defined by specific
signaling pathway activation, immune landscape features, metabolic programs, and
predicted drug sensitivities. These molecular classifications suggest that HNSCC does
not consist of discrete, unrelated subtypes, but rather reflects a biological continuum of
disease evolution. At one end of this spectrum, tumors retain features closer to the
normal epithelium, including preserved differentiation programs and partial immune
activation. Progressively, tumors acquire proliferative, metabolic, and migratory traits,
eventually transitioning toward highly mesenchymal, stem-like, hypoxic, and therapy-
resistant phenotypes.[34] This gradual shift reflects increasing biological aggressiveness

and loss of epithelial identity. Importantly, these biologically distinct subgroups are not



fully captured by traditional clinicopathological parameters, underscoring the need for

molecular and functional approaches to better guide therapeutic decision-making.

1.1.4 Current Therapeutic Strategies and Limitations

Despite significant advances in diagnostic techniques and therapeutic strategies, the
prognosis of patients affected by HNSCC remains poor. Early diagnosis continues to
represent the most critical determinant of improved survival and clinical outcome;
however, a substantial proportion of patients are still diagnosed at advanced stages of
disease, when treatment efficacy is limited and morbidity is high.[35]

The current therapeutic management of HNSCC relies on a multimodal approach that
includes surgical resection, radiotherapy, and systemic therapy. Platinum-based
chemotherapy, most commonly cisplatin, alone or in combination with agents such as
carboplatin, 5-fluorouracil, paclitaxel, or docetaxel, represents the backbone of
systemic treatment.[36] Treatment strategies may involve a single modality or a
combination of approaches, depending on tumor site, size, stage, lymph node
involvement, and presence of distant metastases, as well as patient-related factors
such as comorbidities, nutritional status, performance status, and treatment
tolerance.[37]

In early-stage disease (stages I-ll), surgical resection remains the gold standard of care
and is often associated with favorable local control rates.[38] Nevertheless, adjuvant
radiotherapy, with or without concomitant chemotherapy, is frequently required based
on the presence of adverse pathological features.[39] Non-surgical approaches may be
preferred in selected cases where surgery is expected to result in significant functional

impairment or unacceptable cosmetic outcomes.[40] Elective neck dissection is



commonly recommended in patients with clinically evident lymphadenopathy or a high
risk of occult regional metastases.[41]

Locally advanced HNSCC (stages IlI-IV) typically necessitates combined treatment
strategies, often involving surgical resection followed by adjuvant radiotherapy or
concurrent chemoradiotherapy.[42] The choice of postoperative treatment is largely
driven by unfavorable prognostic factors such as perineural or lymphovascular
invasion, extranodal extension, and advanced nodal disease.[43] Radiotherapy may also
be employed as a primary treatment modality in selected patients with unresectable
tumors or when surgical intervention is contraindicated. For patients who are not
eligible for surgery, concurrent chemoradiotherapy represents the current standard of
care, while radiotherapy alone may be considered in cases of limited treatment
tolerance.[42]

Despite aggressive multimodal treatment, therapeutic success remains limited,
particularly in advanced-stage disease.[44] Radiotherapy is highly effective in small,
localized tumors, achieving local control in the majority of cases; however, its efficacy
progressively declines in advanced tumors. Moreover, conventional treatment
strategies are frequently associated with substantial toxicity, high economic costs, and
significant long-term functional impairment, profoundly affecting patients’ quality of
life.[44]

Importantly, treatment decisions are still largely based on clinicopathological
parameters and staging systems, which fail to fully account for the biological
heterogeneity of HNSCC and the presence of therapy-resistant cellular subpopulations.

This limitation contributes to variable treatment responses, high rates of recurrence,



and disease progression, underscoring the urgent need for more personalized and

biologically informed therapeutic approaches.

1.2 Cancer Stem Cells (CSCs)

A defining feature of HNSCC, as well as many other solid malignancies, is the presence
of marked intratumoral heterogeneity. [45] Tumors are composed of diverse populations
of neoplastic cells that differ in their proliferative capacity, differentiation state, invasive
behavior, and response to therapy. Traditionally, this heterogeneity has been
interpreted through the lens of the clonal evolution model, in which genetic instability
and the progressive accumulation of somatic mutations give rise to multiple tumor
subclones with variable fitness and adaptability to microenvironmental stimuli.[46]

An alternative and complementary framework has emerged to explain tumor
heterogeneity, proposing that cancers are organized as hierarchically structured
tissues rather than homogeneous cell populations. According to this model, functional
diversity within tumors arises from differentiation processes driven by a distinct subset
of cells endowed with stem-like properties.[47] This concept forms the basis of the
cancer stem cell (CSC) model, also referred to as the hierarchical model of tumor
growth, which contrasts with the purely stochastic view of tumor evolution.

Cancer stem cells are defined by three fundamental properties: long-term self-renewal,
the ability to generate heterogeneous progeny through multilineage differentiation, and
extensive proliferative potential. These characteristics closely mirror those of normal
tissue stem cells, which are responsible for tissue development, maintenance, and
regeneration. In physiological settings, stem cell-driven hierarchies are well

established, with the hematopoietic system representing the most thoroughly



characterized example, in which rare stem cells give rise to progressively differentiated
progenitor and mature cell populations. [49]

Increasing experimental evidence indicates that similar hierarchical organization exists
within tumors. In this context, CSCs represent a minor subpopulation capable of
sustaining tumor growth and generating phenotypically diverse cancer cell populations,
thereby acting as key drivers of intratumoral heterogeneity. Importantly, tumor cell
hierarchies are not necessarily fixed.[50] The concept of cellular plasticity has gained
prominence, highlighting the ability of non-stem cancer cells to reacquire stem-like
properties under specific conditions, such as microenvironmental stress, therapeutic
pressure, or genetic and epigenetic alterations. This plastic behavior provides a
conceptual bridge between the stochastic and hierarchical models, reconciling genetic
evolution with functional organization.[51]

The recognition of CSC-driven hierarchy and plasticity has profound implications for
cancer biology and clinical management. By contributing to tumor heterogeneity,
therapeutic resistance, and disease recurrence, CSCs have emerged as a critical
determinant of treatment failure and poor prognosis. Consequently, understanding
CSC biology represents a fundamental step toward the development of more effective,
personalized therapeutic strategies, particularly in highly heterogeneous and

treatment-refractory tumors such as HNSCC.[52]

1.2.1 Evolution of CSCs model

The cancer stem cell (CSC) hypothesis originates from early concepts of tumor
formation dating back to the late nineteenth century. The so-called “embryonal rest

hypothesis,” proposed by Rudolf Virchow and Julius Cohnheim, postulated that tumors



could arise from residual embryonic cells that persistin adult tissues and later undergo
malignant transformation. Although speculative at the time, this hypothesis laid the
conceptual groundwork for the idea that a distinct subset of cells may be responsible

for tumor initiation and maintenance. [53]

More than a century later, pivotal experimental evidence supporting cellular hierarchy
emerged from studies of the hematopoietic system. In 1961, Till and McCulloch
demonstrated the existence of hematopoietic stem cells through clonal assays,
providing the first functional proof that a rare population of cells possessed self-renewal
and multilineage differentiation capacity.[54] In the same year, Southam and
Brunschwig reported that tumor formation following subcutaneous injection of cancer
cells into patients occurred only when very large numbers of cells were administered,
suggesting that only a small fraction of tumor cells possessed tumor-initiating potential

[55]

Subsequent experimental studies reinforced this concept. Transplantation assays in
murine lymphoma models revealed that only 1-4% of transplanted cells were capable
of forming colonies in recipient spleens. [56] In the 1970s, similar observations were
extended to solid tumors. Hamburger and Salmon demonstrated that, in cancers of the
lung, ovary, and brain, only one in 1,000 to one in 5,000 isolated tumor cells was capable
of forming colonies in vitro. [57] These findings collectively indicated that tumor cell
populations are functionally heterogeneous and that only a minority of cells possess

extensive proliferative and tumorigenic capacity. [56]

A major breakthrough occurred in 1994, when Lapidot and colleagues provided the first

direct evidence of cancer stem cells in human malignancy by identifying leukemia-



initiating cells in acute myeloid leukemia through transplantation of a phenotypically
defined subpopulation into immunodeficient mice. They further demonstrated that
leukemia-initiating cells were exceedingly rare in patient samples. [58] This concept
was definitively validated in 1997 by Bonnet and Dick, who showed that leukemic stem
cells expressing a CD34"CD38~ phenotype were capable of recapitulating the full
cellular heterogeneity of acute myeloid leukemia upon transplantation into

immunodeficient mice, fulfilling the functional criteria of stemness. [59]

The CSC hypothesis was subsequently extended to solid tumors. In 2003, Al-Hajj and
colleaguesidentified a tumor-initiating cell population in breast cancer, while Singh and
coworkers demonstrated self-renewing, stem-like cells in brain tumors using in vitro
assays. [60,61] Over the past decade, CSCs have been identified and isolated in a wide
range of solid malignancies, including cancers of the lung, colon, prostate, pancreas,
and the head and neck region. Collectively, these studies support the concept that
tumor growth and maintenance are driven by a subpopulation of CSCs endowed with

long-term self-renewal capacity and tumor-initiating potential.

More recent evidence has further refined this model by demonstrating that stem-like
properties can be acquired by non-CSC populations within tumors. Experimental
studies using primary tumor-derived cell lines have shown that differentiated cancer
cells can regain self-renewal capacity under specific genetic, epigenetic, or
microenvironmental conditions. These findings have contributed to reconciling the CSC
model with the clonal evolution hypothesis, suggesting that tumor progression is driven

by both hierarchical organization and dynamic cellular plasticity. [56]



Together, these observations have reshaped the understanding of tumor biology,
establishing CSCs as key drivers of intratumoral heterogeneity, disease progression, and
therapeutic resistance. This evolving conceptual framework provides the biological
basis for investigating CSC-targeted strategies and functional precision medicine

approaches in head and neck squamous cell carcinoma.

1.2.2 Percentage of CSCs and heterogeneity of the tumor

The actual frequency of CSCs within tumors remains a subject of ongoing debate. Early
studies across multiple cancer types suggested that CSCs represent a rare
subpopulation, often accounting for less than 1-2% of the total tumor cell mass. In this
context, CSCs were initially described as a highly restricted fraction of tumor cells

uniquely endowed with tumor-initiating capacity.[62]

Key studies in colorectal cancer supported this view. O’Brien and colleagues
demonstrated that only one CD133* cell out of approximately 5.7 x 10* unselected
human colon cancer cells was capable of initiating tumor formation following
xenotransplantation into immunodeficient mice.[63] Similarly, Todaro et al. reported
that approximately 2% of CD133" cells were responsible for tumor initiation in human
colon cancers and exhibited enhanced resistance to conventional therapies,

reinforcing the notion of CSCs rarity coupled with therapeutic resistance. [62]

However, subsequent studies challenged the concept that tumor-initiating cells are
universally rare. In murine models of leukemia and lymphoma, Kelly et al. demonstrated
that tumor-initiating capacity was present in a substantially larger fraction of cancer

cells, with at least one in ten cells capable of generating tumors in syngeneic



recipients.[64] In solid tumors, Boiko and colleagues identified CD271* cells as
melanoma stem cells and reported highly variable CSCs frequencies across patients,

ranging from 2.5% to as high as 41%.[65]

These findings indicate that CSCs frequency is not a fixed parameter but rather a
dynamic feature that varies according to tumor type, disease stage, genetic
background, and experimental context. Differences in CSCs abundance may also
reflect methodological variables, including the choice of surface markers, tumor
dissociation procedures, and transplantation models. Importantly, high CSC frequency
does not necessarily contradict the hierarchical model but instead underscores the

functional heterogeneity and plasticity of tumor cell populations.[66]

1.2.3 Marker-Based Identification of CSCs: Strengths and Limitations

CSCs have traditionally been identified and characterized through the expression of
specific molecular markers, whose selection varies according to tumor type and tissue
of origin.[67] To date, no single marker has been shown to unequivocally and universally
define CSCs, and accumulating evidence suggests that CSCs exist as overlapping and
partially interconvertible subpopulations within a hierarchical and dynamic tumor
ecosystem. Consequently, CSCs identification has often relied on the combined use of
multiple markers rather than on individual molecular signatures.[68]

In HNSCC, a wide range of putative CSC markers has been described. These include
surface proteins such as CD44, CD24, CD133, and c-MET, intracellular enzymes such
as aldehyde dehydrogenase (ALDH), and regulatory proteins including Musashi-1.[69] In
addition, CSC populations have been shown to express transcription factors classically

associated with embryonic stem cell (ESC) pluripotency, such as OCT4, SOX2, and



NANOG. The expression of these markers has been correlated with key CSC-associated
properties, including self-renewal capacity, tumor initiation, metastatic potential, and
resistance to chemotherapy and radiotherapy.[70]

ESC-associated transcription factors play a central role in maintaining stemness and
pluripotency. OCT4, SOX2, and NANOG form a tightly regulated transcriptional network
that sustains the undifferentiated state of embryonic stem cells and has been shown to
be aberrantly activated in several solid tumors, including HNSCC. [71] In HNSCC,
increased expression of these factors has been detected in tumor tissues and
peritumoral regions and has been associated with stem-like phenotypes, epithelial-
mesenchymal transition (EMT), and aggressive tumor behavior. However, their
prognostic significance remains controversial, with some studies reporting
associations with early disease stage or improved survival, underscoring the context-
dependent nature of marker expression.[72]

Similarly, surface markers commonly used to identify CSCs exhibit significant
heterogeneity. CD44, one of the most extensively studied CSC markers in epithelial
malignancies, has been associated with poor prognosis, locoregional recurrence, and
radioresistance in HNSCC, particularly when specific isoforms such as CD44v6 are
expressed.[73] Combinatorial phenotypes, including CD44"high/CD24"low, have been
linked to enhanced stemness and EMT features. CD133 expression has been correlated
with tumor aggressiveness, disease progression, and poor clinical outcome, while
Musashi-1 and ALDH1 expression have been associated with advanced tumor stage,
lymph node metastasis, and malignant transformation of potentially premalignant
lesions.[74] Overexpression of c-MET has also been implicated in CSC maintenance,

angiogenesis, invasion, and unfavorable prognosis across multiple tumor types.[75]



Despite the extensive characterization of CSC-associated markers, several limitations
constrain their clinical and experimental utility. Marker expression is often
heterogeneous within tumors, varies across disease stages, and can be influenced by
microenvironmental conditions and therapeutic pressure. Moreover, many markers
associated with CSCs are not exclusive to stem-like tumor cells but are also expressed
by normal stem cells or differentiated tumor populations, reducing their specificity.
Importantly, marker expression alone does not necessarily reflect functional stemness,
tumor-initiating capacity, or therapeutic resistance.[76]

These limitations have increasingly shifted attention toward functional approaches for
CSC identification, which focus on biological properties such as self-renewal, survival
under stress conditions, three-dimensional growth capacity, and resistance to
cytotoxic treatments. In this context, marker-based strategies are now regarded as
complementary rather than definitive tools for CSC characterization. Functional
selection methods, including three-dimensional culture systems and bioreactor-based
models, offer the advantage of enriching for CSC-like populations based on their

intrinsic biological behavior rather than predefined molecular labels.[77]

1.2.4 CSCs Enrichment through 3D Culture Systems and Bioreactor-Based Models
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Figure 1. Hydrodynamic Focusing Bioreactor (HFB)

Functional approaches for the enrichment and study of CSCs have gained increasing
relevance, particularly in light of the limitations associated with marker-based
identification strategies. Among these approaches, three-dimensional (3D) culture
systems and bioreactor-based models provide biologically relevant environments that
allow selective survival and expansion of tumor cell subpopulations with stem-like
properties.[78]

A hydrodynamic focusing bioreactor (HFB) (Figure 2), originally developed by the
National Aeronautics and Space Administration (NASA) at the Johnson Space Center,
represents an advanced platform for the functional selection of CSCs. The HFB consists
of arotating, fluid-filled culture chamber that generates a low-shear, suspension-based
environment through hydrodynamic focusing. Unlike conventional static or adherent
culture systems, this configuration minimizes shear stress and mechanical forces that
can influence cell morphology, adhesion, and biomechanical properties, thereby

preserving intrinsic cellular phenotypes.



The bioreactor generates a dynamically controlled hydrodynamic force that regulates
the movement, spatial distribution, and retention of cells within the culture chamber
while facilitating the removal of air bubbles and cellular debris. When combined with
appropriate culture conditions, this system enables selective pressure based on
functional cellular traits rather than predefined molecular markers. In this context, cells
capable of surviving, self-organizing, and proliferating under non-adherent, low-shear
conditions are preferentially maintained, while more differentiated tumor cells undergo
apoptosis.

Previous studies have demonstrated the ability of the HFB to enrich for CSC-like
populations from multiple tumor cell lines, including selective isolation and expansion
of CD133" cancer stem cells accompanied by the preferential elimination of CD133
cells.[77]1 These findings support the concept that bioreactor-based systems can
functionally enrich for tumor-initiating, therapy-resistant cell populations by exploiting
their intrinsic biological properties rather than surface marker expression alone.
Importantly, bioreactor-based CSC enrichment models recapitulate key features of the
tumor microenvironment, including three-dimensional growth, dynamic nutrient and
oxygen gradients, and reduced mechanical constraints. As such, they provide a
biologically relevant framework for investigating CSC behavior, therapeutic resistance,
and treatment response. This functional selection strategy aligns with precision
medicine principles by enabling patient-specific characterization of aggressive and
treatment-refractory tumor cell populations, thereby offering a robust platform for

translational applications.



1.8 Targeting Cancer Stem Cells through Functional Chemosensitivity Testing: the
ChemolD Approach
Current treatment protocols for HNSCC are based on combinations of surgical resection
of the primary tumor, cervical lymph node dissection, radiotherapy, and systemic
chemotherapy. In locally advanced disease, chemotherapy is commonly administered in
combination with radiotherapy, particularly in the presence of adverse pathological
features such as extranodal lymph node extension. Despite standardized treatment
algorithms, patients with tumors of similar stage and grade often exhibit markedly different
clinical responses to chemotherapy.[79]
This inter-patient variability represents a major limitation of conventional treatment
strategies. Ineffective anticancer therapy not only fails to control disease progression but
also exposes patients to unnecessary toxicity and may promote the selection and
expansion of therapy-resistant tumor clones. Standard chemotherapeutic regimens for
advanced HNSCC typically include platinum-based agents, either as monotherapy or in
combination with other cytotoxic drugs or targeted agents such as epidermal growth factor
receptor (EGFR) inhibitors. However, the increasing incidence of drug resistance after only
a limited number of treatment cycles has emerged as a critical challenge in the
management of head and neck cancer. [80]
In recent years, CSCs have been intensively investigated as key contributors to therapeutic
resistance, disease recurrence, and metastatic dissemination across multiple tumor
types, including HNSCC.[81-85] Although conventional chemotherapy and radiotherapy
can effectively eliminate the majority of rapidly proliferating tumor cells, a small fraction of
treatment-resistant cells often survives and retains the ability to regenerate the tumor. [86]

This residual population is widely believed to be enriched reflecting intrinsic mechanisms



of resistance, including enhanced drug efflux capacity, efficient DNA damage repair,
resistance to oxidative stress, and the ability to adopt a quiescent or slow-cycling state.
Cellular plasticity further contributes to this phenomenon by enabling dynamic transitions
between stem-like and non-stem-like states in response to therapeutic pressure. [86]
Most currently available anticancer treatments primarily target proliferating tumor cells
and dominant molecular pathways represented in the bulk tumor population. As a
consequence, therapies that fail to effectively target CSCs may result in transient tumor
regression without durable disease control, ultimately leading to recurrence. These
limitations highlight the need for therapeutic strategies capable of identifying and
eliminating CSC-enriched populations in a patient-specific manner.[87]

In this context, functional chemosensitivity testing has emerged as an alternative and
complementary approach to molecular profiling. [83-85] The ChemolD® assay is a
functional precision oncology platform designed to evaluate the sensitivity of patient-
derived tumor cells, including CSC-enriched populations, to clinically relevant
chemotherapeutic agents. By directly measuring tumor cell viability following drug
exposure, ChemolD captures the integrated effects of genetic, epigenetic, and
microenvironmental factors that collectively determine treatment response. [83-85]

A defining feature of the ChemolD approach is its ability to discriminate between bulk
tumor cells and CSC-enriched fractions, enabling the assessment of differential drug
sensitivity within distinct functional compartments of the same tumor. This strategy
provides clinically actionable information that cannot be inferred from conventional
staging or biomarker analysis alone and supports individualized therapeutic decision-

making. By focusing on the elimination of therapy-resistant CSC populations, functional



chemosensitivity testing aligns with the principles of precision medicine and represents a

promising tool for improving treatment efficacy and reducing recurrence in HNSCC.[88]

1.4 Emerging Therapeutic Agents

The limited efficacy of conventional therapeutic strategies in HNSCC, particularly in the
context of therapeutic resistance and disease recurrence, has stimulated increasing
interest in complementary and adjuvant approaches capable of targeting multiple
oncogenic pathways simultaneously.[89] Among these strategies, naturally occurring plant-
derived compounds,[90,91] commonly referred to as phytochemicals, have emerged as
promising candidates due to their pleiotropic biological activities and favorable toxicity
profiles. When used as adjuvants to standard-of-care chemo- and radiotherapy regimens,
phytochemicals may enhance anticancer efficacy by modulating diverse cellular
processes involved in tumor survival, adaptation, and resistance.[92]

Acquired chemoresistance and metastatic progression are driven by complex and
interconnected molecular mechanisms, often involving oxidative stress regulation,
metabolic reprogramming, and activation of compensatory survival pathways. In this
context, phytochemicals offer a unique advantage by acting on multiple signaling cascades
rather than on a single molecular target, thereby limiting tumor cell plasticity and adaptive

escape mechanisms.[93]

Benzyl Isothiocyanate (BITC)
Benzylisothiocyanate (BITC) is a bioactive phytochemical generated through the hydrolysis
of glucotropaeolin, a glucosinolate abundantly present in cruciferous vegetables such as

mustard, watercress, broccoli, cabbage, and cauliflower.[94] Isothiocyanates are well-



established chemopreventive agents that have demonstrated potent anticancer activity in
a wide range of preclinical models, inhibiting tumorigenesis induced by chemical
carcinogens in multiple organs, including lung, colon, liver, pancreas, and mammary
tissue.[95]

Mechanistically, isothiocyanates exert dual effects by modulating xenobiotic metabolism
and redox homeostasis. They inhibit phase | metabolic enzymes while activating phase Il
detoxification pathways in healthy tissues, thereby reducing carcinogen-induced damage.
In contrast, in cancer cells characterized by elevated basal levels of reactive oxygen
species (ROS), isothiocyanates induce excessive oxidative stress, pushing redox balance
beyond a tolerable threshold and ultimately triggering cell death.[96]

BITC, in particular, has attracted significant interest as an adjuvant anticancer agent due to
its ability to selectively impair tumor cell viability, reduce stemness-associated features,
and induce apoptosis.[97] Previous studies, including work from our laboratory, have
demonstrated that BITC inhibits migration and invasion of HNSCC-derived cell lines and
enhances the cytotoxic effects of conventional chemotherapeutic agents such as
cisplatin.[98] Atthe molecular level, BITC promotes ROS accumulation, leading to oxidative
damage of DNA, proteins, and mitochondrial structures, resulting in cell cycle arrest at the

G2/M phase and activation of apoptotic pathways.[99]

Polydatin
Polydatin (Pol), the glycosylated form of resveratrol, is an oligostilbene found at high
concentrations in the roots of Polygonum cuspidatum. Structurally, Pol differs from

resveratrol by the presence of a glucoside moiety at the C-3 position, a modification that



enhances its solubility, bioavailability, and metabolic stability, potentially improving its
therapeutic efficacy.[100]

Polydatin has been widely studied in both in vitro and in vivo models, where it has
demonstrated pleiotropic pharmacological activities, including modulation of oxidative
stress, regulation of inflammatory responses, and inhibition of oncogenic signaling
pathways. Its antitumor effects have been associated with the regulation of reactive oxygen
species and suppression of pathways involved in tumor growth and survival, such as the
PISK/AKT signaling axis. Consistent with these mechanisms, Pol has been shown to induce
apoptosis and inhibit proliferation in several malignancies, including hepatocellular
carcinoma, osteosarcoma, breast cancer, cervical cancer, and lung cancer.[101]

Despite these promising findings, the role of Polydatin in HNSCC remains largely
unexplored. HNSCC cells are characterized by pronounced metabolic plasticity and a
strong reliance on glycolytic metabolism to sustain proliferation and survival.[102] Based on
these features, Polydatin represents a particularly attractive candidate for targeting
metabolic vulnerabilities in HNSCC. By promoting oxidative metabolism and interfering
with tumor-specific metabolic adaptations, Pol may disrupt cellular homeostasis and
sensitize cancer cells to therapeutic stress.

Taken together, the multitargeted biological activity, favorable pharmacokinetic properties,
and low toxicity of BITC and Polydatin support their investigation as emerging therapeutic
agents in HNSCC. Their integration with functional chemosensitivity testing and CSC-
focused approaches offers a rational framework for the development of personalized,
mechanism-driven therapeutic strategies aimed at overcoming resistance and improving

clinical outcomes.



1.5 Scope and Objectives of the Study

The increasing biological complexity and therapeutic challenge of HNSCC underscore the

need for innovative approaches capable of moving beyond conventional, population-based

treatment paradigms. Precision medicine strategies that integrate functional assays,

molecular profiling, and novel therapeutic agents offer a promising framework for

addressing tumor heterogeneity, treatment resistance, and inter-patient variability in

therapeutic response.

The overall objective of this doctoral thesis was to develop and evaluate an integrated

precision-oncology framework for HNSCC by combining functional and molecular

approaches with the preclinical investigation of emerging therapeutic agents. Specifically,

this work aimed to:

1.

Assess patient-specific chemosensitivity by performing functional chemosensitivity
testing on both bulk tumor cells and cancer stem cell (CSC)—enriched populations
derived from patient tumor samples, in order to evaluate differential drug responses
within distinct functional compartments of the same tumor.

Characterize transcriptomic differences associated with cellular state and culture
conditions by conducting bulk RNA sequencing of patient-derived tumor cultures
grown as both bulk tumor cells (two-dimensional (2D) condition) and cancer stem
cell (CSC)-enriched populations (three-dimensional (3D) condition), with the aim of
identifying molecular pathways linked to stemness, therapeutic resistance, and
tumor aggressiveness.

Evaluate the therapeutic and chemosensitizing potential of bioactive compounds by
performing preclinical studies on Polydatin and Benzyl Isothiocyanate (BITC),

investigating their effects on tumor cell viability, oxidative stress, and treatment



response, both as standalone agents and BITC in combination with standard
chemotherapeutic and radiotherapeutic modalities.
By integrating functional chemosensitivity testing, transcriptomic profiling, and preclinical
evaluation of bioactive compounds, this thesis seeks to provide a comprehensive and
biologically informed framework for personalized therapeutic decision-making in HNSCC.
Ultimately, this work aims to contribute to the development of precision medicine
strategies that can improve treatment efficacy while minimizing toxicity and disease

recurrence.

2) Materials and Methods

2.1 ChemolD Patient Selection and Inclusion Criteria

Patients older than 18 years with primary HNSCC were eligible for inclusion in this study.
All enrolled patients had not received any neoadjuvant chemotherapy or radiotherapy prior
to surgical biopsy. Written informed consent was obtained from all participants, and

sample collection was performed in accordance with institutional ethical guidelines.
2.2 Chemotherapeutic Agents

The chemotherapeutic agents evaluated using the ChemolD® assay included both single
agents and combination regimens commonly employed in the clinical management of
HNSCC. The drugs tested were carboplatin, cisplatin, paclitaxel, 5-fluorouracil, bleomycin,
epirubicin, methotrexate, cetuximab, and docetaxel. Drug selection and combinations

were guided by standard clinical practice.

2.3 Tumor Biopsy Collection and Sample Shipment



The ChemolD® assay was performed in a CLIA-certified and College of American
Pathologists (CAP)-accredited clinical laboratory located in West Virginia, USA. To preserve
tissue integrity and minimize contamination, a standardized biopsy collection and

shipment protocol was implemented.

Prior to biopsy, the oral cavity was disinfected using chlorhexidine mouth rinses. Biopsy
specimens were further decontaminated with a povidone-iodine (Betadine) solution,
followed by extensive washing with sterile saline to remove residual disinfectant. Two
biopsy samples were collected from each patient under sterile operating room conditions.
One specimen was fixed in 10% formalin and submitted to the Department of Pathology at
the Azienda Ospedaliera Universitaria “San Giovanni di Dio e Ruggi d’Aragona” (Salerno,
Italy) for histopathological diagnosis. The second specimen was prepared for shipment to

the ChemolD® clinical laboratory.

In cases of highly contaminated or ulcerated tumors, an alternative sampling method was
employed using a trocar inserted through the initial biopsy site to obtain deeper tissue
samples while minimizing oral microbial contamination. All samples were placed in sterile
vials containing proprietary ChemolD® transport medium and shipped the same day via
express courierintemperature-controlled polystyrene containers. To protect samples from
airport X-ray exposure, a 2.2-mm lead shield was applied around the transport vial.
Samples reached the ChemolD® laboratory within 48 hours of collection and were

processed immediately upon arrival.

2.4 Primary Tumor Cell Culture



Primary tumor cell cultures were established from fresh biopsy specimens using a semi-
automated dissociation protocol. Tissue samples were processed using a gentleMACS™
Dissociator (Miltenyi Biotec, Auburn, CA) with C-Tubes, combining mechanical
dissociation with enzymatic digestion using a 50%/0.025% trypsin and Accutase solution

(Innovative Cell Technologies, San Diego, CA).

Dissociated cells were plated in 24-, 12-, or 6-well culture plates and maintained in RPMI-
1640 medium supplemented with 5% heat-inactivated fetal bovine serum, 50 U/mL
penicillin, and 5 mg/mL streptomycin. Cultures were maintained until subconfluence prior

to downstream applications.

2.5 Isolation of Cancer Stem Cell-Enriched Populations

CSC-enriched populations were isolated from primary tumor cultures using a
hydrodynamic focusing bioreactor (HFB) developed by the National Aeronautics and Space
Administration (NASA) at the Johnson Space Center (Celdyne, Houston, TX). The HFB
creates a three-dimensional, low-shear culture environment that mimics microgravity

conditions through controlled hydrodynamic focusing.

A defined number of primary tumor cells (2 x 10° cells) were cultured in the bioreactor for 7
days at a rotation speed of 25 rpm with 20% airflow in RPMI medium without supplemental
growth factors. Cell viability was assessed using Trypan Blue exclusion. Enrichment of
CSC-like populations was verified by monitoring the expression of established CSC-

associated markers, including integrin, CD44, and CD133.

2.6 In Vitro Growth and Invasion Assays



To compare biological properties between parental HNSCC cells and CSC-enriched
populations, cell proliferation and invasive capacity were assessed. Cell growth rates were
determined by seeding 30,000 cells/cm?® and performing cell counts every 24 hours using
Trypan Blue staining. Saturation density was assessed by changing medium daily from day

4 onward and counting cells every 48 hours until growth arrest.

Cell invasiveness was evaluated using Matrigel invasion assays. Transwell inserts were
coated with Matrigel and allowed to solidify. Cells were seeded in the upper chamber, and
chemoattractant medium was placed in the lower chamber. After incubation, cells
migrating through the membrane were fixed, stained with 0.2% crystal violet, and counted

in multiple microscopic fields.

2.7 ChemolD® Functional Chemosensitivity Assay

The ChemolD® assay was performed in a CLIA-certified and CAP-accredited clinical
laboratory at the Cabell Huntington Hospital and Edwards Cancer Center (West Virginia,
USA). Equal numbers of bulk tumor cells and CSC-enriched populations were plated in
quintuplicate in 96-well plates and incubated at 37 °C. After 24 hours, chemotherapeutic
agents were added either as single drugs or in combination for 1 hour. Media were then
replaced, and cell viability was assessed 48 hours later using the MTT assay. Drug efficacy
was expressed as a continuous cytotoxic index ranging from <10% to 100% cell death,
representing predicted therapeutic effectiveness.

All the test phases are summarized in Figure 2.
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Figure 2. ChemolD test phases.

2.8 ChemolD® Report Generation

Following assay completion, dose-response curves were generated for each drug and drug
combination. Results were summarized in a clinical report (Figure 3) provided to the
treating oncologist, including cytotoxic indices represented graphically using a color-coded

system: green (60-100%), yellow (30-60%), and red (<30%)).
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Figure 3. ChemolD clinical report

2.9 Cell Culture and Sample Preparation for Transcriptomic Analysis

From the panel of the primary tumor cell cultures established from patient biopsies, three
representative samples were selected for transcriptomic analysis: patient 9 (612C), patient
5 (547C), and patient 11 (682C). Sample selection was based on culture availability,
stability, and expansion capacity under the experimental conditions, ensuring sufficient

biological material for downstream genomic analyses.

For each selected sample, cells were expanded under both two-dimensional (2D) (bulk of
the tumor) and three-dimensional (3D) (CSCs) culture conditions to allow comparative

analysis of transcriptional profiles associated with cellular organization and growth

2.10 Two-Dimensional (2D) Cell Culture Conditions




For 2D cultures, 1 x 10° cells were seeded in duplicate into 100 mm culture dishes
containing complete RPMI medium (RPMI-1640 supplemented with 20% fetal bovine
serum, 1% penicillin/streptomycin, and 0.1% amphotericin B). Cells were maintained
under standard culture conditions (37 °C, 5% CO,) for 7 days to allow adequate

proliferation.

At the end of the culture period, cells were harvested by enzymatic detachment using
0.25% trypsin for 5 minutes. Enzymatic activity was neutralized with complete medium, and
cell suspensions were collected for cell counting and viability assessment using Trypan
Blue exclusion and a Nexcelom Cellometer system. Following centrifugation (1,000 rpm for

3 minutes), cell pellets were collected and stored at —80 °C until RNA extraction.

2.11 Three-Dimensional (3D) Cell Culture Conditions

For 3D cultures, 2 x 10° cells from each selected sample were seeded into the
hydrodynamic focusing bioreactor in complete RPMI medium without the addition of
growth factors. Cultures were maintained for 7 days at a rotation speed of 25 rpm with an

airflow of 20%, under conditions identical to those used for CSC enrichment.

After the culture period, cells were harvested from the bioreactor, centrifuged (1,000 rpm
for 3 minutes), and resuspended in fresh medium for cell counting and viability assessment
using Trypan Blue exclusion. Following a second centrifugation step, final cell pellets were

collected and stored at —80 °C for transcriptomic analysis.

2.12 RNA Extraction and Bulk mRNA Sequencing

RNA extraction and bulk mRNA sequencing were performed by the Molecular and

Genomics Core Facility (MGCF) at the University of Mississippi Medical Center (UMMC).



Total RNA was extracted from frozen cell pellets using the PureLink™ RNA Mini Kit

(Invitrogen), following the manufacturer’s protocol.

RNA quality control was conducted to assess concentration and integrity, including
evaluation of 18S and 28S ribosomal RNA bands and calculation of the RNA Integrity Score

(RIS). Only samples with RIS > 8 were considered suitable for sequencing.

Libraries were prepared using the TruSeq Stranded mRNA Library Prep Kit (Illumina, Set-A
indexes). Pooled libraries (12-24 samples per pool) were quantified using a Qubit
Fluorometer and evaluated for size distribution and quality using the Qiagen QIlAxcel
Advanced System or Agilent TapeStation. Sequencing was performed on the I[llumina

NextSeq 2000 platform using a P3 flow cell with paired-end 100 bp reads.

2.13 Sequence Alignment and Differential Gene Expression Analysis

Raw sequencing data underwent quality control using the Illumina BaseSpace Cloud
Computing Platform and custom MGCEF pipelines. FASTQ files were aligned to the human
reference genome (Ensembl/Hg38) using the DRAGEN RNA Pipeline (v3.7.5) or equivalent

MGCF workflows.

Differential gene expression analysis was performed using the DRAGEN Differential
Expression Application (v3.10.4), which implements the DESeqg2 statistical framework.
Read counts were normalized across samples, and genes were tested for differential

expression between 2D and 3D culture conditions.

To account for multiple hypothesis testing, p-values were adjusted using the Benjamini—
Hochberg method to control the false discovery rate (FDR). Genes were considered

differentially expressed if they met the following criteria: adjusted p-value (padj) <0.05 and



absolute log, fold change (|log,FC|) > 1. Genes with log,FC > 1 were classified as

upregulated, whereas those with log,FC < -1 were classified as downregulated.

2.14 Pathway Enrichment Analysis (PEA)

To investigate the biological significance of differentially expressed genes (DEGs), pathway
enrichment analysis (PEA) was performed to identify biological processes and molecular
pathways overrepresented among regulated genes. PEA evaluates whether functional gene
groups are enriched beyond what would be expected by chance, without implying direct

pathway activation or repression.

Lists of significantly upregulated and downregulated genes were analyzed using the
EnrichR platform. Gene Ontology (GO) databases were interrogated with a focus on the
Biological Process and Molecular Function categories, while Reactome was used to

contextualize enriched pathways within curated molecular interaction networks.

Enrichment results were ranked by adjusted p-values, and the top 20 enriched GO terms
were visualized as bar plots. Interpretation was based on both the degree of gene overlap

and the known biological functions of the contributing genes.

2.15 Gene Set Enrichment Analysis (GSEA)

To complement threshold-based enrichment analyses and capture coordinated
transcriptional programs, Gene Set Enrichment Analysis (GSEA) was performed using GSEA
v4.3.2 (Broad Institute). Unlike PEA, GSEA evaluates the entire ranked gene list and
identifies gene sets that are non-randomly distributed at the extremes of the expression

spectrum.



Input files included: (i) a .gct file containing log,(TPM + 1) expression values, (ii) a .cls file
defining experimental conditions (2D vs 3D), (iii) a ranked gene list (.rnk) based on log, fold
change values, and (iv) a chip annotation file. Analyses were conducted using the Molecular

Signatures Database Hallmark gene sets (MSigDB H collection, version 2023.1).

Enrichment results were evaluated using the normalized enrichment score (NES), nominal
p-values, and false discovery rate (FDR). Enrichment plots were generated for the most

significant gene sets to visualize gene distribution across the ranked expression dataset.

By integrating PEA and GSEA, this study aimed to obtain a comprehensive view of
transcriptional alterations associated with culture dimensionality, capturing both strongly

regulated pathways and subtle, coordinated gene expression programs.

2.16 Benzyl Isothiocyanate (BITC): Cell Culture, Treatments, and Functional Assays

Celllines and reagents

Benzyl isothiocyanate (BITC, 98% purity; Cat. No. AC402130250) was purchased from
Thermo Scientific Chemicals (Thermo Fisher Scientific, Waltham, MA). Stock solutions of
BITC (100 mM) were prepared in dimethyl sulfoxide (DMSO) and diluted in culture medium
to a final working concentration of 10 uM. The final DMSO concentration did not exceed
0.01% (v/v) in any experiment. Reduced glutathione (GSH) and cis-
diamminedichloroplatinum (Il) (cisplatin, CDDP) were purchased from Sigma-Aldrich (St.
Louis, MO). Stock solutions of CDDP (1 mg/mL) were prepared in sterile 0.9% saline

solution and stored at room temperature in the dark.

Four therapy-resistant HNSCC cell lines were used: HN22 and HN30, derived from primary

tumors of the epiglottis and pharynx, respectively, and HN8 and HN31, derived from lymph



node metastases from the same patients. Cell lines were kindly provided by Dr. George Yoo
(Karmanos Cancer Center, Wayne State University, Detroit, MI). Cells were maintained as
monolayer cultures in Dulbecco’s Modified Eagle Medium (DMEM; HyClone, Thermo
Scientific) supplemented with 10% fetal bovine serum (FBS), 1% penicillin-streptomycin,
and 0.1% amphotericin B, and incubated at 37 °C in a humidified atmosphere with 5% CO.,,.

Cells were harvested using 0.25% Trypsin—EDTA.

BITC treatment and irradiation protocol

Cells were seeded at a density of 10,000 cells per well in 96-well tissue culture plates in a
final volume of 100 pL and allowed to adhere overnight. The following day, culture medium
was removed and cells were treated with 10 uM BITC for 1 hour. After treatment, the

medium was replaced with fresh complete medium.

For irradiation experiments, plates were placed in a custom-designed in-house phantom
system to ensure uniform radiation delivery. The phantom consisted of a water-filled
container overlaid with a rice-filled lid to simulate tissue-equivalent scattering conditions.
Plates were scanned using a CT simulator (Philips Brilliance Big Bore 16-Slice CT), and
radiation planning was performed using the Pinnacle Treatment Planning System (v9.10).
Cells were irradiated using a 6 MV photon beam delivered by an Elekta Synergy linear
accelerator. Radiation doses of 4 Gy or 8 Gy were administered, while non-irradiated cells

served as controls.

Following irradiation, cells were treated with either complete medium alone or medium

containing 10 uM cisplatin. After 24 hours, treatment media were removed and replaced



with complete medium. Cell viability and apoptotic responses were assessed at defined

time points following treatment.

Cellviability assays

Cellviability following BITC treatment, alone or in combination with radiation and cisplatin,

was assessed using multiple complementary assays.

For short- and long-term BITC exposure experiments, cells were seeded at a density of 2.5
x 10° cells per well in 384-well plates. Viability was measured using the WST-8 assay
(Dojindo Molecular Technologies, Rockville, MD). After incubation with the reagent for 1

hour at 37 °C, absorbance was measured at 450 nm using a SpectraMax M2e plate reader.

For irradiated and combination-treated cells, viability was additionally assessed using the
cell-permeant fluorescent probe calcein AM (Thermo Fisher Scientific). Cells were washed
with phosphate-buffered saline (PBS) and incubated with 2 uM calcein AM for 45 minutes
at room temperature. Fluorescence intensity was measured at excitation/emission

wavelengths of 485/530 nm using a SpectraMax M3 spectrophotometer.

Fluorescence imaging

Following fluorescence-based viability measurements, live cells were imaged using an
Olympus IX51 fluorescence microscope at 40x magnification to qualitatively assess

treatment-induced changes in cell morphology and viability.

Caspase 3/7 activity assay

Apoptotic activity was evaluated by measuring caspase 3/7 activation 72 hours after

treatment. Cells were incubated with a caspase 3/7 fluorescent substrate (AAT Bioquest,



Sunnyvale, CA) for 1 hour at room temperature. Fluorescence intensity was measured at
excitation/emission wavelengths of 485/530 nm using a SpectraMax M3

spectrophotometer.

As aninternal negative control, selected wells received the caspase 3/7 inhibitor Ac-DEVD-
CHO (1 uM) 10 minutes prior to substrate addition. Caspase activity was normalized to cell

viability values obtained from parallel assays.

Antioxidant rescue experiments

To evaluate the role of oxidative stress in BITC-mediated cytotoxicity, antioxidant rescue
experiments were performed using glutathione (GSH). Cells were seeded at 10,000 cells
perwellin 96-well plates and pretreated with 5 mM GSH for 30 minutes. After pretreatment,
cells were exposedto 10 uM BITC for 1 hour. Cell viability was assessed 24 hours later using

the WST-8 assay, as described above.

2.17 Polydatin: Cell Culture, Treatments, and Molecular Analyses

Celllines and reagents

Human oral squamous cell carcinoma cells (HSC2) were used for in vitro experiments.
Cells were cultured in Dulbecco’s Modified Eagle Medium alpha (DMEM-a; Gibco, Thermo
Fisher Scientific, Waltham, MA, USA) supplemented with 10% fetal bovine serum (FBS) and

maintained in a humidified incubator at 37 °C with 5% CO.,,.

Human gingival fibroblasts (hGF; Lifeline, San Diego, CA, USA) were used as non-tumoral
control cells and cultured in Fibroblast Medium (Lifeline) under identical incubation

conditions.



Polydatin was kindly provided by Prof. Ravagnan (Institute of Translational Pharmacology,
National Research Council of Italy, CNR). The compound was extracted from *Polygonum
cuspidatum* following the procedure described in Patent EP1292320B1. Stock solutions
were prepared in dimethyl sulfoxide (DMSO) and diluted in culture medium to the desired

working concentrations immediately prior to use.

Polydatin treatment and cell viability assay

Cell viability was assessed using the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide (MTT) assay (Merck KGaA, Darmstadt, Germany). Cells were seeded in 96-well
plates at a density of 5,000 cells per well for HSC2 cells and 15,000 cells per well for hGF
cells. After overnight adhesion, cells were treated with Polydatin at concentrations of 250

MM and 500 uM for 24 or 48 hours. Control cells received vehicle (DMSO) alone.

At the end of the treatment period, 10 pL of MTT solution (0.5 mg/mL) was added to each
well, followed by incubation for 4 hours at 37 °C. The reaction was stopped by removing the
culture medium and adding 100 yL of DMSO to dissolve the formazan crystals. Absorbance
was measured at 570 nm using a microplate reader. Cell viability was expressed as a

percentage relative to vehicle-treated controls.

RNA extraction and quantitative real-time PCR (qRT-PCR)

Total RNA was extracted from treated and control cells using the RNeasy Mini Kit (Qiagen,
Hilden, Germany), following the manufacturer’s instructions. RNA concentration and purity
were assessed spectrophotometrically. Complementary DNA (cDNA) synthesis was
performed using the iScript™ cDNA Synthesis Kit (Bio-Rad, Hercules, CA, USA) according to

the manufacturer’s protocol, using a Piko 24 thermal cycler (Thermo Fisher Scientific).



Quantitative real-time PCR was carried out using the SsoFast™ EvaGreen Supermix (Bio-
Rad) on a CFX96 real-time PCR detection system (Bio-Rad). Amplification was performed
for 40 cycles under the following conditions: initial enzyme activation at 95 °C for 30
seconds, followed by denaturation at 95 °C for 5 seconds and annealing/extension at 60 °C
for 10 seconds. Primer pairs were designed using Primer-BLAST
([https://www.ncbi.nlm.nih.gov/tools/primerblast/](https://www.ncbi.nlm.nih.gov/tools/p

rimer-blast/))

Gene expression levels were normalized to GAPDH, which was selected as a housekeeping
gene due to its stable expression across experimental conditions. Relative gene expression

was calculated using the comparative Ct (AACt) method.
Statistical analysis

Statistical analyses were performed using GraphPad Prism version 9.5 (GraphPad
Software, San Diego, CA, USA). Data distribution was assessed using the Shapiro-Wilk test.

Results were expressed as median and interquartile range.

For normally distributed data, comparisons between groups were performed using
Student’s *t*-test or one-way ANOVA followed by Tukey’s multiple comparison test. For
non-normally distributed data, the Kruskal-Wallis test was used. Differences were

considered statistically significant at *p* < 0.05.

3) Results

3.1 Patient cohort included in the ChemolD® study



Based on the predefined eligibility criteria, a total of 11 patients diagnosed with HNSCC
were enrolled in this study (Table 1) . Patients’ age ranged from 47 to 89 years, with a

marked predominance of male subjects (10/11 patients), while only one patient was

female.

Case Age Sex Site Origin Histology Smoking Alcohol

1 49 M Tongue Mucosa OSCC Yes Yes

2 82 M Retromolar Mucosa OSCC Yes Yes
trigone

3 78 M Lower lip Mucosa OSCC Yes Yes

4 79 M Alveolar Mucosa OSCC Yes Yes
mucosa

5 61 M Left Mucosa OSCC Yes Yes
anterior
tonsillar
pillar

6 50 M Floor of Mucosa OSCC Yes Yes
mouth

7 75 M Retromolar Mucosa OSCC Yes No
trigone

8 79 M Retromolar Mucosa OSCC Yes No
trigone

84 F Tongue Mucosa OSCC No No

10 47 M Anterior Mucosa OSCC Yes Yes
palatal
mucosa

11 68 M Maxillary Mucosa OSCC Yes No
tuberosity

Table 1. Patient cohort included in the ChemolD® study

Regarding established risk factors, 10 out of 11 patients were active smokers, and 7 out of
11 reported regular alcohol consumption. In all cases, tumors originated from the oral
mucosa, and histopathological evaluation confirmed the diagnosis of oral squamous cell

carcinoma.

Tumor localization was heterogeneous across the cohort. The retromolar trigone

represented the most frequently involved anatomical site (3/11 cases), followed by the



tongue (2/11 cases). The remaining tumors arose from the alveolar mucosa, anterior palatal
mucosa, tuber maxillae, floor of the oral cavity, lower lip, and left anterior tonsillar pillar,

each accounting for one case.

Demographic, clinical, and radiographic data were collected from the institutional
database of the Department of Oral and Maxillofacial Surgery, San Giovanni di Dio e Ruggi

d’Aragona University Hospital (Salerno, Italy).

3.2 ChemolD® assay results in cancer stem cells

The results of the ChemolD® assay performed on cancer stem cells (CSCs) isolated from
the tumor biopsies of the 11 OSCC patients are summarized in Table 2. The assay
evaluated the cytotoxic response of CSCs to a panel of chemotherapeutic agents
administered either as single agents or in combination, and results are expressed as the
percentage of CSCs killed following treatment. According to predefined thresholds,
responses were classified as highly responsive (60-100%), moderately responsive (30—

60%), or non-responsive (<30%).

Paclitaxel 40 mg/m?

Paclitaxel 175 mg/m?

Carboplatin 70 mg/m?

Carboplatin 100 mg/m?

Cisplatin 50 mg/m?

Cisplatin 100 mg/m?

Docetaxel 75 mg/m?

32,0%

Paclitaxel 40 mg/m?

Paclitaxel 175 mg/m?




5-Fluorouracil 600 mg/m?

5-Fluorouracil 800 mg/m?

5-Fluorouracil 1000 mg/m?

Bleomycin 15 mg/m?

Methotrexate 40 mg/m?

Mitomycin 20 mg/m2

Cetuximab 400 mg/m?

Vinorelbine 25 mg/m?

Erlotinib 150 mg

Ifosfamide 3000 mg/m?

Gemcitabine 1000 mg/m?

Gemcitabine 1000 mg/m? +
Vinorelbine 25 mg/m2

Paclitaxel 40 mg/m?+

Cisplatin 50 mg/m?

Paclitaxel 175 mg/m?2 +

Cisplatin 100 mg/m?

Paclitaxel 40 mg/m?+

Carboplatin 100 mg/m?

5-Fluorouracil 600 mg/m?+

Carboplatin 70 mg/m?

5-Fluorouracil 800 mg/m?+

Cisplatin 50 mg/m?

5-Fluorouracil 1000 mg/m?+

Cisplatin 100 mg/m?

70.1%

78.0%

38.9%

Cisplatin 100 mg/m?+

Docetaxel 75 mg/m?

93.5%

Carboplatin 100 mg/m?+

Docetaxel 75 mg/m?

Cisplatin 100 mg/m? +
5-Fluorouracil 800 mg\m? +

Docetaxel 75 mg\m?

94.0%

96.2%

100.0%

90.5%

94.3%

90.6%

72.8%

42.5%

58.7%

Cisplatin 100 mg/m? +

5-Fluorouracil 1000 mg\m?
+

Docetaxel 75 mg\m?

89.3%

48.7%

Cisplatin 100 mg/m? +
5-Fluorouracil 600 mg\m? +

Paclitaxel 175 mg\m?

47.3%

62.4%

65.9%

61.5%

91.8%

58.5%

71.6%

54.5%

Cisplatin 100 mg/m? +

5-Fluorouracil 1000 mg\m?
+

Paclitaxel 175 mg\m?

74.4%




Table 2. Response (% of cells killed) of CScs isolated from OSCC patients to different
chemotherapeutic agents. Reactive: 60-100%; Average reactive 30-60%; Non-reactive

<30%.

Overall, ChemolD® testing revealed substantial inter-patient heterogeneity in
chemosensitivity, despite the homogeneous histological diagnosis of OSCC across the
cohort. No consistent association was observed between drug response and the

anatomical site of tumor origin.

Marked differences in response were observed even among patients with tumors arising
from the same anatomical location. For example, Case #1 and Case #9, both diagnosed
with squamous cell carcinoma of the tongue, showed divergent sensitivity to cisplatin.
While CSCs from Case #9 were highly responsive to cisplatin at 100 mg/m?® (78.6% cell
death), CSCs from Case #1 exhibited only a moderate response (34.2%) to the same

treatment.

Similarly, heterogeneity was evident among patients with tumors originating in the
retromolar trigone (Cases #2, #7, and #8). Although CSCs from all three patients were
sensitive to cisplatin 100 mg/m?” (73.6%, 76.8%, and 78.3%, respectively), their responses
to other agents and combinations differed substantially. CSCs from Case #2 were highly
responsive to docetaxel 75 mg/m? (87.4%), whereas CSCs from Cases #7 and #8 were non-
responsive or weakly responsive to the same agent (25.0% and <10%, respectively).

Notably, the most effective treatment combination differed among these patients:



Case #2 showed maximal cytotoxicity with cisplatin 100 mg/m” + docetaxel 75 mg/m?

(93.5%),

Case #7 responded best to cisplatin 100 mg/m? + 5-fluorouracil 800 mg/m? + docetaxel 75

mg/m?> (90.6%),

Case #8 exhibited the highest sensitivity to paclitaxel 175 mg/m? + cisplatin 100 mg/m?

(90.5%).

Differences in response were also observed for identical drug combinations across
patients. For instance, the combination of 5-fluorouracil 600 mg/m?+ carboplatin 70 mg/m?>
resulted in a non-responsive profile (<10%) in Case #7, whereas CSCs from Case #8

displayed a moderate response (52.5%) to the same regimen.

When considering treatment modalities, CSCs generally showed greater sensitivity to
combination therapies compared to single-agent treatments. In particular, combinations
including cisplatin, 5-fluorouracil, and docetaxel consistently produced the highest levels
of cytotoxicity across multiple patients, whereas most single agents—especially paclitaxel
at lower doses, carboplatin, methotrexate, and cetuximab—were frequently associated

with limited or absent CSC killing.



The highest cytotoxic response identified for each individual patient is reported in Table 3,
which highlights that multidrug regimens were more effective than monotherapies in

targeting CSCs in the majority of cases.

N. Case |Drugs Percentage of cell kill

Case1l |Cisplatin 100 mg/m2 + 5-Fluorouracil 800 mg\m2 + Docetaxel 75 mg\m2 94.0%
Case2 |Cisplatin 100 mg/m2 + Docetaxel 75 mg/m2 93.5%
Case3 |Cisplatin 100 mg/m2 + 5-Fluorouracil 800 mg\m2 + Docetaxel 75 mg\m2 96.2%
Case4 |Cisplatin 100 mg/m2 + 5-Fluorouracil 800 mg\m2 + Docetaxel 75 mg\m2 100.0%
Case5 |Cisplatin 100 mg/m2 + 5-Fluorouracil 800 mg\m2 + Docetaxel 75 mg\m2 90.5%
Case6 |Cisplatin 100 mg/m2 + 5-Fluorouracil 800 mg\m2 + Docetaxel 75 mg\m2 94.3%
Case7 |Cisplatin 100 mg/m2 + 5-Fluorouracil 800 mg\m2 + Docetaxel 75 mg\m2 90.6%
Case8 |Paclitaxel 175 mg/m2 + Cisplatin 100 mg/m2 90.5%
Case9 |Cisplatin 100 mg/m2 78.6%
Case 10 |Cisplatin 100 mg/m2 52.1%
Case 11 |Cisplatin 100 mg/m2 + 5-Fluorouracil 1000 mg\m2 + Paclitaxel 175 mg\im2 54.5%

Table 3. The highest % of cell kill detected by ChemoID® CSCs testing in each sample.

3.3 Representative clinical case

A 61-year-old male patient (Case #5) was referred to the Department of Oral and
Maxillofacial Surgery at San Giovanni di Dio e Ruggi d’Aragona University Hospital (Salerno,
Italy) with a large lesion involving the left anterior tonsillar pillar. Clinical examination

revealed an extensive ulcerated mass occupying the oropharyngeal region.

Pre-treatment magnetic resonance imaging (MRI) and computed tomography (CT) scans,
with and without contrast enhancement, demonstrated a large neoplastic lesion extending
from the left retromolar region to the base of the tongue, with cranial extension toward the
skull base and involvement of cervical lymph nodes. The mass caused a marked
displacement of midline anatomical structures. Due to the extent and infiltration of the
lesion, the patient was deemed not eligible for surgical resection (unresectable) (Figure

4,5).



Figure 4. MRl and CT éxial sections before cherr;otherapy. A) MR image with axial cut in the

lingual plane; b) MRl image with axial cut in the mandibular plane; c) CT image with axial cut on

the plane of the hyoid bone.

Figure 5. MRl coronal section before chemotherapy.

Two biopsy specimens were collected as described in the Materials and Methods section.
One specimen was sent to the Department of Pathology for histological diagnosis, while
the second specimen was processed for ChemolD® testing. Histopathological analysis
confirmed a diagnosis of poorly differentiated, basaloid, infiltrative oral squamous cell

carcinoma. Immunohistochemical analysis demonstrated p16 positivity.

ChemolD® testing was performed on both bulk tumor cells and cancer stem cells (CSCs)

isolated from the biopsy specimen. The cytotoxic responses to individual



chemotherapeutic agents and combinations are reported in Table 4. Among all tested
regimens, the combination of cisplatin 100 mg/m? + 5-fluorouracil 800 mg/m? + docetaxel
75 mg/m? produced the highest cytotoxic effect, resulting in 100% cell death in bulk tumor
cells and 90.5% cell death in CSCs. Other combinations and single-agent treatments

showed lower or moderate efficacy against CSCs.

Bulk of Tumor CSCs
Cisplatin 100 mg/m?2 + 5-Fluorouracil 800 mg/m? + Docetaxel 75 mg/m? 100% 90.5%
Cisplatin 100 mg/m? + 5-Fluorouracil 600 mg/m? + Paclitaxel 175 mg/m? 51.5% 61.5%
5-Fluorouracil 800 mg/m? + Cisplatin 50 mg/m? 30.1% 52.4%

Docetaxel 75 mg/m?

Paclitaxel 175 mg/m?

Cisplatin 100 mg/m?

Paclitaxel 40 mg/m?+ Cisplatin 50 mg/m?

Cisplatin 50 mg/m?

Paclitaxel 40 mg/m?

Carboplatin 70 mg/m?

Carboplatin 100 mg/m?

5-Fluorouracil 600 mg/m?

5-Fluorouracil 800 mg/m?

Paclitaxel 40 mg/m? + Carboplatin 100 mg/m?

5-Fluorouracil 600 mg/m? + Carboplatin 70 mg/m?

Table 4. Response (% of cells killed) of CSCs isolated from the OSCC sample (case no. 5) to
different chemotherapeutic agents. Reactive: 60-100%; Average reactive 30-60%; Non-reactive

<30%.

Based on these results, the patient was treated with cisplatin 100 mg/m?, 5-fluorouracil 800
mg/m?, and docetaxel 75 mg/m?, corresponding to the regimen with the highest CSC-

directed cytotoxicity identified by the ChemolD® assay.



Radiological assessment performed two months after the initiation of chemotherapy
revealed a marked regression of the primary tumor mass, as documented by post-

treatment CT and MRl imaging, demonstrating a substantial reduction in tumor volume and

local disease burden (Figure 6,7).

Figure 6. Post-chemotherapy CT coronal sections. a) CT image with coronal cut on the dorsal
plane of the tongue; b) CT image with coronal cut in the mandibular plane; c) CT image with
coronal cutin the plane of the hyoid bone.

Figura 4. Post-chemotherapy CT coronal section



3.4 Transcriptomic profiling of patient-derived cultures under 2D and 3D
conditions

Cellyield and viability in 2D and 3D cultures

For the three selected patient-derived samples (547C, 612C, and 682C), cell counts were
obtained after 7 days of culture, under both 2D and 3D conditions. For each sample, the
total number of cells and the fraction of viable cells were determined using Trypan Blue
exclusion and the Nexcell Cellometer.

As shown in Table 5, 2D cultures yielded a higher proportion of viable cells across all three
samples, with viability consistently above 80% (ranging from 82.5% to 90.2%). In contrast,
3D cultures displayed markedly reduced viability, ranging from ~24.95% (682C) to ~43%
(612C). Although the total number of cells obtained in 3D was of the same order of
maghnitude as in 2D, the fraction of live cells was substantially lower, as previously shown
[103]. This observation suggests that the bioreactor culture system imposes a selection on
the cells. While most cells do not survive in the dynamic 3D environment, a subpopulation
with stem-like properties is maintained. This selective survival is consistent with the
hypothesis that 3D conditions enrich for tumor stem cells, which are more resistant to

stress and capable of sustaining long-term tumor growth.

Sample Condition Live cells Totalcells Viability %
682C 2D 2.31x10° 2.8x10° 82.5

682C 3D 2.52x10° 2.31x10° 24.95
612C 2D 2.11x10° 2.34x10° 90.17
612C 3D 5.96x10° 1.38 x10° 43.19
547C 2D 2.95x10° 3.55x10° 83.1

547C 3D 7.58 x10° 2.05x10° 36.98



Table 5. Cell counts and viability in 2D and 3D cultures.

Data preparation for functional analyses

Transcript abundance was estimated using Salmon, a bioinformatics tool that estimates
the relative abundance of transcripts or genes from sequencing files (.fastq). It enables the
quantification of gene expression in each sample, producing as output an expression matrix
containing values such as TPM (Transcripts Per Million), estimated read counts, and other
indicators useful for transcriptomic analysis. The transcriptomic dataset used for
downstream functional analyses was derived from quantification results generated with
Salmon, using the aggregated expression values from the three HNSCC patient-derived
samples. From the differential expression analysis, a table with gene-level results was
produced, including log, fold change, adjusted p-values, and average expression. In total,

14,251 genes were tested.

To prepare the gene list for Pathway Enrichment Analysis (PEA), genes with an adjusted p-
value < 0.05 and an absolute log, fold change < and > 1 were retained. This filtering step
resulted in 528 upregulated genes (higher in 2D) and 665 downregulated genes (higher in

3D), which were used as input for EnrichR.

For Gene Set Enrichment Analysis (GSEA), transcript-level quantification values were
organized into a GSEA-compatible format. The matrix included expression values for 14,251
genes across six biological replicates (three per condition), with rows representing genes
(identified by Ensembl IDs) and columns representing individual samples. Expression

values were transformed as log,(TPM + 1), as required by GSEA.



This dual approach allowed for capturing both strong signals (via EnrichR) and coordinated
but potentially subtle shifts in gene expression (via GSEA), thus providing complementary

insights into the biological pathways affected by the culture condition.

Pathway Enrichment Analysis (PEA) - 2D condition

Using the list of genes differentially expressed between 2D and 3D culture conditions (528
upregulated in 2D and 665 upregulated in 3D), the PEA was performed using the EnrichR
platform. EnrichR is a web-based gene set enrichment tool that compares input gene lists
against a wide array of annotated biological libraries - including Gene Ontology (GO)
pathways and Reactome - and assesses statistical overrepresentation of specific pathways
in the input set.
The differentially expressed genes (log,FC > 1, padj < 0.05) in 2D revealed significant

enrichment in GO terms (Figure 8) related to:

- Extracellular matrix (ECM) remodeling:
e Extracellular Matrix Organization (GO:0030198)
e External Encapsulating Structure Organization (G0:0045229)
e Extracellular Structure Organization (G0:0043062)
e (Collagen catabolic process (GO:0030574)
- Cellular proliferation and signaling:
e Negative regulation of canonical Wnt signaling pathway (GO:0090090)
o Negative regulation of Wnt signaling Pathway (GO:0090090)
e Negative regulation of cell population proliferation (GO:0008285)

e Regulation of ERK1/ERK2 cascade (GO:0070372)



60828)

f Wnt Signaling Pathway (GO:0030178)

f Cell Population Proliferation (GO:0008285)

ponent Disassembly (GCO:0022411)

f ERK1 and ERK2 Cascade (GO:0070372)

Figure 8. Top 10 enriched Gene Ontology — Biological Process terms identified by EnrichR
among genes upregulated in 2D cultures. Terms are sorted by adjusted p-value (Benjamini-
Hochberg correction). Processes related to extracellular matrix remodeling and signaling

regulation are most significantly overrepresented.

These pathways indicate a transcriptional program driven by matrix degradation,
proliferation signals, and suppression of developmental pathways like Wnt, aligning with
the literature that describes 2D cultures as promoting high proliferation, structural

instability, and loss of diverse phenotypes. [104-106]

Reactome enrichment analysis of the 2D condition confirmed that overexpressed genes
were strongly enriched in pathways related to extracellular matrix (ECM) remodeling and

signaling regulation (Figure 9).
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Figure 9. Enrichr-REACTOME. Pathway enrichment analysis- UPREGULATED in 2D vs 3D

By manually uploading the overexpressed gene lists into the Reactome portal (Figure 10-

=Y

1), it was possible to map the position of these genes within the corresponding pathways.
This confirmed that the 2D condition is characterized by disorganized ECM remodeling,

activation of metalloproteinases, and proliferation-related signaling.
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Figure 10. Pathway “Extracellular matrix organization”. Exported from Reactome Pathway

Database (https://reactome.org), licensed under CC BY 4.0.
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Figure 11. Visualization of “Canonical Wnt signaling pathway” showing genes
overexpressed in 2D condition (highlighted in yellow). Source: Reactome Pathway Database

(https://reactome.org).

Pathway Enrichment Analysis (PEA) - 3D condition

Pathway Enrichment Analysis (PEA) of the genes upregulated in the 3D cultures (log,FC < -
1, padj <0.05) revealed significant enrichmentin several biological processes related to cell
cycle regulation, migration, proliferation, and response to external stimuli (Figure 12).
Among the most enriched terms were:

e Regulation of cell migration (GO:0030334)

e Positive regulation of cell cycle process (GO:0090068) and mitotic sister chromatid

segregation (GO:0000070):
e Positive regulation of cell population proliferation (GO:0008284)
e Cellularresponse to hormone stimulus (G0O:0032870

e Motor neuron axon guidance (G0O:0008045)

WNTFZDARPSS:OVL |—


https://reactome.org/
https://reactome.org/

Overall, 3D cultures showed overexpression of genes related to pathways linked to cell
proliferation, mitotic control, and migration, consistent with a condition that better mimics
tumor aggressiveness and heterogeneity compared to 2D cell cultures. The enrichment of
axon guidance pathways in 3D-grown tumor cells suggests a shift toward neural-like
signaling mechanisms, a phenomenon increasingly recognized as part of tumor cell
plasticity[107]. Cellular plasticity is now considered a functional hallmark of cancer,
allowing tumor cells to evade terminal differentiation and acquire new phenotypic states
that enhance adaptability and survival. Tumor cells may dedifferentiate into progenitor-like
cells, inhibit differentiation to maintain a partially undifferentiated phenotype, or even
transdifferentiate into lineages of distinct origin[108]. Recent evidence shows that cancer
cells can acquire neuronal characteristics, supporting a novel form of plasticity in which
malignant cells adopt features typical of neural lineages [107]. Neurons are defined by the
expression of lineage-specific genes, the ability to form long cytoplasmic projections
(axons) guided by environmental cues, and their capacity to secrete molecules and
propagate electrochemical signals. Analogously, tumor cells can exploit similar
cytoskeletal mechanisms to promote migration and invasion [109]. The activation of axon
guidance pathways observed in the 3D model may therefore reflect this neural-like
reprogramming, whereby tumor cells adopt signaling and structural strategies reminiscent
of neurons to enhance motility, invasion, and metastatic potential [107]. This finding
reinforces the concept that 3D cultures better reproduce the biological complexity of
tumors, including their capacity for phenotypic plasticity and microenvironmental

adaptation, which are key determinants of malignancy and therapeutic resistance.
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Figure 12. Top 10 enriched Gene Ontology — Biological Process terms identified by EnrichR
among genes upregulated in 3D cultures. Terms are sorted by adjusted p-value (Benjamini-
Hochberg correction). Processes related to Regulation of Cell Migration and Positive

Regulation of Cell Cycle Process.

To further investigate the functional categories enriched in the 3D condition, genes
overexpressed in 3D (log,FC < -1, padj < 0.05) were analyzed using Reactome database
through the EnrichR platform (Figure 13). The enrichment analysis revealed a strong
association with pathways related to extracellular matrix (ECM) organization, growth factor

signaling, and cell cycle regulation:

Elastic Fibre Formation

o Ethanol Oxidation

e TGFBR3 Regulates TGF-f Signaling
e eNOS Activation

e Alternative Complement Activation

e Reelin Signaling Pathway



The top-ranking pathway, Elastic Fibre Formation, suggests active remodeling of the
extracellular matrix (ECM), consistent with a mesenchymal or invasive cellular phenotype.
The enrichment in TGF-B signaling further supports the involvement of developmental and
migratory programs, often associated with epithelial-mesenchymal transition (EMT) and
stem-like traits.

According to recent research about Reelin's functions, it seems to be involved in processes
such as cell proliferation, migration, and vascular development. [110] This suggests the
potential of the cancer stem cells in increasing tumor aggressiveness, metastatic potential
through unexpected pathways.

Additional enriched pathways related to angiogenesis, like eNOS activation [111,112] are
consistent with adaptation to hypoxia and nutrient gradients in 3D microenvironments.
Furthermore, the Complement Activation has been shown to be related to cell
dedifferentiation, proliferation, and migration, in addition to reducing apoptosis and

enhancing tumor growth and increasing metastasis [113].
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Figure 13. Enrichr-REACTOME. Pathway enrichment analysis- UPREGULATED in 3D vs 2D



Gene Set Enrichment Analysis (GSEA, Hallmark collection)

GSEA performed using the Hallmark gene set collection (MSigDB) revealed a marked

transcriptional divergence between the two conditions (Figure 14).
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Figure 14. Gene Set Enrichment Analysis, 3D vs 2D condition.

In the 2D condition, a strong enrichment of gene sets related to cell cycle progression, DNA

replication, and stress signaling was observed (Figure 15):

e E2F targets and G2M checkpoint indicated active cell cycle progression and mitotic

division.[114]

e MYC targets V1 highlighted upregulation of oncogenic transcriptional programs

driving uncontrolled proliferation.[114]

e DNA repair enrichment reflected replicative stress and genomic instability.

e Interferon-a and -y responses suggested activation of inflammatory and stress-

related pathways.




e Peroxisome pointed to oxidative stress and ROS detoxification mechanisms.

e Apicaljunction enrichmentindicated a partial attempt of 2D monolayers to maintain

cell-cell adhesion in a flat, artificial environment.

These results underscore that 2D cultures are characterized by hyperproliferative and

stress-associated transcriptional programs, consistent with their artificial and unstable

growth environment.
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Figure 15. Gene Set Enrichment Analysis, Enriched genes in 2D condition.

In contrast, only a limited number of gene sets were enriched in 3D, but they highlighted key

developmental and stemness-associated pathways:

e \Whnt/B-catenin signaling (Figure 16): a pathway crucial for cancer stem cell (CSC)

maintenance in multiple tumor types, including HNSCC, breast, liver, colon and

melanoma.[115]



e TNFa signaling via NF-kB (Figure 17): known to enhance CSCs properties such as
CD44 upregulation and self-renewal capability [116], as well as to promote epithelial-
mesenchymal transition (EMT), enhancing migration and invasion.[117]

e Hedgehog signaling (Figure 18): regulating proliferation, differentiation, and
structural growth is recognized as a driver of CSC expansion and tumor
progression.[118]

These enrichments suggest that in 3D, cells activate developmental and stemness-related
signaling pathways, more closely mimicking in vivo tumor microenvironments.

In conclusion, 2D cultures are characterized by uncontrolled proliferation, DNA replication
stress, and inflammatory/oxidative responses, indicative of an artificial system.

3D cultures overexpressed pathway, although fewer of them were significantly enriched, are
involved in developmental and CSC-associated signaling (Wnt, TNFa/NF-kB, Hedgehog),
reflecting a more physiological and tumor-relevant state that may sustain stemness,

plasticity, and microenvironmental adaptation.
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Figure 16. Gene Set Enrichment Analysis, Wnt/B-catenin signaling enriched in 3D condition
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Figure 17. Gene Set Enrichment Analysis, TNFa signaling via NF-kB enriched in 3D condition
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Figure 18. Gene Set Enrichment Analysis, Hedgehog signaling enriched in 3D condition



3.5 Functional evaluation of Benzyl Isothiocyanate (BITC) in HNSCC cell
models

3.5.1 BITC Sensitizes HN22, HN8, HN30, and HN31 HNSCC cancer cells to the
Cytotoxic Effects of Chemo- and Radiation Therapies

To evaluate whether BITC enhances the cytotoxic effects of standard treatments,
HNSCC cell lines were pretreated with 10 uM BITC for 1 hour and subsequently exposed
to cisplatin (CDDP, 10 uM), ionizing radiation (4 Gy or 8 Gy), or their combinations. Cell

viability was assessed at 72 hours following treatment.

In the HN22 cell line, treatment with cisplatin or radiation alone did not result in
significant reductions in viability compared to untreated controls, confirming the
intrinsic resistance of this cell line. However, pretreatment with BITC markedly
enhanced sensitivity to combined modalities. The most pronounced reduction in cell
viability was observed following BITC pretreatment combined with 8 Gy radiation and
cisplatin, which was significantly more effective than any single or dual treatment

(Figures 19,20).

A similar pattern was observed in the paired metastatic-derived cell lines HN8, HN30,
and HN31. In these models, BITC pretreatment followed by 4 Gy or 8 Gy radiation in
combination with cisplatin resulted in a significant decrease in cell viability compared
to radiation or chemotherapy alone (Figures 21,22). Across all tested cell lines, the triple
combination of BITC pretreatment, 8 Gy radiation, and cisplatin consistently produced

the greatest cytotoxic effect.
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Figure 19-22. Decreased viability of HN22, HN8, HN30 and HN31 cancer cells at 72
hours after receiving a 1-hour BITC treatment before radiation and cisplatin (CDDP)
therapies. Cell viability was assessed by spectrophotometric measurements after 72
hours after BITC treatment using Calcein AM dye. Three sets of treatment groups were
used. Cells received 10uM BITC for 1-hour only, 10uM CDDP alone for 24 hours, or 1-
hour 10uM BITC followed by 10uM CDDP for 24 hours. Control cells received DMSO.
One set of treatment groups did not receive radiation (NR), a second set received 4 Gray
of radiation, and a third setreceived 8 Gray of radiation. Data for the graph is the average
of three separate experiments. Error bars represent standard deviation (*p<0.05,
**p<0.001, are significantly different from NR Control). (*a = significantly different from

NR BITC; CDDP p<0.05).

3.5.2 BITC enhances apoptotic cell death via caspase 3/7 activation

To determine whether the observed reduction in cell viability was associated with

apoptotic cell death, caspase 3/7 activity was measured 72 hours after treatment.

In HN22 cells, a significant increase in caspase 3/7 activity was detected following
treatment with cisplatin alone and with the combination of cisplatin and BITC in non-
irradiated conditions (Figure 23A). Upon exposure to radiation, caspase activation was
further increased, with the highest levels observed in cells treated with the triple
combination of BITC, cisplatin, and 8 Gy radiation, corresponding to an approximately

36-fold increase relative to control.

In HN8 cells, caspase 3/7 activity was significantly elevated following cisplatin and BITC

treatment in the absence of radiation. Radiation exposure further amplified apoptotic



signaling, with the triple combination producing a >46-fold increase in caspase activity

(Figure 23B).
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Figure 23. Apoptosis - Caspase 3/7 Activity HN22 and HNS8

Similarly, in HN30 and HN31 cell lines, all treatment conditions induced significant

increases in caspase 3/7 activity. The strongest apoptotic response was again observed

following combined BITC, cisplatin, and 8 Gy radiation, resulting in approximately 17-

fold and 19-fold increases, respectively (Figure 24).
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Figure 24. Apoptosis - Caspase 3/7 activity HN30 and HN31

The specificity of caspase-mediated apoptosis was confirmed using the caspase 3/7
inhibitor Ac-DEVD-CHO, which significantly reduced caspase activity in all treated

groups while maintaining levels above untreated controls.

3.5.3 Antioxidant pre-treatment with glutathione blocks BITC-induced
cytotoxicity

To investigate the role of oxidative stress in BITC-mediated cytotoxicity, HNSCC cell lines
were pretreated with glutathione (GSH, 5 mM) prior to BITC exposure. Cell viability was

assessed 24 hours after treatment.



Treatment with BITC alone resulted in a 30-50% reduction in cell viability across all

tested cell lines compared to untreated controls (p < 0.01). In contrast, GSH

pretreatment completely abrogated the cytotoxic effect of BITC, restoring cell viability to

levels comparable to control conditions (Figure 25). These results indicate that BITC-

induced cell death is strongly dependent on intracellular redox imbalance and reactive

oxygen species (ROS) generation.
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3.6 Functional evaluation of Polydatin in HNSCC cell models

3.6.1 Polydatin selectively reduces viability of HNSCC cells compared to healthy

fibroblasts

The cytotoxic effects of Polydatin (Pol) were evaluated in the HNSCC cell line HSC2 and

compared with healthy gingival fibroblasts (hGF) to assess tumor selectivity. Cell



viability was measured using the MTT assay following 24-hour and 48-hour exposure to

Pol at concentrations of 250 uM and 500 pM.

As shown in Figures 26 and 27, Pol treatment induced a dose-dependent reduction in
cell viability in HSC2 tumor cells, whereas its effect on hGF cells was minimal. After 24
hours of treatment, hGF cells showed no significant reduction in viability at 250 uM, and
only a modest decrease (19.3%) at 500 uM compared to controls. In contrast, HSC2
cells exhibited a marked decrease in viability, with reductions of 51.1% and 62.0% at 250

UM and 500 puM, respectively (Figure 26 A-B).
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Figure 26. Dose-dependent reduction in cell viability in HSC2 tumor cells 24hrs after

polydatin

After 48 hours of exposure, hGF cells remained largely unaffected by Pol treatment at
both concentrations, while HSC2 cells continued to show a significant decrease in
viability. Specifically, reductions of 31.3% and 62.8% were observed at 250 uM and 500

UM, respectively, relative to untreated controls (Figure 27A-B). These data demonstrate



that Polydatin exerts a selective cytotoxic effect on HNSCC cells, sparing non-tumor oral

fibroblasts.
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Figure 27. Dose-dependent reduction in cell viability in HSC2 tumor cells 48hrs after

polydatin

3.6.2 Polydatin induces a senescence-associated transcriptional response in
HNSCC cells

To investigate the molecular mechanisms underlying Pol-induced growth inhibition, the
expression of genes involved in cell cycle regulation, survival, and apoptosis was
analyzed by quantitative real-time PCR in HSC2 cells following treatment with 250 uM

Pol.



As shown in Figure 28A, Pol treatment resulted in a significant upregulation of p21
(CDKN1A) compared to untreated controls. p21 is a cyclin-dependent kinase inhibitor
that mediates cell cycle arrest and is commonly associated with the induction of cellular
senescence. |In contrast, Pol treatment did not significantly alter the Bcl2/Bax
expression ratio (Figure 28B), indicating that short-term Pol exposure did not activate

classical apoptotic pathways.
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Figure 28. Relative gene expression after 8 h treatment with polydatin (250 uM).

These findings suggest that Polydatin-mediated growth inhibition in HNSCC cells is
associated with the induction of a senescence-like transcriptional program, rather than

apoptotic cell death.

3.6.3 Polydatin promotes antioxidant and stress-response pathways in HNSCC
cells

Given the known role of oxidative stress in tumor cell fate, the expression of genes

involved in the antioxidant response was evaluated following Pol treatment. Quantitative



PCR analysis demonstrated that exposure to 250 uM Pol for 8 hours significantly

increased the expression of Nrf2 and Sod2 in HSC2 cells (Figures 29A-B).
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Figure 29. Relative expression of oxidative stress-related genes after 8 h treatment with

polydatin

Nrf2 is a master regulator of cellular antioxidant defenses, while Sod2 encodes a
mitochondrial enzyme critical for the detoxification of reactive oxygen species. The
coordinated upregulation of these genes indicates activation of an Nrf2-mediated
antioxidant response, which is consistent with a stress-adaptive, senescence-

associated cellular state.



Together, these results indicate that Polydatin induces a non-apoptotic growth arrestin
HNSCC cells, characterized by selective cytotoxicity toward tumor cells, upregulation

of p21, and activation of antioxidant defense pathways.

Discussion
Head and neck squamous cell carcinoma (HNSCC) remains a major global health
challenge, characterized by high incidence, poor long-term survival, and limited
therapeutic options in advanced disease. [119] Despite improvements in surgical
techniques, radiotherapy, and systemic treatments, survival rates have remained largely
unchanged over the past decades, particularly in patients with locally advanced or
recurrent disease. One of the main obstacles to therapeutic success is the marked inter-
patient heterogeneity in treatment response, coupled with therapy-resistant tumor cell

populations. [120]

Growing evidence indicates that cancer stem cells (CSCs) play a central role in
therapeutic failure, disease recurrence, and metastasis in HNSCC. CSCs possess
intrinsic properties of self-renewal, plasticity, and resistance to chemotherapy and
radiotherapy, allowing them to survive conventional treatments and regenerate tumor
bulk. Consequently, therapeutic strategies that fail to eradicate CSCs are unlikely to
achieve durable clinical responses. [47] In this context, functional precision-medicine
approaches capable of directly interrogating tumor-specific drug sensitivity represent a

promising avenue to overcome treatment resistance.

ChemolD® as a functional precision-medicine tool in HNSCC

In the present study, we evaluated the clinical and biological relevance of the ChemolD®

functional chemosensitivity assay in HNSCC by directly assessing drug responses in



CSC-enriched tumor populations. Our findings demonstrate a high degree of
heterogeneity in chemosensitivity among patients with the same histological diagnosis,
supporting the concept thatempirical, guideline-based chemotherapy selection may be

suboptimal for a substantial proportion of patients.

Importantly, the observed variability in drug response was independent of tumor
anatomical site, as demonstrated by markedly different responses among tumors
arising from the same oral subsites, including the tongue and retromolar trigone. These
data reinforce the notion that HNSCC should not be treated as a biologically uniform
entity and highlight the limitations of standardized treatment algorithms that do not

account for patient-specific tumor biology.

While international guidelines identify cisplatin-based regimens as the cornerstone of
systemic therapy for advanced HNSCC, [121-123] our results indicate that cisplatin
monotherapy was not consistently the most effective treatment against CSCs in all
patients. In several cases, alternative combination regimens, particularly those
incorporating taxanes and fluoropyrimidines, achieved substantially higher CSC
cytotoxicity. Notably, ChemolD® enabled identification of drug combinations capable of
more than doubling CSC killing compared to cisplatin alone in individual patients,

underscoring its potential clinical utility in optimizing treatment selection.

Beyond therapeutic efficacy, ChemolD® offers additional advantages in terms of toxicity
reduction and cost-effectiveness. By excluding ineffective therapies upfront, the assay
may help limit unnecessary systemic toxicity, reduce treatment-related morbidity, and

avoid the economic burden associated with failed therapies. This aspect is particularly



relevantin elderly patients, in healthcare systems with limited resources, and in settings

where access to targeted therapies or immunotherapies is restricted.

The representative clinical case presented in this study further supports the
translational relevance of ChemolD®, illustrating how assay-guided chemotherapy
selection correlated with significant radiological tumor regression in a patient deemed
unsuitable for surgical intervention. While anecdotal, such cases provide proof-of-
concept evidence that CSC-directed functional testing can inform clinically meaningful

therapeutic decisions.

3D culture models and transcriptional plasticity in HNSCC

To better understand the biological underpinnings of CSC enrichment and therapy
resistance, we performed transcriptomic profiling of patient-derived OSCC cultures
grown under 2D and 3D conditions. Our results demonstrate that 3D culture systems
impose a selective pressure that favors survival of a stress-resistant subpopulation with
transcriptional features consistent with stemness, plasticity, and aggressive tumor

behavior.

In contrast to 2D cultures, which were dominated by transcriptional programs related to
extracellular matrix degradation, hyperproliferation, and replicative stress, 3D cultures
activated pathways involved in cell migration, developmental signaling, and phenotypic
adaptability. Overall, 3D cultures showed overexpression of genes related to pathways
linked to cell proliferation, mitotic control, and migration, consistent with a condition
that better mimics tumor aggressiveness and heterogeneity compared to 2D cell

cultures. The enrichment of axon guidance pathways in 3D-grown tumor cells suggests



a shift toward neural-like signaling mechanisms, a phenomenon increasingly
recognized as part of tumor cell plasticity[107]. Cellular plasticity is now considered a
functional hallmark of cancer, allowing tumor cells to evade terminal differentiation and
acquire new phenotypic states that enhance adaptability and survival. Tumor cells may
dedifferentiate into progenitor-like cells, inhibit differentiation to maintain a partially
undifferentiated phenotype, or even transdifferentiate into lineages of distinct
origin[108]. Recent evidence shows that cancer cells can acquire neuronal
characteristics, supporting a novel form of plasticity in which malignant cells adopt
features typical of neural lineages [107]. Neurons are defined by the expression of
lineage-specific genes, the ability to form long cytoplasmic projections (axons) guided
by environmental cues, and their capacity to secrete molecules and propagate
electrochemical signals. Analogously, tumor cells can exploit similar cytoskeletal
mechanisms to promote migration and invasion [109]. The activation of axon guidance
pathways observed in the 3D model may therefore reflect this neural-like
reprogramming, whereby tumor cells adopt signaling and structural strategies
reminiscent of neurons to enhance motility, invasion, and metastatic potential [107].
This finding reinforces the concept that 3D cultures better reproduce the biological
complexity of tumors, including their capacity for phenotypic plasticity and
microenvironmental adaptation, which are key determinants of malignancy and

therapeutic resistance.

The activation of pathways such as TGF-B signaling, Reelin signaling, eNOS activation,
and complement pathways in 3D cultures further supports the idea that CSC-enriched
populations engage unconventional signaling networks to sustain survival,

angiogenesis, and immune modulation.



The enrichment in TGF-B signaling further supports the involvement of developmental
and migratory programs, often associated with epithelial-mesenchymal transition
(EMT) and stem-Llike traits.[124]

According to recent research about Reelin's functions, it seems to be involved in
processes such as cell proliferation, migration, and vascular development. [110] This
suggests the potential of the cancer stem cells in increasing tumor aggressiveness,
metastatic potential through unexpected pathways.

Additional enriched pathways related to angiogenesis, like eNOS activation [111,112] are
consistent with adaptation to hypoxia and nutrient gradients in 3D microenvironments.
Furthermore, the Complement Activation has been shown to be related to cell
dedifferentiation, proliferation, and migration, in addition to reducing apoptosis and
enhancing tumor growth and increasing metastasis [113].

Taken together, these transcriptomic data validate the use of 3D culture systems as
biologically relevant models for studying CSC behavior and therapeutic resistance in
HNSCC. They also provide a mechanistic framework for interpreting the differential drug

responses observed in functional chemosensitivity assays.

BITC as a chemosensitizing and radiosensitizing agent
Patients with HNSCC diagnosed at early stages (stages I/ll) have been observed to
achieve long-term survival when treated with single modality treatment, through either
surgical resection or radiotherapy. However, patients with locally advanced HNSCC
(stages IllI/IV) need most of the time a multi-modality treatment approach, including
surgery, chemotherapy cocktails and radiotherapy. Neo-adjuvant or induction

chemotherapy is considered an effective way for downstaging different types of cancer



in case of advanced or aggressive malignancies, data on application of this approach on

HNSCC are limited and stil debated. [125,126]

In this context, the limited efficacy of standard chemotherapeutic regimens and the
emergence of therapy-resistant tumor cell populations highlight the need for novel
strategies capable of enhancing treatment response. We investigated the ability of the
phytochemical BITC to act as a chemosensitizing agent in HNSCC, with the aim of
improving the cytotoxic effects of conventional chemo-radiotherapy.
Our results demonstrate that BITC significantly enhances the cytotoxic effects of
chemotherapy and radiotherapy in therapy-resistant HNSCC cell lines by promoting

ROS-dependent apoptotic cell death.

The ability of BITC to sensitize cancer cells to cisplatin and radiation appears to be tightly
linked to intracellular redox imbalance. The rescue of cell viability following GSH
pretreatment confirms that BITC-induced cytotoxicity depends on oxidative stress
accumulation. GSH plays a central role in maintaining cellular redox homeostasis by
neutralizing ROS and regenerating antioxidant molecules such as vitamins C and E.[127]
Beyond its antioxidant function, GSH is critically involved in cancer-related processes,
including apoptosis evasion and resistance to chemotherapy and radiotherapy.[128]
BITC has been shown to conjugate with GSH through glutathione S-transferases,
resulting in depletion of intracellular reduced GSH and consequent accumulation of

ROS.[129] This redox imbalance promotes oxidative stress—-mediated cytotoxicity.

These findings are particularly relevant in the context of CSC biology, as CSCs are known
to maintain enhanced antioxidant capacity to survive genotoxic stress. By overwhelming

this protective mechanism, BITC may help overcome one of the key barriers to effective



CSC eradication. Importantly, BITC is derived from dietary isothiocyanates found in
cruciferous vegetables, compounds that have demonstrated safety and bioavailability
in clinical settings.[130] This raises the intriguing possibility that BITC-based
interventions could be integrated as low-toxicity adjuvants to conventional HNSCC

therapy.

Polydatin as a metabolic modulator and senescence-inducing agent

In parallel, we investigated Polydatin, a natural polyphenolic compound, as a potential
therapeutic agent targeting metabolic vulnerabilities in HNSCC. Our results showed a
significant dose and time dependent reduction in cell viability in HSC2 cells after
treatment with polydatin, while healthy gingival fibroblasts were only minimally affected
by the treatment. Moreover, the results indicated that Pol exerted its action in HSC2
cells primarily through the induction of cellular senescence and the activation of the

oxidant metabolism.

Cells in tumors, including HNSCC, exhibit elevated levels of oxidative stress and are
highly dependent on glycolysis and altered mitochondrial dynamics for survival and
proliferation [131]. Cancer cells respond to oxidative stress by modifying signaling
pathways that influence ROS metabolism, and this process contributes to tumor
progression [132-134]. Our results therefore supported the interesting hypothesis that Pol
exploited this metabolic vulnerability of tumor cells by promoting oxidative metabolism,
thus promoting senescence. Healthy cells, on the other hand, showed stable metabolic
activity and were largely unaffected by Pol treatment. These data indicate that Pol

predominantly targets cancer cells with minimalimpact on healthy cells, demonstrating



a favorable toxicity profile, which is of particular interest for its potential clinical

application.

We further investigated the effects of Pol on cell cycle regulation. p21 is a key cell cycle
regulator that inhibits the G1-S transition[135], and has been associated with tumor
progression and poor prognosis, including in HNSCC.[136-138]. Our data indicate that
the early response of HNSCC cells to Pol is primarily mediated by p21-driven cell cycle
arrest rather than apoptosis. This interpretation is supported by the absence of
significant changes in the Bcl2/Bax ratio following short-term Pol exposure, suggesting
that canonical apoptotic pathways are not initially activated. This mechanism differs
from that reported in other tumor models, such as osteosarcoma, where Pol has been

shown to induce apoptosis [139].

Beyond its effects on cell cycle control, Pol also modulated the oxidative stress
response. We observed an upregulation of Nrf2 and Sod2, two key components of the
antioxidant defense system. Activation of Nrf2, a master regulator of oxidative stress
responses, [140] suggests that Pol acts as a metabolic modulator capable of altering
redox homeostasis in HNSCC cells, in line with previous reports[141]. The increased
expression of Sod2, a mitochondrial enzyme involved in detoxification of superoxide
radicals, [142] further supports the hypothesis that Polinduces a metabolic shiftin tumor
cells. Specifically, Pol appears to redirect HNSCC cell metabolism away from glycolysis
toward mitochondrial oxidative metabolism, a process that may contribute to growth

arrest and senescence. [143]

Although Pol has demonstrated antitumor activity in several cancer types, including
osteosarcoma,[141] breast,[144] and cervical cancer,[145] its role in HNSCC has

remained largely unexplored. The ability of Pol to preferentially affect tumor cells while



sparing healthy cells highlights its favorable toxicity profile and supports its potential
use as an adjuvant or preventive strategy in a tumor type characterized by high
recurrence rates, metabolic plasticity, and therapeutic resistance. Further studies are
warranted to assess the long-term effects of Pol and to elucidate the signaling networks
involved, as well as potential synergistic interactions with radiotherapy or

immunotherapy in translational settings.

Conclusions and future perspectives
Collectively, this work establishes a precision oncology framework for HNSCC that
integrates functional CSC-directed chemosensitivity testing, transcriptional profiling in
biologically relevant 3D models, and evaluation of bioactive compounds targeting tumor
plasticity and redox balance. By addressing both inter-patient heterogeneity and
intrinsic therapy resistance, this approach offers a rational strategy to improve

therapeutic outcomes while minimizing toxicity.

Future studies should focus on prospective clinical validation of ChemolD® in HNSCC,
longitudinal monitoring of CSC evolution during treatment, and exploration of
combinatorial strategies integrating BITC, Polydatin, and standard therapies. Such
efforts may ultimately contribute to more effective, personalized, and sustainable

treatment paradigms for patients with head and neck cancer.
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