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ZUSAMMENFASSUNG 

Karzinome des Kopf-Halsbereichs (Head and neck squamous cell carcinoma: 

HNSCC) sind häufige Malignome, die in Epithelien des oberen 

Aerodigestivtrakts auftreten. Eine Überexpression und/oder Mutationen im 

Epidermalen Wachstumsfaktorrezeptor EGFR konnte in 80-90% aller HNSCC 

festgestellt werden und korrelierte mit vermindertem Gesamt- und 

krankheitsfreiem Überleben. Die Behandlung stark fortgeschrittener HNSCC 

Patienten beinhaltet die Adresierung des EGFR Signalweges unter 

Verwendung monoklonalen therapeutischer Antikörper oder spezifischer 

Tyrosinkinase Inhibitoren in Kombination mit einer Radiotherapie. Leider bleibt 

die Effizienz der EGFR-spezifischen Therapie mit dem monoklonalen 

Antikörper Cetuximab, welcher zur Behandlung von HNSCC durch die EMA 

und FDA freigegeben ist, limitiert. Dies beruht unter anderem auf dem Auftreten 

resistenzvermittelnder EGFR Mutationen und durch Mutationen, welche 

aufgrund der Therapie selektiert werden. Trotz einer Vielfalt EGFR-basierter 

Studien sind die Signalwege und Gene, welche essenzielle Rollen bei der EGF-

vermittelten Invasion von Tumorzellen bislang nur unzureichend bekannt. 

Daher könnte ein verbessertes Wissen zu den molekularen Mechanismen der 

EGF-vermittelten Invasion hilfreich sein, neue therapeutische Zielmoleküle mit 

verbesserter Effektivität bei geringeren Nebeneffekten zu identifizieren. 
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Das Ziel dieser Studie war es ein 3D Modell zur Untersuchung der EGFR-

abhängigen Signalwege und Zielmoleküle, welche in der EGF-vermittelten 

Invasion funktionell sind, zu etablieren. Zu diesem Zweck sollte das 

photokonvertierbare, fluoreszente Protein Dendra2 verwendet werden, um 

invasive Zellen in einer extracellulären Matrix selektiv zu markieren und 

isolieren. Anschließend sollten angereicherte, invasive Zellen mittels Next-

eneration RNA Sequenzierung analysiert werden.  

Das etablierte 3D Modell simulierte eine EGF-vermittelte lokale Invasion von 

HNSCC Zellen in ECM, welche vornehmlich vom MAPK/ERK Signalweg 

abbhängig war. Durch eine Photoconversion von Dendra2 von einer grünen zu 

einer roten Fluoreszenz in invasiven Zellen konnten diese von nicht-invasiven 

Zellen selektiv getrennt und angereichtert werden. Durch eine RNA-

Sequenzierung invasiver, nicht-invasiver, unbehandelter und Inhibbitor-

behandelter Zellen konnten transkriptomische Unterschiede mittels 

bioinformatischer Ansätze bestimmt werden. 449 Gene, welche am Stärksten 

zur signifikanten An- oder Abreicherung zentraler zellulärer Prozesse beitrugen, 

wurden mittels GSEA identifiziert. Aus dieser Genliste wurden 46 Gene 

identifiziert, welche DEGs (log2 FC >1, p-value < 0.05) und durch Cetuximab 

und/oder MEK Inhibitor gegenreguliert waren. Diese 46 Gene wurden mit 

Modulen ko-regulierter Gene, die in scRNA Datensätzen maligner HNSCC 
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Zellen am stärksten mit einer EMT und EGFR und MAPK Aktivität korrelierten, 

cross-referenziert. Diese Vorgehensweise führte zu Identifikation von 16 Genen 

mit starker Verbindung zu Zellinvasion and Gewebsremodellierung. Die 

Sphingosin Kinase 1 (SPHK1), eines der identifizierten 16 Genen, wurde als 

potenzielle Zielstruktur für die Hemmung der EGF-vermittelten Invasion 

validiert. Eine Hemmung von SPHK1 zeigte initiale Wirksamkeit bei der 

Inhibition der Invasion und bei der Unterstützung von Cetuximab Effekten. 

Zusammenfassend wurden in der vorliegende Arbeit transkriptomische 

Unterschiede zwischen invasiven und nicht-invasiven HNSCC Zellen nach 

EGF-Behandlung definiert. Eine Gensignatur invasiver Zellen, welche in vitro 

mit EGF-vermittelter Invasion und in Tumor-Einzelzellen mit EMT, EGFR und 

MAPK Aktivität am stärksten korrelierte, wurde extrahiert. Präliminäre Daten 

konnten eines der 16 identifizierten Gene, SPHK1, als vielversprechendes 

Kandidatgen für die Hemmung der EGF-vermittelten lokalen Invasion 

definieren. 
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ABSTRACT 

Head and neck squamous cell carcinoma (HNSCC) commonly occur in the 

mucosa of the sinuses, oropharynx, hypopharynx, and larynx. Overexpression 

or mutation of epidermal growth factor receptor (EGFR) is widespread in 80%-

90% of HNSCC patients and correlates with reduced overall and progression-

free survival. Treatment for highy advanced HNSCC patients includes anti-

EGFR monoclonal antibodies or kinase inhibitors and concurrent radiotherapy. 

However, the efficacy of the EGFR-targeting monoclonal antibody Cetuximab 

is currently limited, partly due to pre-existing genetic alterations in EGFR that 

make them resistant to EGFR inhibition and to the ability to acquire secondary 

mutations under therapeutic pressure, contributing to treatment avoidance. 

Despite numerous EGFR-based studies, the pathways or genes that play 

essential roles in EGF-mediated invasion of tumor cells are still not fully 

understood when using EGFR inhibitors in HNSCC. Hence, a deeper 

understanding of the molecular mechanisms of EGF-mediated invasion may 

help to find therapeutic targets with greater effectiveness, lower dosage, and 

fewer side effects. 

The aim of this thesis was to construct a 3D cellular model to study the 

downstream pathway(s) of EGFR mainly contributing to EGF-mediated 

invasion and to use the Dendra-2 photoconvertible protein to locate and isolate 
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invasive cells in EGF-mediated 3D invasion. Eventually, next-generation gene 

sequencing should be used to obtain transcriptome information of invasive cells 

and on Cetuximab inhibition, to dissect mechanisms of EGF-mediated invasion 

in HNSCC and find potential therapeutic targets. 

The established 3D invasion assay demonstrated EGF induced local invasion 

of HNSCC cells into type I collagen matrix and that the MAPK/ERK signaling 

pathway downstream of EGFR dominates EGF-mediated invasion. Upon 

photoconversion of the green protein Dendra2 in locally invaded cells into a red 

fluorescence, invasive and non-invasive cells were separated by FACs. Bulk 

RNA-sequencing  of invasive, non-invasive, control cells, Cetuximab and MEK 

inhibitor-treated cells was performed and transcriptomic differences were 

analyzed using bioinformatic approaches. Differences between invasive and 

untreated cells were addressed by gene set enrichment analysis (GSEA) and 

449 genes leading edge genes with the highest contribution to biological 

hallmarks significantly enriched or suppressed in invasive cells were extracted. 

From these 449 genes, 46 genes were significantly up- or down-regulated (log2 

FC >1, p-value < 0.05) and counter-regulated by Cetuximab and/or MEK 

inhibition. These extracted 46 genes were cross-referenced to gene modules 

obtained by weighted gene co-expression network analysis in single cell RNA-

seq data from HNSCC patients, which showed the highest correlation with EMT, 
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EGFR and MAPK pathway activities. A total of 16 genes resulted from this 

analysis. Finally, sphingosine kinase 1 (SPHK1), as a member of these 16 

genes, was targeted for inhibition in the 3D invasion assay, demonstrating 

preliminarily efficacy in blocking invasion and in supporting Cetuximab effects 

on invasive cells. 

In summary, the present work defined transcriptomic differences in invasive 

HNSCC cells following EGF treatment and extracted a gene set correlated to 

EGF-mediated invasion in vitro and to EMT, EGFR and MAPK pathway acitivity 

in single malignant cells of HNSCC patients. Preliminary data further identified 

SPHK1 as a promising target for the inhibition of EGF-mediated local invasion. 
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ABBREVIATIONS 

AREG, amphiregulin; 

BTC, betacellulin; 

CAFs, cancer-associated fibroblasts; 

CTCs, circulating tumor cells; 

CRT, chemoradiation therapy; 

CSCs, cancer stem cells; 

CSM, collagen and serum-free medium mixture; 

DEGs, differential expressed genes; 

DTCs, disseminated tumor cells; 

ECM, extracellular matrix; 

EGF, epidermal growth factor;  

EGFR, epidermal growth factor receptor; 

EMT, epithelial-mesenchymal transition; 

EMT-TFs, EMT-activating transcription factors; 

ERK1/2, extracellular signal–regulated kinase 1/2; 

EPGN, low-affinity ligands epigen; 

EREG, epiregulin; 

EpCAM, epithelial cell adhesion molecule; 

EpEx, extracellular domain of EpCAM; 
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FACS, fluorescence-activated cell sorting; 

FGF, Fibroblast growth factors; 

FDR, false discovery rates; 

GSEA, Gene set enrichment analysis; 

GFP-A, green fluorescent protein-area; 

HPV, human papillomavirus; 

HNSCC, head and neck squamous cell carcinoma; 

HB-EGF, heparin-binding EGF-like growth factor; 

IHC, immunohistochemistry; 

ITH, inter-tumoral heterogeneity; 

JAK, Janus kinase; 

LMU, Ludwig-Maximilians-University; 

MEK, MAPK–ERK kinase; 

MET, mesenchymal-to-epithelial transition; 

MATH, Mutant-allele tumor heterogeneity; 

mTOR, mammalian target of rapamycin; 

NPC, nasopharyngeal carcinoma; 

NES, normalized enrichment scores; 

OS, overall survival; 

pEMT, partial EMT; 

pERK, phosphorylated extracellular signal–regulated kinase; 
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PCA, principal component analysis; 

PI3, phosphoinositide-3; 

PLC, phospholipase C; 

PD1, Programmed death-1; 

PD-L1, Programmed Cell Death Ligand 1; 

Raf, rapidly accelerated fibrosarcoma kinase;  

Ras, rat sarcoma gene; 

RTKs, receptor tyrosine kinases; 

scRNA-seq, single cell RNA-sequencing; 

SPHK1, Sphingosine Kinase 1; 

STAT3, Signal transducer and activator of transcription 3; 

TCGA, The Cancer Genome Atlas; 

TFs, transcription factors; 

TGF-α, transforming growth factor-α; 

TME, tumor microenvironment; 

TKIs, tyrosine kinase inhibitors; 

VEGF, Vascular endothelial growth factor; 

WGCNA, weighted gene co-expression network analysis; 

 

 



 

 

10 

 

1 INTRODUCTION 

1.1 Head and Neck Squamous Cell Carcinoma 

With more than 600,000 new cases worldwide each year, Head and Neck 

Squamous Cell Carcinoma (HNSCC) is the world's sixth most prevalent 

malignancy. According to the Global Cancer Observatory, the occurrence of 

HNSCC is rising and is expected to continue to climb (GLOBOCAN) (Bray et 

al., 2018; Ferlay et al., 2019). 

The prevalence of HNSCC varies between nations and has often been linked 

to either excessive alcohol intake, cigarettes, or both. Human papillomavirus 

(HPV) carcinogenic strains, particularly HPV-16 and -18, are increasingly 

associated with oropharyngeal / pharynx malignancies, which are then termed 

HPV-associated HNSCC. The term HPV-negative HNSCC currently refers to 

HNSCCs of the oral cavity and larynx, which are still primarily linked to smoking. 

While Nasopharyngeal carcinoma's (NPC) causation is associated with more 

factors, such as eating habits, viral influences, and genetic (Rebbeck, 2008). 

Genetic instability such as recurrent chromosomal deletion or acquisition and 

epigenetic modifications contribute to the tumorigenesis of HNSCC (Cancer 

Genome Atlas, 2015; Castilho, Squarize, & Almeida, 2017; Johnson et al., 

2020). The tumor microenvironment (TME), in addition to genetic or epigenetic 
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modifications, is an important factor in cancer metastasis. Including endothelial 

cells, cancer-associated fibroblasts (CAFs), and immune cells, the TME in 

HNSCC is a complex and diverse combination of cells. Those cells have the 

capacity to degrade and remodel the extracellular matrix (ECM) or produce and 

trigger matrix-embedded growth factors (including EGFs, FGFs, VEGFs, and 

TGFs) that promote the growth of tumor cells, angiogenesis, and suppress the 

immune response (Eskiizmir, 2015; Johnson et al., 2020). 

Despite the use of multifaceted treatment methods such surgery, 

chemoradiation therapy (CRT), and targeted therapy with anti-EGFR 

monoclonal antibodies and biologicals that target Programmed Death-1 (PD1)/ 

Programmed Cell Death Ligand 1 (PD-L1), patient survival rates are still low 

(Baumeister, Zhou, Canis, & Gires, 2021; Cramer, Burtness, Le, & Ferris, 2019; 

Johnson et al., 2020; Leemans, Braakhuis, & Brakenhoff, 2011; Leemans, 

Snijders, & Brakenhoff, 2018). Nowadays, multi-omic techniques, such as 

transcriptomics, proteomics, multi-dimensional flow, etc., are widely applied in 

studies to investigate potential reasons for the high resistance of HNSCCs to 

multi-modal treatment and get a deeper understanding of HNSCC development 

(Baumeister et al., 2021; C. Huang et al., 2021). Furthermore, DNA mutations, 

epigenetic modifications, and protein expression, including their activation level, 

and mechanisms of HNSCC metastasis, should be clarified (Stransky et al., 
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2011). Therefore, combining multi-omic approaches to find novel prospective 

therapeutic targets and treatment strategies to overcome or lessen RCT 

resistance and to address metastatic progression is essential. 

1.1.1 Heterogeneity and therapeutic approaches of HNSCC 

The high heterogeneity of HNSCC has been revealed in recent years (Cancer 

Genome Atlas, 2015; Leemans et al., 2018; Puram et al., 2017). High intra- and 

inter-tumoral heterogeneity (ITH) creates a tremendous level of cellular variety, 

enabling the emergence of specific cellular subpopulations with unique 

transcriptomic signatures. Mutant-allele tumor heterogeneity (MATH), which is 

typically linked with shorter survival, is a criterion for the clinical outcome of 

patients based on the degree of genetic heterogeneity. A poor prognosis is 

associated with high mutational burden in gene coding regions. (Mroz, Tward, 

Hammon, Ren, & Rocco, 2015; Mroz et al., 2013). Treatment of malignant 

tumors is typically complicated by ITH, which poses significant challenges since 

standard therapies may omit to target tumor cell subpopulations, which can 

eventually be the origin of recurrences and/or metastatic spread (Baumeister 

et al., 2021; Puram et al., 2017). 

In 2015, The Cancer Genome Atlas (TCGA) study provided a comprehensive 

view of somatic genetic changes by analyzing 279 HNSCCs (Cancer Genome 

Atlas, 2015). In HPV (-) HNSCCs, cell cycle, cell mortality, NF-κB signaling, and 
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other tumorigenic cascades are targeted by mutually exclusive classes of 

mutations including amplicons on chr. 11q with CCND1, FADD, BIRC2, and 

YAP1 or parallel mutations of CASP8 with HRAS. Regarding HPV (+) 

oropharyngeal tumors, gene mutations of PIK3CA, lack of TRAF3, and E2F1-

amplification indicated an aberrant NF-kB activation, cell cycle and other 

oncogenic pathways as being crucial in the etiology and for the development of 

novel targeted therapeutics for these tumors. We may be able to accelerate the 

progress in prevention and therapy across tumor types if those common and 

distinctive heterogeneities can be further studied. 

Intra-tumor heterogeneity refers to the fact that HNSCCs are formed of a 

heterogeneous collection of tumor cells exhibiting unique RNA transcript 

signatures, according to a single cell RNA-sequencing (scRNA-seq) study of 

oral cavity cancer patients by Puram et al. (Puram et al., 2017). These findings 

revealed that malignant cells in partial epithelial-to-mesenchymal transition 

(pEMT) were located near the edges of tumor areas. Another indication of the 

significance of this differentiation program in the metastatic cascade is the 

association between loco-regional lymph node metastases and tumors with a 

predominate p-EMT signature. And the gene signatures for partial pEMT 

differed between malignant cells within tumors (Bierie et al., 2017; Puram, 

Parikh, & Tirosh, 2018a; Puram et al., 2017; Schinke et al., 2022b). Numerous 
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phenotypic and functional traits, including motility, morphology, angiogenesis, 

proliferation, invasiveness, metabolism, and immunological resistance, are 

heterogeneous in HNSCC (Baumeister et al., 2021; Burrell, McGranahan, 

Bartek, & Swanton, 2013). 

Nowadays, clinical criteria used to identify patients for participation in landmark 

trials of definitive therapy are usually applied to guide treatment decisions for 

HNSCC rather than stage categories (Bergers & Hanahan, 2008; M. A. Nieto, 

R. Y. Huang, R. A. Jackson, & J. P. Thiery, 2016a; Weinstein, Quon, O'Malley, 

Kim, & Cohen, 2010). The level of therapeutic effect, such as a monoclonal 

antibody, also depends on the subtype of tumor cells and their sensitivity to 

different treatments. One of the classic treatment combinations is EGFR 

monoclonal antibody cetuximab combined with radiotherapy to prevent 

chemotherapy toxicity in HPV-negative HNSCC patients. By using expression 

profiling, Chung et al. further discovered in 2004 that HNSCCs can be classified 

into multiple subtypes with varied prognoses, and even among EGFR-

expressing tumors, they demonstrated various patterns of EGFR pathway 

activation. This indicates that the effectiveness of the treatment is closely 

related to the gene expression levels of the treatment-related pathways (Chung 

et al., 2004). Recent evidence suggests that the level of EGFR ligands, rather 

than EGFR itself, may be important for Cetuximab response (C. Huang et al., 
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2021). Treatment advances in the past few years offer the possibility of limiting 

the toxicity of treatment and further improving outcome for patients with 

HNSCCs (Machtay et al., 2008; Nguyen-Tan et al., 2014; Vermorken et al., 

2007). These improvements include minimally invasive transoral surgery, 

chemoradiotherapy, conventional fractionated radiotherapy, intensity-

modulated radiotherapy, adaptive radiotherapy, proton beam therapy, cytotoxic 

chemotherapy, targeted therapies, immunotherapy, amongst others (Cramer et 

al., 2019; Johnson et al., 2020; Nieto et al., 2016a). However, despite these 

objective technical improvements in treatment, the survival of HNSCC patients 

remains unsatisfying. Together, these findings suggest that heterogeneity is a 

significant barrier to treating HNSCC effectively and that more patient-tailored 

approaches are in demand. 

1.2 Epithelial-to-mesenchymal transition (EMT) 

The epithelial-to-mesenchymal transition (EMT) is a cellular differentiation 

process during which epithelial cells downregulate their epithelial features, 

including a loss of cell polarity and cell-to-cell adhesion, and increased 

migratory or invasive capacity, to transdifferentiate into mesenchymal cells. Hay 

et al. first introduced EMT in 1968, and their research revealed early 

embryogenesis to be a program with clearly characterized cellular properties 
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(Hay, 1995; Sexén, 1970). It is commonly acknowledged that EMT occurs 

naturally throughout development, including early embryonic development, 

organogenesis development, wound healing, tissue regeneration and organ 

fibrosis, cancer progression and metastasis (Kalluri & Weinberg, 2009). 

Additionally, it is recognized that tissue fibrosis and cancer both can trigger EMT 

(Nieto et al., 2016a). The reverse process of EMT, known as mesenchymal-to-

epithelial transition (MET), also occurs frequently during development. During 

the process of MET, cells usually adopt an apico-basal polarization and present 

junctional complexes including adherents and tight junctions, which are 

distinctive to epithelial cells, leading to the loss of migratory capacity (Nieto et 

al., 2016a).  

However, the processes of EMT and MET are not binary shifts. The transition 

from an epithelial to a mesenchymal state is usually complete during 

embryogenesis. During normal development or in a pathological context, some 

cells may still reside in intermediate states with both epithelial and 

mesenchymal characteristics. Importantly, depending on the biological 

environment, these intermediate states might vary widely (Hay, 1995; Kalluri & 

Weinberg, 2009; Nieto et al., 2016a; Puram et al., 2018a; Schinke et al., 2022a; 

Thiery, Acloque, Huang, & Nieto, 2009; Yeung & Yang, 2017). 
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1.2.1 EMT in cancer 

Changes in cell phenotypes known as EMT have been found to have a role in 

the tumorigenic process and might have been highjacked by tumor cells in 

analogy to cells undergoing EMT during gastrulation in the developing embryo. 

Indeed, the concept that EMT is a crucial factor in epithelial-derived tumor 

malignancies originated from the striking similarities between cell plasticity in 

embryonic development and cancer progression (Cano et al., 2000; Thiery, 

2002). The process of tumorigenesis, cancer cell stemness, invasion, 

metastasis, and therapy resistance have all been linked to the EMT state. 

Specific transcription factors (TFs) described as canonical EMT-activating 

transcription factors are promoted by pleiotropic signaling factors (EMT-TFs). 

Canonical EMT-TFs SNAIL, SLUG, TWIST1/2, and ZEB1/2 (Figure 1), together 

with miRNAs, and epigenetic and post-translational regulators, contribute to the 

regulation of EMT (Brabletz, Kalluri, Nieto, & Weinberg, 2018; Lambert, 

Pattabiraman, & Weinberg, 2017; Nieto et al., 2016a). Eventually, EMT enables 

cancer cells to detach from primary carcinomas, to further migrate, and spread 

to locoregional or distant areas (Thiery, 2002). 

In the cancer dissemination process, circulating tumor cells (CTCs), which are 

tumor cells that have detached from the primary tumor and have gained access 

to the blood and lymphatic circulation, play an essential role. Generally, CTCs 
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are considered the origin of locoregional and distant metastases, which has 

been demonstrated for metastatic breast cancer (Baccelli et al., 2013). The 

notion that CTCs express both epithelial and mesenchymal markers suggests 

an active EMT process, according to Yu et al. and Khoo et al. (Khoo et al., 2015; 

M. Yu et al., 2013). Furthermore, when breast cancer CTCs have transiently 

expanded, cells display a whole spectrum of EMT phenotypes, which are 

associated with different aspects of tumor progression. CTCs characterized by 

a restricted mesenchymal shift showed the highest metastatic potential, 

whereas CTCs in EMT were more resistant to chemotherapeutic treatment (Liu 

et al., 2019). Besides these differences in cellular phenotypes, there is proof 

that ECM components produced by CTCs may play a role in the successful 

colonization of distant organs (Khoo et al., 2015; Ting et al., 2014). According 

to Zheng et al. and Fischer et al.’s studies in breast cancer and pancreatic 

ductal adenoma-carcinoma, EMT might not be required for the progression of 

cancer into a metastatic state (K. R. Fischer et al., 2015; Zheng et al., 2015). 

Although these data are challenging, the role of EMT cannot be dismissed as a 

major factor in cancer progression, and many studies have demonstrated that 

EMT contributes to the progression of tumor metastasis in numerous cancer 

types (Beerling et al., 2016; K. R. Fischer et al., 2015; W. Y. Li & Kang, 2016; 

Maheswaran & Haber, 2015; Tang et al., 2014; Trimboli et al., 2008; Tsuji, 
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Ibaragi, & Hu, 2009; Ye et al., 2015). 

Based on the strong connection between EMT and tumor heterogeneity, 

invasion, and metastasis reversing the EMT process might be a promising 

option for a re-differentiation therapy (Beug, 2009; Chua et al., 2011; R. Y. 

Huang, Guilford, & Thiery, 2012; Nieto, 2013; Thiery & Sleeman, 2006). For 

example, based on EMT models, Carmody et al. and Gupta et al. discovered 

lead drugs to target the HMLE_sh_ECad in cancer stem cells (CSCs) in breast 

cancers (Carmody et al., 2012; Gupta, Chaffer, & Weinberg, 2009; Gupta, 

Onder, et al., 2009). More compounds targeting different signaling pathways 

are proposed and developed in the context of EMT, for example regarding the 

TGFβR, EGFR, HGFR, phosphatidylinositol 3-kinase (PI3K)/Akt, ERK/MAPK, 

and PDGFR signaling pathways. These studies bring hope for clinical treatment 

and open potentially novel paths to therapy (Giannelli, Villa, & Lahn, 2014; 

Lamouille, Xu, & Derynck, 2014; Rodon et al., 2015). Promoting EMT reversal, 

however, occasionally carries the risk of making it more likely for disseminated 

tumor cells (DTCs) to enhance secondary metastases (Beerling et al., 2016; 

Brabletz, 2012; Nieto, 2013; Ocana et al., 2012; Tsai, Donaher, Murphy, Chau, 

& Yang, 2012). Therefore, it will be crucial to establish a suitable therapeutic 

window for administering an EMT-reversing drug and develop personalized 

treatment strategies for different patients and cancer types.  
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1.2.2 Dynamic process of EMT  

According to the description by Hay (1995), the classic definition of EMT is the 

transformation of epithelial cells into mesenchymal cells, which can give the 

impression that the process alternates between mesenchymal or epithelial 

phases. Recent research suggests that this dynamic transitional process is 

more flexible than previously assumed. Cells are believed to go through an 

intermediary stage rather than only fluctuating between the fully epithelial and 

mesenchymal states. Various studies have broadened the definition of EMT, 

especially the intermediary states called partial EMT or hybrid EMT (Figure 1). 

The partial EMT state has been noted in the correlation with cancer progression 

(Arnoux, Nassour, L'Helgoualc'h, Hipskind, & Savagner, 2008; Grigore, Jolly, 

Jia, Farach-Carson, & Levine, 2016; Kisoda et al., 2020; Parikh et al., 2019; 

Puram, Parikh, & Tirosh, 2018b). Co-expression of epithelial and mesenchymal 

markers from research in different cancer cell entities gives a clear indication 

for the existence of partial EMT states (Abell et al., 2011; Bierie et al., 2017; R. 

Y. Huang et al., 2012; R. Y. Huang et al., 2013; Jordan, Johnson, & Abell, 2011b). 

The word ‘‘metastable’’ was used to describe cells’ hybrid phenotype, and those 

metastable cells are suited for tissue local invasion (J. M. Lee, Dedhar, Kalluri, 

& Thompson, 2006; Tam & Weinberg, 2013). Furthermore, metastable states 

indicate dynamic phase transitions along energy gradients. This energy is 
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subsequently used to move the cell into the mesenchymal state, which 

corresponds to the intermediate EMT stage (Zadran, Arumugam, Herschman, 

Phelps, & Levine, 2014).  

While Shamir et al. discovered that Twist1-induced invasion does not require a 

full-EMT and Nieto et al. had demonstrated that plasticity doesn’t have to reach 

a fully differentiated epithelial state, cells may be more likely to exhibit CSC 

properties in an intermediate EMT state. (Nieto, 2013; Schmidt et al., 2015; 

Shamir et al., 2014). This is also the rationale for the hypothesis that "migratory 

CSCs" exist at the invasive edge of tumors (Jordan, Johnson, & Abell, 2011a; 

Prat et al., 2010). The high accumulation of partial-EMT at the border of the 

HNSCC tumor was also confirmed by single-cell sequencing and by imaging in 

HNSCCs (Baumeister et al., 2018; Puram et al., 2017). 

In conclusion, the preferential localization of tumor cells in partial EMT at the 

leading edge of primary HNSCCs may enable collective migration of cell 

populations, increase invasive potential, and strongly predict lymph node 

metastasis, invasion, and extranodal extension. 
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Figure 1 Central signaling pathways in HNSCC that induce (partial) EMT 

and Schematic diagram of the EMT process and its impact. 

The central ligands, receptors, signaling parts, and transcription factors that 

contribute to full and partial EMT induction are shown. It has been noted that 

the EMT-TFs SNAIL, SLUG, ZEB1/2, and TWIST1/2 are expressed more when 

TGF-R, EGFR, NOTCH, and LRP/Frizzled are active. Enhanced migration, 
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invasion, and stem-like features that are linked with (p)EMT affect treatment 

resistance, metastasis development, and recurrences, which in turn affects the 

clinical outcome of HNSCC patients (Figure adapted from (Baumeister et al., 

2021)). 

1.3 Epidermal Growth Factor Receptor (EGFR)  

1.3.1 EGFR 

About 20 years after the discovery of Epidermal Growth Factor (EGF) in 1962, 

the epidermal growth factor receptor was discovered (Cohen, 1962; Cohen, 

Carpenter, & King, 1980; Cohen, Ushiro, Stoscheck, & Chinkers, 1982). EGFR 

is a 170-kDa transmembrane glycoprotein that has a C-terminal intracellular 

kinase domain, a transmembrane region, and an extracellular N-terminal 

ligand-binding domain (Herbst, 2004). EGFR is one of a family of four receptor 

tyrosine kinases (RTKs) known as ErbB / HER in humans (Figure 2), including 

the remaining members ErbB2/ HER2, ErbB3/HER3, and ErbB4/HER4 

(Kalyankrishna & Grandis, 2006; Lemmon, Schlessinger, & Ferguson, 2014). 

The EGFR triggers signaling pathways that regulate cell proliferation, survival, 

and differentiation, when it becomes activated by the appropriate ligand.  

1.3.2 EGFR in cancer 

Normal epithelial cells do express EGFR, but this cell surface receptor is 

frequently overexpressed or mutated in many types of cancers. EGFR 
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dysregulation is commonly linked to a poor prognosis and lower overall survival. 

Additionally, EGFR activation helps tumor cells overcome chemotherapy and 

radiation treatment, causing chemoradiotherapy resistance (Avraham & Yarden, 

2011; Blobel, 2005; Bossi et al., 2016; W. Han & Lo, 2012; Herbst, 2004; 

Kalyankrishna & Grandis, 2006).  

The EGFR signaling pathway is a typical ligand-dependent pathway. EGFR 

activates downstream pathways primarily upon binding to seven known ligands, 

including high-affinity ligands: EGF, heparin-binding EGF-like growth factor 

(HB-EGF), transforming growth factor-α (TGFα), and betacellulin (BTC) and 

low-affinity ligands epigen (EPGN), epiregulin (EREG), and amphiregulin 

(AREG) (Harris, Chung, & Coffey, 2003; Herbst, 2004). Additionally, Pan et al. 

identified the soluble ectodomain of EpCAM (epithelial cell adhesion molecule) 

called EpEx as a novel ligand of EGFR in 2018 (Pan et al., 2018). Interestingly, 

different EGFR-dependent cellular responses to various ligands have been 

shown in several studies, and specific cell lines respond differently to individual 

EGFR ligands, which manifests in differentiation, cell proliferation, motility 

(Figure 2) (Freed et al., 2017; Nyati, Morgan, Feng, & Lawrence, 2006; 

Roepstorff et al., 2009; Wilson et al., 2012). Additionally, various EGFR ligands 

cause qualitatively and quantitatively distinct downstream signals and are 

associated with specific in vivo phenotypes. For example, in the extracellular 
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domain of EGFR, the ligands epiregulin (EREG) and epigen (EPGN) stabilize 

several dimeric conformations. As a result, partial agonists of EGFR 

dimerization such as EREG or EPGN cause less persistent EGFR dimerization 

than EGF. However, this reduced dimerization results in longer-lasting EGFR 

signaling, which in turn causes a response in breast cancer cells that is 

associated with differentiation as opposed to proliferation. (Freed et al., 2017; 

Ronan et al., 2016).  

After ligand binding to EGFR, several main pathways downstream of EGFR 

become activated (Figure 2), including phospholipase C (PLC)γ/protein kinase 

C (PKC), Ras/Raf/Mitogen-activated protein kinase (MEK)/extracellular-signal-

regulated kinase (ERK), phosphatidylinositol-3-kinase (PI3K)/Akt, mammalian 

target of rapamycin (mTOR), Janus kinase (JAK)2/signal transducer and 

activator of transcription STAT3 (Signal transducer and activator of transcription 

3). Those pathways are important for tumor progression, growth, and survival 

(W. Han & Lo, 2012; Kalyankrishna & Grandis, 2006). Among those pathways, 

the RAS-RAF-MEK-ERK and the PI3K-AKT-mTOR signaling pathway, which 

regulate survival, differentiation, and cell proliferation, are the two main EGFR 

downstream signaling pathways (Ciardiello & Tortora, 2008). 
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Figure 2 Downstream signaling pathways regulated by EGFR activation. 

The diagram depicts the binding of a receptor-specific ligand to the extracellular 

region of an EGFR or EGFR-related receptor, followed by the formation of a 

functionally active EGFR-EGFR homodimer or heterodimer that results in the 

ATP-dependent phosphorylation of specific tyrosine residues in the intracellular 

domain of EGFR. A complicated program of intracellular signals to the 

cytoplasm and ultimately to the nucleus is triggered by phosphorylation. Two 

major pathways of EGFR downstream are shown: RAS-RAF-MEK-ERK and 

the PI3K-Akt pathways (Figure adapted from (Ciardiello & Tortora, 2008)). 

1.3.3 EGFR biology in HNSCCs 

EGFR plays a significant role in the pathophysiology of HNSCC and there is a 

high prevalence of EGFR overexpression in HNSCC (Hynes & Lane, 2005; 
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Kalyankrishna & Grandis, 2006). mRNA levels are increased by 92% and 

protein expression levels are likewise increased in HNSCC compared to normal 

mucosal (Bei et al., 2004; Grandis & Tweardy, 1993; Ongkeko, Altuna, 

Weisman, & Wang-Rodriguez, 2005). Furthermore, EGFR expression levels 

are higher in poorly differentiated and highly advanced tumor cells, and the field 

cancerization theory is supported by the overexpression of EGFR in normal 

epithelium next to the tumor (Grandis & Tweardy, 1993). Further evidence of 

significant EGFR overexpression was found during the transition from dysplasia 

to squamous cell cancer (Shin, Ro, Hong, & Hittelman, 1994). The level of 

EGFR expression at the different sublocalizations of head and neck cancers 

might vary. EGFR expression was less prominent in larynx tumors than it was 

in pharynx and oral cavity tumors (Takes et al., 1998).  

In HNSCC, increased EGFR expression is correlated with a poor prognosis 

(Kalyankrishna & Grandis, 2006). In a study based on oropharyngeal carcinoma, 

EGFR was found in the nucleus in addition to the cytoplasm. And in patients 

with high EGFR expression, these patients with nuclear-localized EGFR 

expression are generally associated with higher local recurrence and lower 

disease-free survival (Psyrri et al., 2005). Numerous HNSCC-based studies 

have found that downstream effectors of EGFR, such as ERK1/-2, Akt, STAT3, 

and STAT5, are highly activated in tumor cells. According to the Albanell et al. 
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study, EGFR overexpression was associated with enhanced ERK activation in 

HNSCC. At the same time, elevated ERK activation strongly correlates with 

higher proliferation and advanced tumor stage (Albanell et al., 2001). 

Phosphorylated Akt was found to be 57% to 81% overexpressed in HNSCC 

tumors compared to healthy samples (Ongkeko et al., 2005). 

In summary, HNSCC tumor development, metastasis, survival, EMT, etc., are 

influenced or promoted by high EGFR expression and/or its downstream 

effectors through several oncogenic signaling pathways. 

1.3.4 Anti-EGFR treatment in HNSCC 

Based on the essential role played in the biology of HSNCC, EGFR has been 

studied in a wide range of preclinical and clinical settings. Nowadays, two 

mainstream anti-EGFR treatment approaches have been identified (Figure 3). 

Targeting the extracellular domain of the receptor with monoclonal antibodies 

like Cetuximab and Panitumumab is one approach, and another approach aims 

at inhibiting the kinase domain of EGFR using low molecular weight tyrosine 

kinase inhibitors (TKIs) (e.g., Erlotinib, Gefitinib, or Afatinib) (Fasano et al., 2014; 

Troiani et al., 2016). 

Anti-EGFR antibodies, such as Cetuximab, Zalutumumab, Panitumumab, lead 

to degradation and internalization of antibody-receptor complexes by 
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competing with EGFR ligands, and also can lead to tumor cell death through 

NK-dependent antibody-mediated cytotoxicity (Lurje & Lenz, 2009; Markovic & 

Chung, 2012). TKIs can block the intracellular phosphorylation cascade to 

inhibit EGFR signaling (Figure 3). The first-generation TKIs gefitinib and 

erlotinib are anilinoquinazolines that bind reversibly through the K745 site in the 

ATP-binding pocket, and increase anti-tumor activity  in vitro by inhibiting AKT 

and MAPK pathways (Cassell & Grandis, 2010; Pao et al., 2004; Stamos, 

Sliwkowski, & Eigenbrot, 2002). Compared with the first-generation TKI 

inhibitors, the second-generation EGFR-TKI (Afatinib) can irreversibly bind to 

EGFR1, HER2 and HER4 receptors, resulting in long-lasting receptor inhibition 

(Guo et al., 2019; Macha et al., 2017; Machiels et al., 2015; Solca et al., 2012).  

Even though anti-EGFR therapy has potential, more work is needed to 

investigate the mechanisms of intrinsic and acquired resistance. New clinical 

trials are currently being conducted to determine the efficacy of Cetuximab in 

combination with other targeted agents, biomarkers, or immunotherapy to find 

potential novel therapeutic strategies for HNSCC patients. 
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Figure 3 EGFR pathways and targets for HNSCC combination strategies 

(Figure adapted from (Fasano et al., 2021)). 

1.4 Leader cells in collective cancer invasion 

Cancer invasion is a fundamental feature of metastasis, the process by which 

cancer cells penetrate adjacent tissues, including mesenchymal single-cell 

invasion or amoeboid, collective invasion, etc. (Friedl, Locker, Sahai, & Segall, 

2012). 
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According to the conventional view on the metastatic cascade, tumor cells 

undergoing EMT, changing their phenotype to acquire mesenchymal and 

migratory features, emerge in the bloodstream as single cells (CTCs) or locally 

invade the tissue around the primary tumor, most likely causing local recurrence. 

As an alternative to this perception, collective cell migration is now receiving 

more attention. Numerous reports described that the primary mechanism in the 

metastatic cascade of collective cancer invasion is the involvement of a leader-

follower organization (Casanova-Acebes et al., 2021; Kozyrska et al., 2022; 

Saenz-de-Santa-Maria, Celada, & Chiara, 2020; Vishwakarma, Spatz, & Das, 

2020). Leader cells can sense the environment, create invasion tracks (Figure 

4), and can coordinate with follower cells at the biochemical and biomechanical 

levels to support cancer invasion (Vilchez Mercedes et al., 2021). Recently, the 

collective invasion of cancer has been recognized as a key mechanism of solid 

tumor progression, so it is particularly important to further understand the 

collective invasion process and underlying molecular mechanisms.  
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Figure 4 Invasion track generation 

To provide a follower cell invasion route with low resistance, leader cells modify 

the extracellular matrix. Leader cells can facilitate the invasion of follower cells 

by depositing matrix proteins that serve as anchors to follower cells. 
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2 MATERIAL AND METHODS 

2.1 Cell lines and treatments 

Short tandem repeat (STR) analysis (Helmholtz Center Munich, Germany) was 

used to confirm FaDu and Kyse30 cell lines obtained from ATCC and DSMZ. 

DMEM or RPMI 1640 supplemented with 10% fetal calf serum (FCS) were used 

to cultivate FaDu and Kyse30 cells, respectively. FaDu and Kyse30 cell lines 

were cultivated using sterile tips and fluids under hygienic conditions. Cells 

were grown in an incubator at 37°C, with 5% CO2 and 95% humidity. 

In 2D culture and the 3D model, the treatment with Epidermal Growth Factor 

(EGF, PromoCell PromoKine, Heidelberg, Germany), Epidermal Growth Factor 

Receptor (EGFR) inhibitor Cetuximab (Merk Serono, Darmstadt, Germany, 

10µg/mL), MEK1/2 (MAPK–ERK kinase) inhibitor AZD6244 (Selleckchem, 

Munich, Germany; 100nM), and Akt signaling pathway inhibitor MK2206 

(Selleckchem, 1uM) was conducted in serum-free culture medium. 

2.2 Cultivation of cells  

In order to cultivate the cells, FaDu and Kyse30 cells were seeded in T25/T75 

flasks with DMEM/RPMI640 medium supplemented 10% fetal calf serum (FCS) 

and 1% penicillin/streptomycin. Cells were detached from the cell culture 
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surface by incubating in a 0.5% trypsin solution for 5-10 minutes at 37°C after 

being rinsed with phosphate-buffer saline solution (PBS) and reached a 

confluency of 75%. Cells were centrifuged at 400 g for five minutes to terminate 

the reaction, then they were resuspended in 2 mL of culture media and seeded 

into fresh cell culture flasks. Every 48 to 72 hours, FaDu and Kyse30 were 

passaged. 

2.3 Cell counting  

Cells were taken out after trypsin treatment in order to count the cells. 

Thereafter, 10 µL of the cell sample and 10 uL of a 0.4% trypan blue solution 

was thoroughly mixed and 10 µL of the sample mixture were loaded on an 

EVE™ Cell counting slide (NanoEntek, Korea). Then put the EVE™ Cell 

counting slide into the instrument's slide port with the sample side (side A) 

facing out. When the picture is adjusted for focus and the EVE™ Automated 

Cell Counter (NanoEntek, Korea) is used to count the cells, the Counter will 

display the concentration of living and dead cells as well as the viability of the 

cells.. 

2.4 EMT induction 

The following procedures were used to induce the epithelial-to-mesenchymal 
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transition (EMT) in FaDu and Kyse30 cells: 200.000 cells/well were plated into 

6-well plates, which were then cultivated in FCS-containing media for 24 hours 

before being withdrawn and being washed with PBS and cultured in serum-free 

medium for a further 24 hours. Then 9nM recombinant EGF (Abcam, 

Cambridge, UK, #ab50036) was given to cells for EMT induction, and cells were 

extracted 72 hours later for further processing. Using a Leica DMi8 microscope, 

morphologic changes were observed in images (Leica, Wetzlar, Germany). 

2.5 Spheroid formation and embedding 

Spheroids were formed in BIOFLOAT ultra-low attachment 96-well round-

bottom plates (faCellitate, Mannheim, Germany). Different cell numbers were 

tested in the ultra-low attachment 96-well round-bottom plates to define the best 

cell seeding number. Seeding numbers of 3,000 per well were used for invasion 

experiment. To simulate the extracellular matrix (ECM) and provide the three-

dimensional structure for cell invasion. Type I collagen (Corning, Oak Park, 

Bedford, MA, USA) was used to generate a type I collagen and serum-free 

medium mixture (CSM). Spheroids were embedded in CSM (concentration was 

adjusted to 1.7 mg/mL). To prevent the spheroids from attachment to the bottom, 

40 uL of CSM was coated in the 35mm Glass Bottom u-Dishes (Ibidi, 

Matrinsried, Germany) and incubated for 15 minutes for solidification. Then, 

https://en.wikipedia.org/wiki/Three-dimensional_space
https://en.wikipedia.org/wiki/Three-dimensional_space
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160 uL CSM with embedded spheroids were added on the top of the first CSM 

coating layer, and the total volume of 200uL (coating layer and embedded 

spheroids) was put back to incubation for another 15 minutes. After the 200uL 

CSM has solidified, it can be used for subsequent experiments, including 

induction of invasion and inhibition of invasion. 

2.6 Induction of spheroid invasion 

To induce EGF-mediated invasion in spheroids, SF medium (DMEM for FaDu 

and RPMI 1640 for Kyse30) with 9 nM EGF was added on the top of 200uL 

solid spheroids embedded-CSM (as described in spheroid formation) and the 

spheroid in CSM was allowed to invade for up to 72h. All spheroids were 

cultivated in a 5% CO2 atmosphere at 37°C for the induction of invasion. 

Images were taken using a Leica DMi8 microscope 5x/10x under PH channel. 

2.7 Inhibition of spheroid invasion 

To inhibit EGF-mediated invasion in spheroids (as described in spheroid 

invasion induction), 10µg/mL Cetuximab, 100nM AZD6244, or 1uM MK2206 

were used. A time period of 72hours was chosen for in both cell lines FaDu and 

Kyse30. All spheroids were cultivated in a 5% CO2 atmosphere at 37°C for the 

induction of invasion. Images were taken using a Leica DMi8 microscope 
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5x/10x under PH channel. 

2.8 Quantification of invasion 

The entire spheroid area (A1) around the outer perimeter and the core area (A2) 

were quantified by ImageJ, and the area of A1 minus A2 was used to evaluate 

the invasive area. To assess how far invasive cells migrated, the farthest cells 

from the center were selected (10 cells per spheroid), each distance from the 

center point measured and averaged. This distance was defined as invasive 

distance. Circularity (circularity = 4pi(area/perimeter^2)) was utilized as an 

indirect measure of the shape and was quantified by measuring the spheroid 

outer invasive perimeter. All three invasive parameters were quantified by 

ImageJ/Fuji. 

2.9 Transfection of photoconvertible plasmid 

FaDu and Kyse30 cell lines were stably transfected with an expression plasmid 

for the photoconvertible Dendra2-Farnesyl-5 protein (#57717, Addgene, 

Teddington, UK) using MATra reagent (IBA, Goettingen, Germany) following the 

manufacturer’s recommendations. Stable cell clones were selected with 

1150µg/mL neomycin in culture medium. Kyse30 cells were stably transfected 

with Dendra2-Farnesyl-5 plasmid (Dendra2) using Lipofectamine™ 2000 
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transfection reagent (Invitrogen™, Carlsbad CA, USA) and were selected with 

1150µg/mL neomycin (G418). 

2.10 Flow cytometry and fluorescence-activated cell sorting (FACS) 

For flow cytometry and cell sorting, samples of transfected Dendra2 cell) and 

non-transfected control WT cells were trypsinized and adjusted to 1-5*10^6 

cells per mL, filtered in a 50 µm falcon cell strainer, and kept in 15 mL tubes 

with ice-cold sample buffer (PBS supplemented with 1-2% FBS, EDTA 2mM, 

and HEPES 25mM). Cell sorting was conducted in the BD FACS Aria Fusion-4 

laser cell sorter (Biomedical Center (BMC), Core Facility Flow Cytometry, 

Faculty of Medicine, LMU Munich) and based on the fluorescent characteristics 

of Dendra2 cells. Green fluorescence intensity of FaDu-Dendra2 and Kyse30-

Dendra2 cells was detected in the Alexa Fluor 488-A channel and sorted by the 

BD FACS Aria Fusion-4 laser cell sorter. RNA-free tubes were used for sample 

collection in full medium or PBS for cell cultivation or RNA applications.  

FaDu-Dendra2 and Kyse30-Dendra2 cells were sorted into high- and medium-

intensity Dendra2-fluorescence subpopulations. The high-intensity 

fluorescence subpopulation of FaDu-Dendra2 and Kyse30-Dendra2 were 

expanded and cultivated for further experiments.  

For bulk RNA sequencing sample collection, photoconverted (green to red) 
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FaDu-Dendra2 and Kyse30-Dendra2 samples were FACS sorted based on PE/ 

Alexa Fluor 488-A channel fluorescences. SYTOX™ Red Dead Cell Stain 

(Thermo Fischer-S34859) was used to monitor cell viability in flow cytometry. 

Results were analyzed by software BD FACSDiva version 8.0.1. 

2.11 Photoconversion 

Spheroids were generated with Dendra2-Farnesyl-5 plasmid transfected cells 

(FaDu and Kyse30) as described in the “Spheroids formation and embedding” 

section. Photoconversion of spheroids was conducted with a Leica DMi8 

microscope system or a TCS-SP8 scanning system (Leica, Nussloch, 

Germany). The green fluorescent Dendra2-Farnesyl-5 protein can be 

photoconverted from to red fluorescence based on its structural and 

spectroscopic characterization (see Table 1). The wavelength of 405nm laser 

light irradiation or DAPI (violet) channel was used for the photoconversion of 

Dendra2 protein. Multiple target areas of spheroids were selected under the 

stage function M&F mode and X-Y-Z coordinates of the target areas were 

automatically recorded by Leica software (LAS X). All cells in the target area 

were exposed to DAPI channel or 405nm laser, with the microscope setting: 

FIM 100%, IL-Fld 2 round, time interval (2 secs), exposure (5 secs), cycle (4 

times). Spheroids were ready for FACs preparation after photoconversion. 

https://www.googleadservices.com/pagead/aclk?sa=L&ai=DChcSEwiN1Lr3_sj2AhUFBaIDHWToBq4YABABGgJsZQ&ae=2&ohost=www.google.com&cid=CAESWOD278Di1rMYpMFCvk0Pwth30V7Yaq0oj6dl6tuyPieodkCgyEYNz2hIYfzPcBVBgsst2o_Bj6eCQaYQW9dvyZ5SsTSEjfObwZF6Qsp9q_7yE-Zad1p8SaY&sig=AOD64_0RagQI0wkjVKOGF3php6f7lzoKxg&ved=2ahUKEwiplLH3_sj2AhUgSvEDHQQaDL8QqyQoAHoECAIQBQ&adurl=
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Images were adjusted by Fiji/ImageJ and LAX S. 

Table 1 Attributes and transitions wavelength of the Dendra2 protein 

Attributes Transitions 

State Ex λ Em λ From To Switch λ 

Green 490nm 507nm Green Red 405nm 

Red 553nm 573nm Green Red 480nm 

 

2.12 Dual spheroid generation 

Dual spheroids were generated with FaDu-WT cells and FaDu-Dendra2 cells 

to test the diffusivity of various treatments (EGF, Cetuximab). First, 2,000 FaDu-

Dendra2 cells per well were seeded into 96 wells of ultra-low adherent plates 

to create a fluorescence core (Green) on day one. FaDu-Dendra2 (fluorescence) 

cells were allowed to form a stable fluorescence core for 24 hours, then 8,000 

FaDu-WT (non-fluorescence) cells were added into the same well. After another 

24 hours, FaDu-WT cells surrounded the core of FaDu-Dendra2 cells, 

generating a dual spheroid composed of a fluorescent inner core and a non-

fluorescent outer area. 
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2.13 Time-lapse imaging and diffusivity test 

An Ibidi stage top incubation system (Ibidi, Gräfelfing Germany) was used for 

cell incubation. Leica DMi8 microscope was equipped with the Ibidi heating and 

gas incubation systems. The temperature of the incubator chamber was 

adjusted to 37 °C (37 °C) and the 5% CO2 at a flow rate of 10 L/hour and 80% 

humidity was provided by Ibidi gas incubation system. All settings can be 

adjusted by the peripherals or through the IncuControl software Version 1.0.3 

(Ibidi, Gräfelfing Germany). 

Through time-lapse imaging, dual spheroids were used to test the diffusivity of 

EGF and Cetuximab. FaDu-Dendra2 dual spheroids were plated into Ibidi 

35mm lass Bobttom u-dishes (Ibidi, Matrinsried, Germany) as described in the 

“Spheroid formation and embedding” section. Treatment with 9nm EGF or 9nm 

EGF plus 10 ug/mL Cetuximab was used for EGF-mediated invasion or EGF-

mediated invasion inhibition. Then, Ibidi 35mm glass bottom u-dishes were put 

into the Ibidi incubator 35mm insert (#10934, Ibidi, Matrinsried, Germany) and 

fitted into the incubator chamber. Upon completion of spheroid detection, the 

focus (Z coordinate) was adjusted manually according to the FITC channel 

(green fluorescence). Then, all target spheroids and their positions, including 

X-Y-Z coordinate information, were marked and recorded in the Leica DMi8 

microscope system and the LAS-X software. Microscope setting: FIM 100%, 
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IL-Fld 6 round, time interval (20 minutes), exposure (PH channel 10 ms; FITC 

channel 50 ms), cycle (217 times = 72hours), and PH channel and FITC 

channel were used for 72 hours observation. All images were adjusted by 

Fiji/ImageJ and LAS X. 

2.14 IHC staining 

For immunohistochemistry (IHC) staining, spheroid samples were collected, 

embedded in Tissue Tek gel (Sakura Finetek Europe, 2408 AV Alphen aan den 

Rijn, Netherlands), and quickly frozen in liquid nitrogen. Using a Cryostat model 

CM 1900 (Leica, Nussloch, Germany), cryo-preserved spheroid samples were 

sectioned into serial slices with a 4 m thickness and fished with glass slides. All 

of the samples were first fixed for 5 minutes at room temperature (RT) in 

acetone, then for 5 minutes at RT in the dark with 3.5 percent paraformaldehyde 

(PFA). Next, samples were rinsed three times in PBS (0.01 M) for 5 minutes at 

room temperature. Sections were incubated for 30 minutes at room 

temperature with a goat anti-human IgGFc peroxidase-conjugated antibody 

(1:500 in Tris), followed by two PBS washes (0.01 M). Samples were finally 

stained using amino-ethylcarbazole (AEC, A6926, Sigma, St.Louis, USA). 

Hematoxylin was used to counterstain (blue). Images were captured using an 

Olympus BX43F fluorescent microscope and CellEntry software after samples 
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were covered with Kaiser's glycerol gelatin (Merck) (Olympus, Tokyo, Japan). 

Alternatively, spheroids were directly fixed within the collagen matrix for an in 

situ staining of antigens. Medium in the u-Dish was removed, and spheroids 

were washed once with PBS, and fixated with 2% PFA in PBS at pH 7.4 for 20 

min at RT. Thereafter, samples were permeabilized with PBS containing 0.5% 

Triton X-100 for 10 min at 4°C and rinsed three times with PBS, 10-15 min per 

wash at RT. Then, primary block with PBS and 10% goat serum was performed 

for 1 hour followed by a secondary block with PBS and 10% goat serum for 30 

min. Samples were then incubated with primary antibody (1:500, SPHK1 

antibody (PA5-28584), Invitrogen) in the secondary block solution overnight at 

4°C, washed three times (each 20 min), and then incubated with secondary 

antibody (goat anti-rabbit Alexa 488, 1:250) is supplemented with 10% goat 

serum for 40 minutes at RT. Washed three times (20 minutes per time). Nuclei 

were counterstained with DAPI for 15 min at RT. Samples were then washed 

once with FBS for 5 min at RT. Pictures were taken using a Leica DMi8 

microscope system. 

2.15 Samples collection for RNA sequencing (RNAseq)  

On day one, 8,000 FaDu-Dendra2 cells or 10,000 Kyse30-Dendra2 cells were 

seeded to generate spheroids as described in the 2.5 Spheroid formation and 
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embedding section. Cells were grown in ultra-low adherent plates with complete 

medium for 48 hours. Thereafter, spheroids were collected and embedded in 

type I collagen as described in the “Spheroid formation and embedding” section 

with at least 12 spheroids per 35 mm glass dish. Samples were divided into 

different groups, including serum-free and high-dose EGF (EGFh, 9 nM), 

Cetuximab group (9 nM EGF + 10 µg/mL Cetuximab), MEK inhibitor group (9 

nM EGF + 100 nM AZD6244). Fadu-Dendra2 spheroids and Kyse30-Dendra2 

spheroids were treated in different groups for 72 hours. Thereafter, invasive 

cells in Dendra2-expressing spheroids were photoconverted as described in 

the “Photoconversion” section. 10-12 invasive areas per spheroid and 40 

spheroids in each group were photoconverted. After the photoconversion 

process, cells were isolated from the CSM. Firstly, the medium was removed 

from the dish and 0.1 mg/mL collagenase (C9722, Sigma, Missouri, USA) was 

used to degrade the collagen in the CSM for 15 minutes at 37°C. Secondly, 

dishes were checked under the microscope to ensure no collagen was left, 

spheroids were centrifuged at 400g for 4 minutes and collected into RNAse-

free tubes (1.5 mL). At last, to obtain single cells for cell sorting, all spheroids 

were resuspended in Accutase for 10 minutes (#07922, STEMCELL 

Technologies, Cologne, Germany) and pipetted up down gently to prevent cell 

aggregation. After centrifuging and washing twice with PBS, the single-cell 
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suspension was prepared in ice-cold FACS buffer for sorting. Cells were sorted 

as described in the “Flow cytometry and Fluorescence-activated cell sorting 

(FACs)” section. At least over 1,000 cells per group were sorted into RNAse-

free tubes for RNAseq. All treatment samples came from three or four biological 

replicates. 

2.16 RNA-sequencing samples: Quality test and library preparation 

For the 3'-RNA sequencing (RNASeq), RNA extraction was conducted by 

cooperation partners at the Helmholtz Zentrum München Deutsches 

Forschungszentrum für Gesundheit und Umwelt (GmbH). Qiagen RNeasy 

Micro Kit (Cat.74004, QIAGEN GmbH, Hilden, Germany) and DNAse I digest 

were used for RNA extraction and at the end the RNA was eluted in 14 uL water.  

Extracted RNA was quantified with the Qubit-Fluorometer and reverse 

transcribed with QuantiTect reverse transcription kit (Qiagen). The quality of 

RNA was assessed using a Bioanalyzer 2100 System (Agilent Technologies 

Inc., SA) with the Agilent RNA6000Pico kit (#5067-1513, Agilent Technologies 

Inc., USA). RNA integrity was evaluated by calculating the percentage of 

fragments larger than 200 nucleotides (DV 200). In the case of low RNA 

concentration, samples were evaporated using a SpeedVac vacuum 

concentrator. For the library prep, the Lexogen QuantSeq 3′ mRNA-Seq Library 
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Prep Kit FWD for Illumina was used according to the manufacturer´s 

instructions using 50ng RNA (SKU:015.96, Lexogen GmbH, Austria) with 

additional Add-on PCR (SKU:020.96, Lexogen GmbH, Austria) for all samples. 

Depending on the result from this Add-on PCR, samples were split into two 

groups with either 17 or 19 amplification cycles. Thereafter, 16 µL of the library 

preparation was transferred to a new plate. Quant-iT™ PicoGreen™ dsDNA 

Assay Kit (P 7589, invitrogen, USA) and the Bio analyzer High Sensitivity DNA 

Analysis Kit (#5067-4626, Agilent Technologies, Inc., USA) were used to check 

the quality and concentration of the libraries. Then, 3-prime RNA-sequencing 

was performed on an Illumina NovaSeq platforms (Illumina, Inc. USA) by the 

Novogene company (Company Limited, UK). RNA-seq profile pre-processing 

was conducted in cooperation by Kristian Unger at the HMGU. Genes with a 

sum of count greater than 300 across all samples were kept for further analysis. 

2.17 General data analysis and statistics 

Data analysis was performed by R language (version 4.1.2 (2021-11-01) - "Bird 

Hippie"). The downstream bioinformatics analysis was completed in 

cooperation with Zhongyang Lin and Zhengquan Wu. Microarray derived RNA 

profiles of Cetuximab resistant/sensitive cell lines (1Cc8/SCC1) were retrieved 

from Gene Expression Omnibus (GEO) by GEOquery package (accession 

https://en.novogene.com/technology/platforms/
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number GSE21483). 

2.18 Overview of samples 

Count read data were variance-stabilizing transformation (VST) transferred, 

which is a combination of scaling and accounting for variability of low counts. 

The dist function was applied for calculating sample-to-sample distances and 

clustered samples were indicated in heatmaps. Further, principal components 

based on transferred gene expression were also computed by principal 

component analysis (PCA), and the first two components, which best explain 

differences between samples, were utilized for visualizing the distribution of 

samples. 

2.19 Differential expression analysis 

With count read data as input, the DESeq2 package was used for differential 

gene expression analysis. Genes with adjusted P <0.05 and log2(foldchange) > 

1 were defined as differential expressed genes (DEGs) in comparisons of 

treatments (e.g., Out vs. SF). The results of DEGs were visualized by volcano 

plots implementing. 
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2.20 Gene set enrichment analysis (GSEA) 

The ClusterProfiler package was applied for functional enrichment analysis and 

visualization. Genes were ranked by log2(foldchange) generated from 

individual differential expression comparisons. By using bitr function, gene 

symbols were transferred into ENTREZID. Hallmark gene sets (v7.5.1) were 

downloaded from Molecular signature database (MSigDB). GSEA was 

performed based on pre-ranked genes and pre-defined hallmark gene sets (n 

= 50 with n = 200 defining genes each). Hallmarks significantly activated or 

suppressed were selected based on a default p value of 0.05. Moreover, 

normalized enrichment scores (NES) and corresponding false discovery rates 

(FDR) were also computed for all hallmarks in order to adjust the significance 

level. 

2.21 Co-expression module analysis 

Co-expression modules associated to EMT and MAPK, PI3K, and EGF EGFR 

pathway activities were investigated using weighted gene co-expression 

network analysis (WGCNA, WGCNA package was used, and the threshold is 

P<0.05). In the single cell RNA-seq dataset GSE103322, the genes with the 

highest (top 25%) variance in expression levels across samples were 

imported to the WGCNA. Scale independence and mean connectivity analysis 
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with varying power levels were used to derive the soft threshold of module 

analysis. To describe the cluster amongst modules, a cluster dendrogram was 

created. 

2.22 Module-trait analysis 

To find important co-expression modules associated with the clinical features, 

information on the biological processes and pathways EMT, MAPK activity, 

PI3K activity, and EGFR activity were collected (as trait). The pathway activities 

and biological processes were inferred by ssGSEA (Hänzelmann, Castelo, & 

Guinney, 2013) according to gene sets (WP, KEGG, and Hallmarks) deposited 

on MSigDB. According to the correlation between modules and traits, Module-

trait relationships were calculated; Modules that were substantially correlated 

with specific traits were then found (P value < 0.05, module size < 500); 

Significant modules' genes were exported for additional analysis. 

2.23 Statistical analysis 

Unless otherwise stated, results are shown as the mean value and standard 

error of the mean (SEM) of three separate experiments. Using Prism's 

Student's T-test, significant differences between the two groups were 

determined (GraphPad Software, San Diego, USA). The ANOVA test with 
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Bonferroni adjustments in Prism was used to assess significant differences 

between more than two groups. Significant levels were indicated by the 

symbols *p-value 0.05, **p-value 0.01, ***p-value 0.001, and ****p-value 0.0001.  
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3 RESULTS 

Head and neck squamous cell carcinomas (HNSCCs) have a poor overall 

survival (OS) below 50% after five years. During metastasis formation, cell 

invasion and migration are essential factors. Among the many causes of tumor 

invasion, the process of epithelial to mesenchymal transition (EMT) is widely 

recognized as a critical step. Previous experiments from our lab determined 

that epidermal growth factor (EGF) can induce tumor cells to undergo EMT 

(Pan et al., 2018). However, the process of HNSCC invasion and its essential 

mechanisms is incompletely understood. Therefore, it is imperative to build 

models that mimic this invasion process and help verify whether EGF can 

induce tumor cell invasion in a 3D cell microenvironment and explore 

mechanisms of EGF-mediated invasion.  

3.1 EGF induces morphological changes in HNSCC cell lines. 

Research from our lab demonstrated that EGF could mediate EMT in HNSCC 

carcinoma cells through an EGFR-dependent pathway in two-dimensional cell 

culture (Pan et al., 2018; Schinke et al., 2022a). To confirm previous 

conclusions, FaDu and Kyse30 cell lines were treated with high-dose EGF 

concentrations (9 nM) for 72 hours. EGFhigh-treated cells, especially Kyse30,  

had an elongated fibroblast-like shape and reduced cell-cell interaction after 
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treatment, indicative of EMT (Figure 5). 

 

Figure 5 EGF-mediated morphology changes in FaDu and Kyse30. 

FaDu and Kyse30 cells were serum-starved and treated with serum free 

medium or serum free medium with EGFhigh (9 nM). After 72 hours, images were 

taken with the Leica DMi8 microscope at 10x in the PH channel. Scale bar: 100 

um. Shown are representative pictures of four groups: (A) FaDu SF, (B) FaDu 

EGFhigh, (C) Kyse30 SF, (D) Kyse30 EGFhigh.  

3.2 EGF-mediated invasion in 3D cellular model 

3.2.1 3D cellular model establishment 

To mimic the in vivo process of tumor invasion, a 3D tumor cell environment 

was recapitulated in vitro. Extracellular matrices (ECMs) are well-organized 
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networks of cells and non-cellular components found in all tissues and organs. 

ECMs not only act as physical scaffolding for cells but also govern a variety of 

biological activities such as cell proliferation, migration, or cancer invasion. 

ECMs comprises a wide range of matrix macromolecules with different 

compositions. Collagens, elastin, fibronectin (FN), and laminins are fiber-

forming proteins that are highly acidic and hydrated molecules that make up 

ECMs. ECMs are mostly composed of collagen type I and cartilage collagen 

type II to a lesser extent (Theocharis, Skandalis, Gialeli, & Karamanos, 2016). 

Collagen type I is also widely used to construct a tumor 3D environment (Tevis, 

Colson, & Grinstaff, 2017). Therefore, collagen type I served to simulate the 

ECM structure for tumor cell invasion in our experiments.  

Spheroids were generated with FaDu tumor cells in BIOFLOAT ultra-low 

attachment 96-well round-bottom plates. To provide a stable 3D environment 

and a suitable pore size for tumor cell invasion in the 3D environment (collagen-

SF medium mixture (CSM)) different cell numbers (3,000 or 5,000) and 

concentrations of CSM were tested. The results showed that at a concentration 

of 1.7 mg/mL CSM, spheroids of 3,000 cells maintained the most stable 

structure compared to the other three conditions (Figure 6). According to other 

studies on collagen pore size, 1.5 mg/mL collagen matrices have a median pore 

size of 10.99 µm (T. Fischer, Hayn, & Mierke, 2019), which provides sufficient 
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space for cells to invade or migrate through pores. The concentration of 1.7 

mg/mL served as CSM concentration for all following experiments. The results 

were consistent in both FaDu and Kyse30. To simplify the description, only the 

results of the FaDu cell line are shown unless specifically mentioned. 

 

Figure 6 Collagen concentration test. 

Tumor cell spheroids were generated in BIOFLOAT ultra-low attachment 96-

well round-bottom plates. Spheroids were embedded in CSM as described in 

the Methods section. Morphology pictures were taken with a Leica DMi8 

microscope in the PH channel. Shown are representative pictures of four 

different condition: (A) 5,000 cells, CSM concentration:3 mg/mL, (B) 5,000 cells, 

CSM concentration: 2 mg/mL, (C) 3,000 cells, CSM concentration: 1.7 mg/mL, 

(D) 3,000 cells, CSM concentration: 1.2 mg/mL. 
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3.2.2 EGF-mediated spheroid invasion in 3D cellular model 

To further address whether EGF can induce invasion in an ECM environment, 

tumor spheroids were placed into 35mm glass dishes as depicted in Figure 7, 

and 40 µL CSM were precoated to prevent the spheroid from attaching directly 

to the bottom of the glass (Figure 7, 1). Then, EGF (9nM) with and without 

EGFR inhibitor Cetuximab (Figure 7,1 and Figure 8) were added into the 

medium to investigate whether EGF specifically induces 3D invasion.  

 

Figure 7 Spheroid embedding and treatment. 

Schematic representation of the 3D tumor spheroid model embedded into type 

I collagen-SF medium mix. Treatments are: (1) 40 µL of collagen SF-medium 
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mix were coated at the bottom of 35mm glass dish. (2) Tumor spheroids were 

generated in BIOFLOAT ultra-low attachment 96-well round-bottom plates with 

3,000 cells per well. Spheroids were embedded in CSM as described in the 

Methods section and were incubated for 10-15 minutes at 37°C, with 5% CO2 

and 95% humidity. (3) Two mL of SF-medium with/without treatment were 

added on top of the collagen-SF medium mix for the different groups. 

Time-lapse imaging was performed with FaDu spheroids over a time period of 

48hours. Time-lapse imaging results demonstrated that no tumor cells invaded 

in the SF control group within 48 hours (Figure 8, left row). In contrast, in the 

EGF (9nM) treatment group, tumor cells gradually invaded from the spheroid to 

the surrounding CSM starting from 16h, and the tight spheroid structure 

became looser over time (Figure 8, middle row). In the group co-treated with 

EGF (9nM) and Cetuximab (10 µg/mL), the results showed that EGF-mediated 

tumor cell invasion was significantly inhibited by Cetuximab, with only a few 

tumor cells still invading the surrounding CSM, and the spheroid structure 

remained tighter compare to the EGF group (Figure 8, right row). 

Hence, the time-lapse imaging results show that EGF can induce HNSCCs 

invasion in 3D structures in which collagen is the main component. Furthermore, 

Cetuximab, a specific inhibitor of EGFR, significantly inhibited this process, 

demonstrating that the 3D invasion was EGF/EGFR-specific. 
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Figure 8 Time-lapse imaging for EGF-mediated invasion and inhibition 

FaDu tumor cell spheroids were generated in ultra-low attachment plates and 

seeded in 35mm dishes as described in Figure 3. Representative pictures of 

SF, EGF (9 nM), and EGF (9 nM) plus Cetuximab (10 µg/mL) treatment groups 

at a total of 7-time points over 48 hours are shown (8-hour intervals between 
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pictures in each group). To simplify the description, only the results of the FaDu 

cell line are shown. 

3.2.3 Molecular diffusion in 3D tumor spheroid model 

Although we deduced from the previous results that EGF causes HNSCC cells 

to invade three-dimensional formations, it is still unknown how well EGF and 

Cetuximab disperse and penetrate the whole spheroid formation. To address 

this open question, Spheroids treated for 24 and 48 hours with EGF plus 

Cetuximab encapsulated in CSM as described in Figure 8 were cryo-preserved 

and processed into sections . Spheroid sections were stained with a goat anti-

human IgGFc peroxidase-conjugated secondary antibody to assess the 

localization of Cetuximab within the spheroid. 

At 24 and 48 hours, immunohistochemistry staining revealed no positive 

staining in the control staining without secondary antibody (negative) (Figure 9, 

Upper panels). On the other hand, sections incubated with secondary antibody 

displayed red positive staining of Cetuximab equally dispersed across the 

center and external areas of the spheroid (Figure 9, Bottom line). Hence, the 

presented staining revealed that Cetuximab permeated the whole spheroid with 

a diameter of approx. one millimeter. 
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Figure 9 Immunohistochemistry staining of Cetuximab in FaDu. 

FaDu cell spheroids were generated in BIOFLOAT ultra-low attachment 96-well 

round-bottom plates by seeding 8,000 cells. Spheroids were treated with 9 nM 

EGF and 10 µg/mL Cetuximab for 24 hours and 48 hours as described in Figure 

7. Spheroids were cryo-preserved, sectioned, and stained with a goat anti-

human IgGFc peroxidase secondary antibody at 24 and 48 hours, respectively. 

Shown are representative pictures of four different groups: Negative control 24 

hours (without secondary antibody; Top left), Negative control 48 hours (Top 

right), Positive control 24 hours (with secondary antibody; Bottom left), Positive 

control 48 hours (Bottom right). 

3.2.4 Invasive cells originate from all layers of spheroids 

Next, an experiment was designed to explore the origin of invading cells within 

spheroids, i.e. outer leaflets or from any location in spheroids. Wild-type FaDu 

cells (FaDu-WT) were transfected with Dendra2-Farnesyl-5 plasmid (Green 

fluorescence) (3.3). Then, FaDu-Dendra2 cells were used to form a small 

spheroid representing a core, surrounded by FaDu-WT cells without 
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fluorescence, creating a dual spheroid structure (See further description in 

(2.12)). Such a dual spheroid was then applied to the constructed 3D invasion 

model (Figure 7).  

We expected a concentration gradient of EGF and Cetuximab within spheroids 

(Figure 10, Top left) where the concentration gradually decreases from the 

outside to the inside (Hirschhaeuser et al., 2010; Peirsman et al., 2021; Tevis 

et al., 2017). Therefore, dual spheroids were treated with EGF concentrations 

inducing cell invasion and spheroids were analyzed by time-lapse fluorescence 

microscopy. Green fluorescent cells located at the core of the dual spheroids 

migrated, penetrated the whole spheroid, and eventually invaded the outer type 

I collagen (Figure 10, Bottom left). Co-treatment of dual spheroids with EGF 

and Cetuximab blocked the migration and invasion of fluorescent tumor cells 

from the core, demonstrating that Cetuximab efficiently blocks EGFR-mediated 

migration and invasion throughout the entire spheroid. Time-lapse fluorescence 

microscopy visualization of the dynamics of invasion showed that starting 

around 16 hours, green-fluorescent FaDu cells began to migrate and permeate 

the entire spheroid, invading the collagen surrounding the spheroid (Figure 10, 

EGFhigh column). The invasive distance progressively increased over time 

(Figure 10, EGFhigh column) and invasive cells entering the type I collagen ECM 

represented a mix of green-fluorescent cells from the spheroid core and non-

fluorescent cells from the periphery, as shown in the merged picture on the right 

in EGFhigh column (Figure 10). This result demonstrates that the invasive tumor 

cells originated from the entire spheroid.  

In contrast to the strong induction of invasion in the EGFhigh group, Cetuximab 

substantially inhibited EGF-mediated invasion upon co-treatment (Figure 10, 

Bottom left). Furthermore, time-lapse imaging revealed that Cetuximab 
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indiscriminately suppressed the EGF-mediated invasion of both FaDu-Dendra2 

cells in the core and peripheral FaDu-WT cells (Figure 10, EGFhigh plus Cet 

column). However, the inhibition was not complete and a small proportion of 

cells entered type I collagen starting at 16-hours. Hence, the EGF plus 

Cetuximab group's results show that Cetuximab effectively blocks EGF-

mediated invasion throughout the spheroid.  

 

Figure 10 Origin of invasive cells and time-lapse imaging. 

Dual spheroids were generated as described in the Dual spheroid generation 

section (2.12). The structure of dual spheroids is shown in the scheme on the 

top left: the internal green FaDu-Dendra2 cells and the external non-fluorescent 

FaDu-WT cells are included along with theoretical concentration gradients of 
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EGF and Cetuximab (Top left). Fluorescence picture of EGF (9nM) and 

EGF(9nM) plus Cetuximab (10 µg/mL) at 40h are shown (Bottom left). Time-

lapse imaging pictures (0-48h) were taken with a Leica DMi8 microscope in the 

FITC (GFP) and PH (Phase contrast) channels and are shown on the right. 

Representative pictures of EGFhigh (GFP, left; GFP and phase contrast Merged, 

right) and EGFhigh plus Cetuximab treatments (GFP, left; GFP and phase 

contrast Merged, right) are shown. 

3.2.5 Invasion inhibition by inhibitors of EGFR-associated pathways 

Based on our previous research, it is known that among the two pathways 

downstream of the EGF-EGFR pathway, the MAPK/ERK signaling pathway 

plays a more important role than the PI3K/AKT signaling pathway in EGF-

mediated EMT (Pan et al., 2018).  

To explore which EGFR-associated pathway is most relevant in 3D invasion, 

tumor cell spheroids were either kept untreated under serum-free conditions 

(SF) or treated with EGFhigh, EGFhigh plus Cetuximab, EGFhigh plus MEK 

inhibitor or EGFhigh plus AKT inhibitor. FaDu and Kyse30 maintained the same 

pattern across all groups, according to the representative pictures. There was 

essentially little cell invasion in the SF group. EGFhigh enhanced cell invasion 

greatly, whereas Cetuximab and MEKi decreased cell invasion significantly. 

The AKTi treatment partially blocked the invasion (Figure 11). 
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Figure 11 EGF-mediated invasion and inhibition. 

Tumor cell spheroids were generated and embedded in CSM as described in 

the Method section. Pictures were taken with a Leica DMi8 microscope in the 

PH channel. Shown are representative pictures of five groups in FaDu (Upper 

line) and Kyse30 (Bottom line) cell lines. From the left to the right: Ctrl (SF), 

EGFhigh (9 nM), EGFhigh (9 nM) with Cetuximab (10 µg/mL), EGFhigh (9nM) with 

AZD6244 (100nM, MEK inhibitor), EGFhigh (9 nM) with MK2206 (1uM, AKT 

inhibitor). Scale bar: 200 μm. 

3.2.6 Quantification of the invasion 

To identify and assess differences between treatments, ImageJ software was 

used to quantify the invasion of five treatment groups: Ctrl (Serum free), EGFhigh 

(9 nM), EGFhigh (9 nM) and Cetuximab (10 µg/mL), EGFhigh(9nM) and MEK 

inhibitor (100 nM), EGFhigh (9 nM) and AKT inhibitor (1 uM). Quantitative 

indicators refer to two parameters: Invasive area and invasive distance (Figure 

12, upper). The invasive area represents the area covered by tumor cells 

outside of the boundaries of the initial spheroid. The invasive distance refers to 

the maximal distance covered by tumor cells measured from the spheroid 

center. 
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The results in FaDu cell line showed that the EGFhigh group had the highest 

invasion area and invasion distance, which was statistically significant 

compared to all the remaining groups. The invasion was strongly inhibited in 

the CET and MEKi groups compared to the EGFhigh group, and the degree of 

invasion was close to that of the SF group. The AKTi group was more invasive 

than the CET and MEKi treatment groups, but still statistically significant 

compared to the EGFhigh group (Figure 12, bottom). 

The result of the Kyse30 cell line was identical to that of the FaDu cell line in 

that EGF treatment remained the strongest inducer measured as invasion area 

and distance. The Cetuximab and MEKi (AZD6244) treatment groups greatly 

prevented cell invasion as compared to the EGF group, and their values were 

comparable to the SF group and statistically significant. The AKTi group had 

less invasion than the EGF group. However, the difference was only statistically 

significant in the invasion area measure (Figure 12, bottom). 

Hence, these quantification results of inhibitor treatments demonstrated that 

Cetuximab and MEKi (AZD6244) strongly inhibit EGF-mediated 3D invasion, 

while AKTi (MK2206) only partially inhibits the process. This indicates that the 

RAS-RAF-MEK-ERK pathway plays a major role in the process of EGF-EGFR-

mediated invasion in our 3D cellular model. 
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Figure 12 Quantification of invasion in the 3D tumor spheroid model. 

Upper picture describes the quantification method of 3D invasion. Area 2 (Outer 

dashed line) includes the whole spheroid center plus the invasive part. Area 1 

(Inner Circle) is the center part representing the initial spheroid. The invasion 
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distance is the straight dotted line. 3D invasion quantified result (bottom) are 

shown for FaDu and Kyse30 cells, including Ctrl (Serum free), EGFhigh (9 nM), 

EGFhigh (9 nM) and Cetuximab (10 µg/mL), EGFhigh (9 nM) and MEK inhibitor 

(100 nM), EGFhigh (9 nM) and AKT inhibitor (1 µM) groups. Shown are means 

with standard deviations (SD) from at least n = 3 independent experiments 

performed in 3D invasion assay (72 hours) with several single spheroids 

depicted by individual filled circles. One-Way ANOVA with Šídák's multiple 

comparisons test, Brown-Forsythe test and Bartlett's test p-values * 0.05, ** 

0.01; *** 0.001, **** 0.0001. 

3.3 Dendra2-Farnesyl-5 plasmid transfection and photoconversion 

3.3.1 Dendra2-Farnesyl-5 plasmid (Dendra2) transfection 

Locating, selectively enriching, and characterizing individual cell populations of 

interest in the 3D cell model is a prerequisite to understand the process of EGF-

mediated invasion. Therefore, a Dendra2-Farnesyl-5 expression plasmid 

encoding the photoconvertible Dendra2 protein was transfected into FaDu and 

Kyse30 cell lines for stable expression. FaDu cells were transfected with 

photoconvertible Dendra2 plasmid using MATra reagent and selected with 

neomycin (G418). Kyse30 cells were transfected with Dendra2 plasmid using 

Lipofectamine™ 2000 Transfection Reagent and selected with neomycin 

(G418). 

Four different antibiotic concentrations were examined to find the best antibiotic 

concentration: 100µg/mL, 450µg/mL, 800µg/mL, and 1150µg/mL. From the 

representative pictures, we deduced that 1150µg/mL was the more efficient 
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antibiotic concentration for selection, which was utilized to select the Dendra2-

transfected cells (Figure 13). 

  

Figure 13 Antibiotic concentration test. 

Representative pictures showing the FaDu or Kyse cell line were selected after 

24 hours by adding four different concentrations of neomycin:100µg/mL, 450 

µg/Ll, 800µg/mL, and 1150µg/mL. 

3.3.2 Establishment of high expression Dendra2 cell clones  

Transfected cells showed heterogeneous fluorescence expression after 

transfection and selection of the Dendra2 plasmid. To utilise Dendra2 cells for 

photoconversion in subsequent experiments, transfected cells with a high 

expression of Dendra2 were sorted by fluorescence-activated cell sorting 

(FACS). A step-by-step gating method was used to prepare single live cells (An 

& Chen, 2018). Forward scatter (FSC) and side scatter (SSC) parameters were 

used to gate and separate cells from debris, as illustrated in Figure 14A upper. 

Cells were gated to eliminate doublets or multiplets using FSC-width (FSC-W) 
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vs. FSC-height (FSC-H) and SSC-area (SSC-A) vs. FSC-area (FSC-A). 

After gating single live cells, green fluorescent protein-area (GFP-A) vs cyan 

fluorescent Protein-are (CFP-A) was used to define medium and high green 

fluorescent intensity area (Figure 14A, upper). To get the high-fluorescent 

intensity cells, a GFP fluorescence value range from 8.6x102 to 3.3x103 was 

gated as P3 and from 7.3x103 to 105 as P4. P3 and P4 were defined as medium 

and high fluorescence intensities, respectively (Figure 14, A, bottom). Medium 

and high-fluorescent groups were sorted into 15 mL tubes for cell culture and 

further experiments. Eventually, we obtained 2% of FaDu highly fluorescent 

cells, and 1.6% of Kyse30 highly fluorescent cells, which were reseeded in T-

25 flask after FACS, and representative images can be seen in Figure 14B. The 

FaDu-Dendra2 and Kyse30-Dendra2 cells are presented in phase contrast and 

FITC channels, and the sorted high-fluorescent cells have a distinct green 

fluorescence.
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Figure 14 Sorting for high-fluorescence intensity population. 

(A) Gating strategy for the enrichment of high-fluorescence Dendra2 

expressing cells (FaDu and Kyse30) according to different GFP fluorescence 

intensity based on (FSC-W) vs. FSC-height (FSC-H) and SSC-area (SSC-A) 

vs. FSC-area (FSC-A). P3 is gated as a medium-fluorescent group, P4 is gated 

as a high-fluorescent group. (B): Representative pictures (in phase contrast and 

FITC channels) of sorted FaDu-Dendra2 and Kyse-Dendra2 with high 

fluorescence intensity. 
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3.3.3 Dendra2 protein carried by cells can be selectively photoconverted 

After successfully transfecting and sorting FaDu-Dendra2 and Kyse30-Dendra2, 

the photoconversion process was examined to further exploit photoconversion 

options. 

FaDu-Dendra2 spheroids were used for a photoconversion test in which 

invasive cells were selected within a target area for conversion. The entire 

spheroid including invasive cells was recorded in the PH and FITC (Dendra2) 

channels. The target cell area to be photoconverted is depicted by white frame 

(Figure 15, phase contrast and Dendra2). 

The FITC (Dendra2-green) channel shows a green fluorescence signal in the 

target area before laser irradiation, whereas the TXRED (Dendra2-red) channel 

shows no cell fluorescence signal in the target area. After 20 seconds of laser 

irradiation at 405nm wavelength within the target area, cells in the TXRED 

(Dendra2-red) channel target area begin to convey red fluorescent signals 

(Figure 15,non-converted). The FITC (Dendra2-green) channel, on the other 

hand, continues to show a signal, indicating that the green Dendra2 protein in 

the cells in the area has not been entirely photoconverted. Hence, the presence 

of a red signal in the TXRED channel indicates that photoconversion of a part 

of the Dendra2 protein in the target area has been accomplished. With this 

technique, labeling and specific enrichment of invasive cells in situ in the 
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context of 3D invasion is feasible (Figure 15, photoconverted). 

 

Figure 15 Photoconversion of Dendra2 protein in situ in invasive cells of 

a 3D tumor spheroid model. 

FaDu-Dendra2 spheroids embedded in type 1 collagen were recorded in phase 

contrast and FITC channels (top left). The photoconversion target area is 

depicted as a white box with a magnified image (bottom left). The non-

converted and photoconverted target areas are visualized in the FITC channel 

(Dendra2-green, upper right panels), and photoconverted Dendra2 in the 

TXRED channel (Dendra2-red, lower right panels). For photoconversion, all 

cells in the target area were exposed to DAPI channel with the microscope 

setting: FIM 100%, IL-Fld 2 round, time interval (2 secs), exposure (5 secs), 

cycle (4 times). 

3.3.4 Flow cytometry-based enrichment of photoconverted tumor cells 

Upon photoconversion, tumor cells have a dual red and green fluorescence, 

whereas non-converted cells only have green fluorescence. To verify whether 

photoconverted and non-converted cells can be distinguished by the intensity 

of red and green fluorescence, so as to achieve the purpose of sorting target 



 

 

72 

 

cells, flow cytometry was used to detect fluorescence profiles. 

Using flow cytometry, the size and range of fluorescence of FaDu-WT cells were 

initially determined as controls (by SSC-A vs. FSC-A and PE-A vs. FITC-A) 

(Figure 16, top). Non-converted FaDu-Dendra2 cells were characterized by 

high green fluorescence (FITC-A) intensities compared to the FaDu-WT (Figure 

16, Bottom left). However, cell suspensions composed entirely of 

photoconverted cells showed an upward shift, indicating that all cells with green 

fluorescence also exhibited red fluorescence (PE-A) following photoconversion 

(Figure 16, Bottom middle). To test for sensitivity, photoconverted and non-

photoconverted cells were combined in a 1:4 ratio group. A proportion of 20 

percent of photoconverted cells was well differentiated from the remaining non-

converted cells in flow cytometry (Figure 16, Bottom right; “20% 

photoconversion”). Based on these findings, photoconverted and non-

photoconverted cells can be detected and distinguished in flow cytometry. 
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Figure 16 Specific detection of photoconverted tumor cells by flow 

cytometry 

Shown is the gating strategy for the distinction of photoconverted FaDu-

Dendra2 tumor cells. The size (Top left, R-1) and range of fluorescence (Top 

right, R-2) of FaDu-WT were gated by SSC-A vs. FSC-A and PE-A (Red) and 

FITC-A (Green). High fluorescence non-converted FaDu-Dendra2 cells were 

gated in R-3 (Bottom left), and 100% converted FaDu-Dendra2 cells were gated 

in R-4 (Bottom middle). Flow cytometry dot plot profiles of a mix of 20% 

photoconverted cells and 80% non-converted cells is shown in the 20% photo 

conversion group (Bottom right).  

3.3.5 Reseed of sorted Fadu-Dendra2 cells 

To test the state of cells and whether they can be cultured after FACS . After 

sorting, cells were reseeded to 6-wells plate for observation. The results 

showed that the cells were vital and started re-adhering to the culture dish after 

4 and 8 hours of reseed. Cells appeared morphologically healthy (Figure 17, 
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left) and Dendra2 fluorescence was not affected by sorting (Figure 17, right). 

 

Figure 17 Reseed of sorted FaDu-Dendra2. 

Shown are representative pictures of FaDu-Dendra2 after fluorescence-

activated cell sorting. The pictures at the 4-hour time point (Top line) and the 8-

hour time point (Bottom line) were taken in the phase contrast (Left column) 

and FITC (Dendra2) channels (Right column), respectively. 

3.4 Sample collection for Bulk-RNA sequencing 

3.4.1 Characterization of Dendra2-red/green in fluorescence-activated 

cell sorting for sample collection 

We have previously demonstrated that photoconverted and non-
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photoconverted cells can be detected and differentiated in flow cytometry based 

on pure photoconverted and pure non-photoconverted samples. However, in 

the process of collecting cell samples by formal flow sorting, because the red 

and green fluorescent cells will come from the same spheroid. During the 

photoconversion process, due to the scattering of the laser beam, the cells in 

the small surrounding area of laser irradiation also had been partially-

photoconverted and had very low-intensity red fluorescence, leading to an 

intermediate state between the red and green samples. Therefore, in the actual 

sorting process, we adjusted the FACs-gating strategy in order to obtain high-

intensity red or completely green samples as much as possible (that is, to 

eliminate red-green fluorescent intermediate cells), and when gating, we 

selected as far away as possible. The area of another color creates a clear 

buffer area, reducing the possibility of the two colors overlapping. 

To sort the subpopulation of invasive cells by FACs, through FSC-A vs SSC-A 

and SSC-A vs SSC-H parameters, FaDu-WT was used to determine the size 

and granularity (Figure 18A, P1) and remove doublets or multiplets (Figure 18A, 

P2) using the FSC-A vs. SSC-A and SSC-A vs. SSC-H parameters. Non-

converted-FaDu-Dendra2 and photoconverted-FaDu-Dendra2 were utilized to 

define green fluorescent expression regions (Figure 18B, green) and red 

fluorescent expression regions (Figure 18C, red), which were differentiated by 
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keeping a specified distance (buffer) between the two regions, using PE-A (red 

fluorescence) vs. FITC-A (green fluorescence) channels.  

Next, FaDu-Dendra2 cells spheroid were embedded in collagen and treated 

with 10 µg/mL EGF. After 72 hours, cells in spheroids were partially 

photoconverted, and collagen-spheroids mixture were subjected to collagen 

digestion and single cell suspension were used for a test of cell sorting. 

Photoconverted red cells and non-photoconverted green cells were 

successfully clustered, as evidenced by results in Figure 18D, E. A total of 

87,684 FaDu Dendra2 red cells (Figure 18D) and 34,795 FaDu Dendra2 green 

cells (Figure 18E) were sorted, accounting for 21.9% and 7.2% of the P2 of the 

original samples, respectively. FaDu cell line is shown as an example. 
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Figure 18 Clustering and fluorescence-activated cell sorting of Dendra2 

photoconverted and non-converted cells 

Flow cytometry dot plot for gating: (A) FaDu-WT cells, (B) non-converted FaDu-

Dendra2 (green), (B) photoconverted FaDu-Dendra2 (red). Flow cytometry dot 

plot for sorting: (D) FaDu-Dendra2 (red) cells, (E) FaDu-Dendra2 (green) cells. 

Cells were sequentially gated in P1 and P2 (FSC-A vs SSC-A and SSC-A vs 

SSC-H). Gates used for Dendra2-red/Dendra2-green clustering are shown as 

red/green regions (PE-A vs. FITC-A) The proportion and number of sorted cells 

are shown in the sequential gating (Bottom). 

3.4.2 Purity assessment for sorted cells 

To assess the purity of sorted cells, green and red sorted cells (Figure 18D, E) 
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were re-analyzed by flow cytometry. The P1, P2, red, and green gates used for 

the purity assessment were identical to the FAC-sorting parameters (Figure 18).  

Flow cytometry re-analysis indicated that all sorted Dendra2-green fall into the 

green-gate range, with green cells accounting for 99 percent and red cells 

accounting for 0% (Figure 19, left panel). Photoconverted Dendra2-red cells 

that have been sorted all fall into the red-gate range, with green cells accounting 

for 0% and red cells accounting for 100% (Figure 19, right panel). This 

demonstrated that the purity of the cell populations is ensured after sorting and 

that there is no contamination between red and green cells. 

 

Figure 19 Purity assessment for sorted cell 
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Representative graphs depict sorted Dendra2-green/Dendra2-red cells that 

were sequentially gated in P1 and P2 (FSC-A vs SSC-A and SSC-A vs SSC-

H). Gates used for Dendra2-green (left panel, upper and middle) / Dendra2-red 

(right panel, upper and middle) clustering are shown as red/green region (PE-

A vs. FITC-A). Sequential gating was performed for the purity of red/green 

population. 

3.4.3 Samples collection from tumor cell treatment groups 

To further explore molecular mechanisms associated with EGF-mediated 

invasive cells in 3D cellular model, samples from five different treatment groups 

were investigated: 1. SF-control group 2, Invasive cells of the EGF treatment 

group (Out) 3, Migratory but non-invasive from cells EGF treatment group 

(Core), 4 non-invasive cells from the EGF/Cetuximab co-treatment group, and 

5. non-invasive cells from the EGF/MEK inhibitor co-treatment group. All 

samples were collected as four independent biological replicates. The work-

flow for sample collection is shown in Figure 20. Out and Core cells were sorted 

according to red and green fluorescence, while all viable cells from spheroids 

in in the SF, Cetuximab, and MEKi groups were sorted without photoconversion 

based on the lack of obvious invasive cells. 
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Figure 20 Schematic representation of sample collection 

Schematic representation of sample collection for bulk RNA-seq. Invasive cells 

induced by EGF-treatment were selectively photoconverted by a 20s treatment 

with 405nm light. In parallel, migratory but non-invasive cells induced by EGF-

treatment were selectively photoconverted by a 20s treatment with 405nm light, 

too. Cell bulks were sent for Bulk RNA-seq (Upper line). Five sample groups 

were collected: 1. SF-control group 2. Invasive cells of the EGF treatment group 

(Out) 3. Migratory but non-invasive from cells EGF treatment group (Core), 4. 

non-invasive cells from the EGF/Cetuximab co-treatment group, and 5. non-

invasive cells from the EGF/MEK inhibitor co-treatment group (Bottom line, from 

left to right). 
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3.5 Data quality assessment by sample clustering and visualization 

3.5.1 Heatmap of the sample-to-sample distances and Principal 

component (PCA) 

RNAseq data was preprocessed in cooperation with Kristian Unger at the 

HMGU Munich. Reads(counts) were aligned to the GRCh38/hg38 human 

genome using STAR pipeline. Two samples (Kyse30 O-1, Co-1) were excluded 

due to low quality. Sample-to-sample distances were demonstrated by using 

dist function (Figure 21, upper in FaDu and Kyse30). The distance matrix 

heatmap gives us an intuitive inspection of how similar or differing samples are. 

The sample distances between the same groups are close and cluster well, as 

seen in the heatmap (Figure 21, upper panel). 

To visualize experimental variables and batch effects affecting the overall 

impact, Zhongyang Lin used a principal component analysis (PCA). 12567 

genes with total counts (across all rows) greater than 300 were selected and 

used for PCA and subsequent analysis. Principal component 1 explained 77% 

and a PC2 10% of variance in the transcriptional data across all treatments. 

The clustering inside each group is consistent with the very close sample-

sample distance estimates. The “Out” group clustered closely together with the 

“Core” group on the far left in the PCA, while the SF group clustered on the far 

right of the PCA, hence showing the biggest differences in PC1. Cetux and 

http://bioconductor.org/packages/devel/bioc/vignettes/DESeq2/inst/doc/DESeq2.html#data-quality-assessment-by-sample-clustering-and-visualization
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MEKi, the two inhibitor groups, showed an intermediate localization in the PCA, 

between Out/Core and SF clusters. Furthermore, the two inhibitor groups 

differed from the remaining samples with respect to PC2 (Figure 21, lower 

panel).  

 

Figure 21 Heatmap of the sample-to-sample distances and principal 

component plot of the samples. 

Sample-to-sample distances are presented as a heatmap, as well as the 

principal component analysis (PCA) of FaDu cells. In the study, all expressed 
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genes were considered. At least three separate experiments per treatment 

group were examined. PC1 and PC 2 are depicted with explained variance. Ctrl: 

Serum free, Out: Invasive cells (9 nM EGF), Core: Migratory cells (9 nM EGF), 

Cetux: Cetuximab group (9 nM EGF + 10 µg/mL Cetuximab), MEKi: MEK 

inhibitor group (9 nM EGF + 100 nM AZD6244). 

3.6 Transcriptional regulation of EGF-mediated invasion in a 3D cellular 

model 

3.6.1 Biological processes defined by Hallmarks of Molecular signature 

database (MSigDB) and leading-edge genes 

To explore biological processes potentially involved in the regulation of EGF-

mediated invasion and further study the contribution of genes in specific 

biological processes, the differential expression comparison of the Out vs. SF 

group was ranked by log2 (foldchange). A gene set enrichment analysis (GSEA) 

was performed according to the description in the method by using these 

ranked differential gene expression values, 

50 Hallmark gene sets from MSigDB were utilized to summarize and depict 

distinct biological processes. Significantly activated and suppressed hallmarks 

were chosen with a preset p-value of 0.05. Furthermore, normalized enrichment 

scores (NES) and related false discovery rate (FDR) were computed for all 

hallmarks. 

Through GESA, regulated hallmarks of Kyse30 (n=29) and FaDu (n=23) were 
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identified, respectively (Figure 22, middle and right bubble charts). After the 

intersection of the hallmarks of the two cell lines, 16 common hallmarks were 

extracted (Figure 22, left panel). We assumed that the gene set contributing to 

these 16 hallmarks comprises genes that contribute the most to EGF-mediated 

invasion in 3D cellular model (Figure 23, left box). 

In line with induction of EMT upon EGFhigh treatment, the MSigDB hallmarks 

“Epithelial-Mesenchymal Transition) was significantly activated in both cell lines 

(Figure 23). Next, leading-edge genes were extracted from all 16 intersected 

hallmarks to establish genes that contributed the most to the activation or 

suppression of all intersected hallmarks (Fleming & Miller, 2016) (Figure 23, 

right).  

 

Figure 22 Common hallmarks from MSigDB-based GESA. 

Shown is the schematic representation of the workflow resulting in the 

extraction of 16 common hallmarks from Kyse30 and FaDu cell lines (left). 
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MSigDB-based Gene set enrichment analysis of Kyse30 and FaDu and bubble 

charts showing top 22 and 23 hallmarks of Kyse30 and FaDu, respectively 

(middle and right). 

 

Figure 23 Extraction of leading-edge genes. 

16 hallmarks commonly regulated in invasive cells are shown in the left box. As 

an example of the 16 hallmarks, the leading-edge subset of genes within the 

Epithelial-Mesenchymal Transition hallmark enrichment plot are shown 

(Kyse30, right upper; FaDu right Bottom). p-values for GSEA and q-values for 

FDR (p < 0.05, and FDR<0.1). Hits on the left of green dashed lines are 

regarded as a leading-edge subset, while red and blue gradient hues stand for 

positive and negative regulation, respectively. The plot's top right corner 

displays the p.value and p.adjust value in addition to the blue line representing 

cumulative enrichment score, black lines representing gene set ranking location, 

and gray lines representing ranking metric scores. 
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3.6.2 Counter-regulated leading-edge genes in invasion/inhibition 

comparisons. 

In the next step, genes most closely associated with EGF-mediated invasion 

were identified upon comparison with inhibitor-treated samples. First, 

differentially expressed genes (DEGs) of OUT/SF, Cetux/OUT, and MEKi/OUT 

comparison were screened with a Log2FC>1  and an adjusted p-value＜0.05 

as thresholds. Only DEGs from OUT/SF that were counter-regulated by Cetux 

and/or MEKi were further analyzed. The resulting 41 up-regulated and down-

regulated genes represented a list of candidates mostly contributing to EGF-

mediated invasion (Figure 24). 
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Figure 24 Counter-regulated genes in Out vs. Cetux/ MEKi groups. 

The flow chart shows that by examining the gene expression levels of the 

OUT/SF, Cetux/OUT, and MEKi/OUT groups, 46 genes that are counter-

regulated between invasion and inhibitor groups were identified from 449 

leading-edge genes. OUT: Sorted invasive cells, SF: Serum free control, Cetux: 

Cetuximab inhibition, MEKi: MEK inhibition, UP: Up-regulated, DOWN: Down-

regulated. 

3.6.3 Identification of co-expression modules and biological 

processes/pathways correlated with EGF-mediated invasion in a 3D 

cellular model 

To provide insight into the biological process and pathway information of those 

46 genes, Zhengquan Wu applied in a cooperative work a Single Sample 

Geneset Enrichment Analysis (ssGSEA) to calculate the EMT 

(HALLMARK_EPITHELIAL_MESENCHYMAL_TRANSITION), MAPK 

(KEGG_MAPK_SIGNALING_PATHWAY), PI3K 

(HALLMARK_PI3K_AKT_MTOR_SIGNALING), and EGF_EGFR pathway 

(WP_EGFEGFR_SIGNALING_PATHWAY) score of patients in the single-cell 

RNA-seq (scRNA-seq) HNSCC dataset (GSE103322). Weighted gene co-

expression network analysis (WGCNA) was used to investigate co-expression 

modules related to EMT, MAPK, PI3K, EGF_EGFR pathway. Genes exhibiting 

the most (top 25%) variation in expression levels across the scRNA-seq dataset 

(GSE103322) were imported to the WGCNA. The soft threshold of module 

analysis was calculated using scale independence and mean connectivity 
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analysis with various power levels. As shown in Figure 25, when the power 

value was set to 5, the scale independence value achieved 0.9 and lower mean 

connectivity. Then the soft threshold power β = 5 (scale-free R2 = 0.90) was 

used to construct a scale-free network. To describe the cluster amongst 

modules, a cluster dendrogram was created and modules containing various 

genes were generated and shown in multiple colors (Figure 26). 

The correlation between modules and traits was used to calculate module-trait 

relationships. To correspond to the results of our 3D invasion experiments, 

modules were required to correlate with high EMT, EGFR and MAPK activity, 

but with low PI3K-AKT activity. From the computed modules, it was evident that 

the blue and greenyellow modules fit our requirements (Figure 26; Figure 27). 

Next, to merge these two modules and fully describe EMT, EGFR, MAPK and 

PI3K-AKT, the clustering of module was re-cut using mergeCutHeight with a 

parameter set to 0.85 (Figure 28). Blue and greenyellow modules merged into 

a new brown module, which was the most significant module (n = 300 genes) 

(Figure 29; Figure 30).  
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Figure 25 Scale independence and mean connectivity analysis 

To establish the soft threshold of module analysis, scale independence and 

mean connectivity analysis of modules with various power levels were carried 

out (scale-free R2 = 0.90, power value was set to 5). 

 

Figure 26 Cluster dendrogram among modules 

A cluster dendrogram was created and modules containing various genes were 

generated and shown in multiple colors. 
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Figure 27 Module-trait relationships 

The correlation between modules and traits was used to calculate module-trait

 relationships. (P value < 0.05, module size < 500). Includes 29 modules with d
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ifferent colors and EMT(HALLMARK_EPITHELIAL_MESENCHYMAL_TRANS

ITION), MAPK (KEGG_MAPK_SIGNALING_PATHWAY), PI3K (HALLMARK_P

I3K_AKT_MTOR_SIGNALING), and EGF_EGFR pathway (WP_EGFEGFR_S

IGNALING_PATHWAY) score. The bar on the right is blue for negative correlat

ion and red for positive correlation. 

 

Figure 28 Re-Cut of clustering of module eigengenes 

The clustering of module was re-cut using mergeCutHeight with a parameter 

set to 0.85. The red line is the cutting line. 

 

 

Figure 29 Merged Cluster dendrogram among modules 
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A Merged cluster dendrogram was created and modules containing various 

genes were generated and shown in multiple colors. 

 

 

Figure 30 Merged Module-trait relationships. 

The correlation between Merged modules and traits was used to calculate Mer

ged module-trait relationships. (P value < 0.05, module size < 500). Includes 7

9 modules with different colors and EMT (HALLMARK_EPITHELIAL_MESEN

CHYMAL_TRANSITION), MAPK (KEGG_MAPK_SIGNALING_PATHWAY), PI

3K (HALLMARK_PI3K_AKT_MTOR_SIGNALING), and EGF_EGFR pathway 

(WP_EGFEGFR_SIGNALING_PATHWAY) score. The bar on the right is blue f

or negative correlation and red for positive correlation. 

3.6.4 Intersection of the brown module and counter-regulated genes 

Next, the 300 genes of the brown module (Figure 30) were intersected with the 

46 DEGs resulting from our own bulk RNA-seq analysis. From the Venn 

Diagram in Figure 31, after the intersection of these two lists 16 genes with the 

most likely contribution to EGF-mediated invasion in the 3D cellular model were 

extracted. They are: IL8, FOSL1, KLF6, COL17A1, INHBA, ITGA3, ITGA5, 

ITGB4, LAMA3, LAMB3, LAMC2, MT2A, PLEK2, PHLDA1, SERPINE1, SPHK1. 
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Figure 31 Venn diagram of the intersection 

The intersection of counter-regulated genes (Out/SF vs. Cetux/Out and/or 

MEKi/Out comparisons) and the genes in the brown module (scRNA-seq 

WGCNA, Figure 30) was identified by the Venn diagram (Upper). The size of 

each list's gene number is shown in the bar below The Venn diagram was 

generated by http://jvenn.toulouse.inra.fr/app/example.html. 

3.7 Validation of sphingosine kinase 1 as potential target 

Various gene types are included in the extracted 16 genes, such as apical 

junction-related genes and genes encoding integrins and components of the 

http://jvenn.toulouse.inra.fr/app/example.html
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extracellular matrix: ITGB4, LAMA3, LAMB3, LAMC2, COL17A1, ITGA3, 

indicative of tissue remodeling. Additionally, among the 16 genes, EMT-related 

genes such as SERPINE1, INHNBA, IL8, ITGA5, LAMC2, and LAMA3 were 

also identified.  

 SPHK1 (Sphingosine Kinase 1) represented the only kinase among the 16 

genes, making it a potential therapeutic target. Additionally, SPHK1 also 

exhibits increased expression in Cetuximab-resistant HNSCC cell lines, 

according to evidence from DNA microarrays of HNSCC Cetuximab-resistant 

and Cetuximab-sensitive cell lines (Figure 32). Hence, high expression of 

SPHK1 may contribute to Cetuximab treatment resistance. In order to 

investigate the inhibition of EGF-mediated invasion, the established 3D model 

was utilized to test PF-543 (a novel SPHK1 inhibitor) and Cetuximab alone or 

in combination with PF-543. 
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Figure 32 SPHK1 expression in Cetuximab resistance/Cetuximab-

sensitive HNSCC cell lines. 

SPHK1 expression is shown in a box-plot whiskers where the expression in 

Ceutximab-resistant cells isdepicted in blue, and that of Cetuximab-sensitive 

cells is in red. T-test, p-values * 0.05. 

PF-543low (5uM) and PF-543high (10uM) treatment groups showed a dose-

dependent significant inhibitory effect on the invasion area and invasion 

distance compared with the EGFhigh group (Figure 33). Compared with the 

EGFhigh group, the invasion area of low concentration Cetuximablow (1 µg /mL) 

showed no significant difference, but a significantly inhibited invasion distance. 

Compared with the EGFhigh group, the Cetuximabhigh (10 µg/mL) had a 

significant inhibitory effect on the invasion area and the invasion distance. 

Noteworthy, compared with EGFhigh, the combination group of 
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Cetuximablow+PF-543low showed a significant inhibitory effect on invasion area 

and invasion distance, and there was no significant difference with 

Cetuximabhigh group. 

 

Figure 33 PF-543 and Cetuximab inhibition assay 

Representative pictures in the left shows 3D invasion in 7 different treatments 

group (FaDu): SF (Serum free), EGFhigh (9 nM), EGFhigh (9 nM)+Cetlow 

(Cetuximablow,1 µg/mL), EGFhigh (9 nM)+Cethigh (Cetuximabhigh,10 µg/mL), 

EGFhigh (9 nM)+PF-543low (SPHK1 inhibitor, 5 µM), EGFhigh (9 nM)+PF-543high 

(10 µM) and combination of EGFhigh (9 nM)+PF-543low+Cetuximablow groups. 

Quantification is performed as described in 2.8 Quantification of invasion. n = 3 

independent experiments. One-Way ANOVA with Šídák's multiple comparisons 

test, Brown-Forsythe test and Bartlett's test p-values * 0.05, ** 0.01; *** 0.001, 

**** 0.0001. Scale bars represent 200 µm. 

In summary, the SPHK1 inhibitor PF-543 showed a strong inhibitory effect on 



 

 

97 

 

EGF-mediated 3D invasion in the FaDu cell line. Using PF-543low+ 

Cetuximablow in combination allowed to substantially reduce the dose of 

Cetuximab required for inhibition of invason. The results provide clues and a 

basis for further study of the tumor suppressor effects and drug-synergistic 

effects of SPHK1 and EGFR inhibitors in HNSCC. It also demonstrates that 

SPHK1, a critical regulator for the treatment of cancers, has the potential to 

emerge as a new target for the developing associated novel treatments. 
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4 DISCUSSION 

Head and neck squamous cell carcinoma (HNSCC) are highly malignant and 

shown strong inter- and intratumor heterogeneity, bringing many obstacles to 

treatment for most patients (Cancer Genome Atlas, 2015; Gregoire, Langendijk, 

& Nuyts, 2015; J. W. Huang, Zhang, Shi, Liu, & Wei, 2016; Kriegs et al., 2016; 

Steinbichler et al., 2018). Researchers have recently studied HNSCC at the 

multi-omics level, including molecular biology, proteomic, bulk or single-cell 

RNA sequencing, imaging, metabolomics, etc (Eskiizmir, 2015; Faubert, 

Solmonson, & DeBerardinis, 2020; Mroz et al., 2013; Puram et al., 2017; 

Ramesh, Brabletz, & Ceppi, 2020). It was directly or indirectly proved that the 

degree of malignancy of HNSCC manifests at various levels, including lymph 

node metastasis, minimal residual disease, distant metastasis, resistance to 

radiotherapy and chemotherapy, and more (L. Chen et al., 2020; Jonckheere et 

al., 2022; Moon, Lee, & Lim, 2021; Nair, Bonner, & Bredel, 2022; Parikh et al., 

2019; Winkler, Abisoye-Ogunniyan, Metcalf, & Werb, 2020; M. Zhang et al., 

2021). These aspects of HNSCC progression seriously affect the survival and 

prognosis of HNSCC patients and make treating this disease difficult (Nair et 

al., 2022; Schinke et al., 2022a; Q. Zhang et al., 2021; Zhu et al., 2021).  

To solve these problems, scientists have made numerous efforts to explore the 

biological mechanism by which HNSCC initiates local and distant dissemination 
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and treatment resistance. Among them, the EGFR pathway mediating EMT 

leading to cancer invasion is a central topic and viewpoint (Cook & 

Vanderhyden, 2020; Johnson et al., 2020; Jonckheere et al., 2022; Kisoda et 

al., 2020; C. Z. Lin et al., 2020; Nair et al., 2022). Recently, the concept of 

collective cancer invasion mediated by leader cells has provided a new 

perspective (B. J. Chen, Wu, Tang, Tang, & Liang, 2020; Kozyrska et al., 2022; 

Vilchez Mercedes et al., 2021) and has become a potential research direction 

to investigate the invasion process of HNSCC. 

Therefore, to explore the biological mechanism of HNSCC invasion, in this 

thesis, I try to explore the mechanism of EGF-mediated invasion through the 

EGFR pathway. A 3D cellular model of EGF-mediated invasion was established 

with two tumor cell lines of the upper aerodigestive tract in ECM to simulate the 

environment of cancer invasion. As part of this system, photoconvertible 

Dendra2 protein stably expressed in tumor cells allowed to specifically locate, 

enrich, and RNA-sequence invasive tumor cells to explore the process of 

EGFR-mediated invasion in HNSCC. A major aim was to explore biological 

mechanisms of EGF-mediated invasion and identify potential therapeutic 

targets for HNSCC patients. 
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4.1 EGFhigh mediated 3D invasion mainly through EGFR-MEK pathway 

From previous data, Pan et al. revealed that high-dose EGF treatment mediates 

EMT in HNSCC cells, and identified pERK as a major driver of EGF-mediated 

EMT (Pan et al., 2018). This identification process was performed in 2D 

experimental conditions throughout, but whether EGF can induce EMT and 

invasion in HNSCC cell lines in 3D experimental conditions required additional 

research.  

Therefore, I first assessed the effect of EGF on cell morphology in 2D 

confirming the induction of EMT in FaDu and Kyse30 cells (Figure 5). After 72 

hours of treatment, the cells presented a highly mesenchymal state, the cell 

morphology became narrowly elongated, and the cell-to-cell adhesion was 

weakened. Scattered, unaggregated single cells were also seen. Changes in 

cell morphology were consistent with previous reports that high doses of EGF 

can indeed induce morphological changes in FaDu and Kyse30 cell lines (Pan 

et al., 2018).  

Notably, the downstream effects of cells grown in 2D monolayers versus those 

exposed in a 3D tumor microenvironment in vivo are different. A crucial 

distinction to be made here is that 2D planes constrain geometry formation in 

contrast to the circular morphologies present in 3D systems (Almany & Seliktar, 

2005). Due to the artificial geometry in 2D, epithelial cells lose their natural 
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polarity (Birgersdotter, Sandberg, & Ernberg, 2005), which might lead to cells 

with varying levels of genetic and proteomic expression (Irish et al., 2004; 

Roschke et al., 2003). Reviewing the genetic variations between 2D and 3D 

cell culture revealed upregulation in three domains: metabolism, cell cycle and 

turnover of macromolecules (leading to promotion of proliferation) 

(Birgersdotter et al., 2005). The need for 3D models is highlighted by the fact 

that the transition from 2D to 3D considerably enhanced the robustness of cells 

to toxicity in both normal and malignant situations (Almany & Seliktar, 2005; 

Sun, Jackson, Haycock, & MacNeil, 2006; Tevis et al., 2017). 

Due to the role of collagen in the ECM and upregulation in the tumor 

microenvironment, it is the most commonly used embedding material. Its 

application in in vitro 3D models is made easier by the simplicity with which 

mechanical strength, pore size, and fibril fraction may be modified by adjusting 

concentrations and preparation techniques (Harjanto, Maffei, & Zaman, 2011). 

So a suitable collagen concentration was used to perform 3D experiments 

(Figure 6), the constructed 3D model composed of tumor cells and type I 

collagen was used to examine whether high-dose EGF entails functional 

changes in tumor cells in 3D (Figure 7). Through live imaging, I could visualize 

that EGF induces tumor cell invasion in type I collagen, which can be 

specifically blocked by Cetuximab (Figure 8). Although the blocking efficiency 
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was not 100%, this may be due to the different diffusion rates and 

concentrations of EGF and Cetuximab in collagen, resulting in a small number 

of cells in the spheroid that have been exposed to EGF in advance of receiving 

Cetuximab. As a result, few cells remained in an invasive state. Generally, EMT-

inducing doses of EGF triggered local invasion of tumor cells into type I collagen, 

a phenotype that was reverted by co-treatment with Cetuximab. 

Due to the gradients of metabolites, catabolites, and oxygenation that are 

present in avascular tumors or tiny micrometastases (size under 2 mm3), with 

proliferation at the edges and necrosis at the center (Friedrich, Ebner, & Kunz-

Schughart, 2007). The microenvironment of the 3D tumor spheroid is different 

from normal tissue in terms of oxygenation, perfusion, pH, and metabolic state 

because of the macrostructure (Danhier, Feron, & Préat, 2010). Our 3D 

experiments may potentially include treatments diffusion, which would provide 

non-uniform or even inconsistent findings. To address the question of the 

diffusion range of EGF and Cetuximab and to probe the origin of EGF-induced 

invasive cells, two experimental approaches were designed. IHC staining of 

spheroids demonstrated that Cetuximab penetrated the deepest part of the 

spheroids at least within the first 24 hours (Figure 9). Cetuximab was evenly 

distributed in the spheroids, which indicated that EGF with a smaller molecular 

weight could also run through the entire spheroid, theoretically. The exploration 
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of the origin of invasive cells proved that invasive cells not only came from the 

periphery of the spheroid but also the inside of the spheroid, which indirectly 

confirmed that EGF can penetrate the entire spheroid (Figure 10).  

After verifying the feasibility of studying the effects of different components 

including therapeutic monoclonal antibodies in the established 3D model, I used 

two inhibitors (AZD6244 and MK2206) of downstream effectors of EGFR to 

further explore central pathways crucially involved in EGF-mediated 3D 

invasion. From the quantitative results, it can be deduced that MEK inhibitor 

AZD6244 had a stronger inhibitory effect than AKT inhibitor MK2206, 

suggesting that the RAS-RAF-MEK-ERK signaling pathway may have a more 

important involvement than the PI3K-AKT-mTOR signaling pathway in EGF-

mediated invasion (Figure 11). This is in line with findings by Pan et al. 

regarding the induction of EMT through EGFR signaling (Pan et al., 2018). 

However, the disadvantage is that if we want to explore this problem in a strict 

sense, we must also consider expression levels of ERK (MAPK/ERK) and AKT 

(PI3K-AKT-mTOR), and the magnitude of downstream responses. Studies in 

various HNSCCs have revealed that PI3K-AKT-mTOR pathways (K. Lee et al., 

2020; J. Wang et al., 2020; Y. Zhang et al., 2020) or MAPK/ERK pathways (Abu-

Humaidan, Ekblad, Wennerberg, & Sorensen, 2020; Cui et al., 2021; Jang et 

al., 2022; Pan et al., 2018) may predominate in the EGFR-mediated EMT or 
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tumor invasion process. Studies also suggest that both pathways are involved 

in this process and they may individually play a different role in a cooperative 

way (Kashyap et al., 2018; Peng et al., 2019; Ruicci et al., 2018; Zeng et al., 

2002). Understanding this will be a more complex and challenging task and 

more experiments need to be done in the future for verification. 

4.2 Photoconversion-based specific enrichment of locally invasive cells: 

a way to further understand the biological mechanism of EGF-mediated 

invasion. 

From several reports, we know that leader cells with highly invasive traits play 

an indispensable role in tumor invasion (B. J. Chen et al., 2020; Kozyrska et al., 

2022; Vilchez Mercedes et al., 2021; Yang et al., 2019; J. Zhang et al., 2019). 

However, these invasive cells have not been adequately studied in HNSCC, 

hence the present investigation. 

Protein photolabeling was implemented using a Photoconversion-based 

technique to understand more about the invasive cells. The excitation and 

emission spectra of Dendra2 dramatically shift toward the red after 

photoactivation. High dynamic ranges, brightness of Dendra2, and 

photoconverted states make it a desirable tool for our research (Chudakov, 

Lukyanov, & Lukyanov, 2007). It offers a method to identify specific cells of 
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interest due to its green fluorescence. Moreover, Dendra2 protein can be 

photoconverted from green to red fluorescence under 405nm laser irradiation 

(Figure 15), target cells, i.e. invasive cells following high-dose EGF treatment, 

can be detected, specifically photoconverted, and isolated via FACs. This 

process must be conducted within a time frame of approximately eight hours, 

which corresponds to the existence of the light-converted red fluorescence 

protein that is rather slowly metabolized. In addition to invasive cells, four 

treatment groups were implemented as controls during sample collection. 

These included the serum-free group (Ctrl), which served as the baseline group, 

the EGF-mediated 3D invasion of the less invasive migrating cells within the 

spheroid, and two additional inhibitor groups, MEKi and Cetuximab (Figure 20). 

These controls were important as comparisons for transcriptomic changes 

associated with specific functional differences across the isolated cells. 

Specifically, GSEA and DEG analyses relied on these additional treatment 

groups to decipher genes of superior importance regarding EGF-mediated local 

invasion. Hence, the established pipeline enables the capture of invasive cells 

and the opportunity for further sequencing studies to reveal transcriptomic 

differences associated with specific phenotypes.  

The hallmarks in the OUT/SF group that contributed most to invasion were 

evaluated using GSEA after sequencing samples had undergone quality control 
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(Figure 21;Figure 22). Of 16 common hallmarks in the FaDu and Kyse30 cell 

lines, 449 leading-edge genes were extracted as most likely genes to have the 

strongest contribution to the observed phenotype of EGF-mediated invasion 

(Figure 23). MEKi/OUT and Cetux/OUT comparisons were utilized to narrow 

the number of genes amongst the 449 leading-edge genes since previous data 

has shown that MEKi and Cetuximab can effectively inhibit EMT and, as shown 

in the present study, also hampers EGF-mediated invasion.  

Hence, the inclusion criteria for the most strict selection of genes were that the 

expression of these 449 genes in OUT/SF should be counter-regulated in the 

MEKi/OUT group and/or Cetux/OUT. Additionally, each genes should be quality 

as a DEG with a threshold of Log2FC>1 and an adjusted p-value＜0.05. within 

the respective comparison, finally resulting in a short-list of 46 genes (Figure 

24). 

To establish a connection between these 46 genes extracted from invasive cells 

with clinical samples, the scRNA-seq HNSCC dataset from Puram et al. was 

introduced (Puram et al., 2017). Modules of co-regulated genes were identified 

using a WGCNA and the resulting modules were analyzed for their correlation 

to four related parameters: EMT, MAPK pathway, PI3K pathway, and 

EGF_EGFR pathway (Figure 25) (Figure 29). Through this analysis a gene 

module comprised of 300 co-regulated genes was selected because of its 
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highest correlation with the selected parameters mentioned above, which 

reflect findings of our in vitro model.  After the intersection of the 300 genes 

(brown module) and the 46 genes (Bulk-sequencing results), 16 genes 

appeared. They are: IL8, FOSL1, KLF6, COL17A1, INHBA, ITGA3, ITGA5, 

ITGB4, LAMA3, LAMB3, LAMC2, MT2A, PLEK2, PHLDA1, SERPINE1, SPHK1.  

Those 16 genes can be used to explain the causes of EGF-mediated invasion 

to a certain extent. For example, high levels of EMT-related genes like Serpine 

Family E Member 1 (SERPINE1), Inhibin Subunit Beta A (INHBA), chemokine 

(C-X-C motif) ligand 8 (IL8), Integrin Subunit Alpha 5 (ITGA5), Laminin Subunit 

Gamma 2 (LAMC2), and Laminin Subunit Alpha 3 (LAMA3) can cause cells to 

change from an epithelial to a mesenchymal state, provide weaker cell-to-cell 

contact, lower cell adhesion, and enables cells to acquire higher mobility, 

increasing their capacity to invade and metastasize (C. Huang & Chen, 2021; 

T. Li, Wu, Liu, & Wang, 2020; X. Li et al., 2020; Okada, Takahashi, Takayama, 

& Goel, 2021; Pu et al., 2021; Y. Yu, Wang, Lu, Chen, & Shang, 2021). 

Additionally, the genes encoding for integrin and laminin, including Integrin 

Subunit Beta 4 (ITGB4), LAMA3, LAMC2, and the apical-junctions related 

genes, such as Collagen Type XVII Alpha 1 Chain (COL17A1), Integrin Subunit 

Alpha 3 (ITGA3) can assist tumor cells in adapting to the tumor 

microenvironment by degrading and secreting corresponding proteins (Bierie 
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et al., 2017; Feng et al., 2020; G. S. Li et al., 2022; Thangavelu, Krenács, Dray, 

& Duijf, 2016; Theocharis et al., 2016). Gene like Sphingosine Kinase 1 

(SPHK1), is closely related to the ECM. Ko et al. showed that one of the 

important regulators of the equilibrium between cancer cell invasion and 

adhesion during metastasis is the temporal control of S1P (through SPHK1) 

secretion by the various mechanical circumstances (Ko et al., 2016). In the 

cellular microenvironment, the role of the ECM stiffness in regulating SPHK1 

differs between aggressive metastatic cell lines and primary cell lines. While 

increasing ECM stiffness can decrease SPHK1 expression in primary cell lines, 

it can also induce it in aggressive metastatic cell lines (Ko et al., 2016). Sheu 

et al. discovered that through EGFR-MAPK-SPHK1 signaling, LRIG1 may 

regulate cell migration and metastasis (Sheu et al., 2014). In 2019, SPHK1 was 

identified by Tsang et al. as an oncogene associated with the super-enhancer 

(SE) in hepatocellular cancer (Tsang et al., 2019). Additionally, FOS Like 1 

(FOSL1), an AP-1 Transcription Factor Subunit, was also found to be a master 

regulator in HNSCC by M. Zhang et al. Through a super-enhancer-driven 

transcriptional program, it primarily promotes tumorigenicity and metastasis by 

placing super-enhancers (SEs) at critical oncogenes, including SNAI2 (M. 

Zhang et al., 2021). Inhibin subunit beta A (INHBA), a possible biomarker, is 

highly expressed in HNSCC (Wu, Tang, Niu, & Cheng, 2019; Y. Yu et al., 2021). 
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IL8 secretion also increases migration, invasion, and chemotherapy resistance 

in oral cancer cells (Pu et al., 2021), etc. 

However, numerous genes work together to cause tumor invasion, which is not 

the consequence of the action of one single gene. In addition to carrying out 

their individual tasks, individual genes products also connect or collaborate with 

others to establish transcription factor and protein network that promotes tumor 

invasion and leader cell movement (B. J. Chen et al., 2020; Khalil & de Rooij, 

2019; Vilchez Mercedes et al., 2021; Vishwakarma et al., 2020; Yamada & Sixt, 

2019; J. Zhang et al., 2019; Zoeller et al., 2019). Therefore, future work will 

require analyzing the acquired data from a different angle, taking regulatory 

transcription factor networks and inferring protein activities into account. Up-

coming analyses from our group will implement the NetBit2 (Network-based 

Biased Tree Ensembles) algorithm that infers the expression of transcription 

factors and their downstream effectors across samples of RNA-seq data, and 

further allows to infer protein activities via metaVIPER. 

Furthermore, the situation of tumor patients will be more complex as the 

process of tumor invasion is affected by the cell itself and the surrounding 

environment, including pH (Thews & Riemann, 2019), blood oxygen (Fearon, 

Canavan, Biniecka, & Veale, 2016), different subtypes of CAFs within and in 

the vicinity of the tumor (Mao et al., 2021), tumor cell differentiation stage 
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(including EMT, p-EMT, etc.) (T. Chen, You, Jiang, & Wang, 2017; M. A. Nieto, 

R. Y. J. Huang, R. A. Jackson, & J. P. Thiery, 2016b; Puram et al., 2018a), tumor 

heterogeneity (Bedard, Hansen, Ratain, & Siu, 2013; Kim & DeBerardinis, 2019; 

Torab et al., 2020; Zoeller et al., 2019), and the physiological state of 

surrounding tissues (wound healing and tissue morphogenesis) (Suhail et al., 

2019; Vilchez Mercedes et al., 2021), reprogramming of the extracellular matrix 

(Y. L. Han et al., 2018; Nguyen-Ngoc et al., 2012; Winkler et al., 2020; Yamada 

& Sixt, 2019), more aggressive subpopulation within the same tumor type, etc 

(Ashing, Jones, Bedell, Phillips, & Erhunmwunsee, 2022; Dietze, Chavez, & 

Seewaldt, 2018; Gomez, 2020). All of these may become factors or promoters 

that affect tumor invasion. 

4.3 Validation of SPHK1 as a potential target for the inhibition of EGFR-

mediated invasion and for combinatorial treatment with Cetuximab. 

Among the 16 genes, SPHK1 stood out as the only kinase-encoding gene, 

which makes it promising as a potential therapeutic target. Sphingosine kinase 

1 (SPHK1) catalyzes the conversion of sphingosine (Sph) to sphingosine 1-

phosphate (S1P), which plays a role in metabolic and inflammatory processes, 

cell proliferation and migration, and growth and death (X. Wang et al., 2020). 

The majority of cancers have widespread overexpression of SPHK1, which 
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promotes tumor growth and is linked to poor clinical outcome (Wang et al., 

2019). At present, several inhibitors of SPHK1 have been developed, such as 

SK1-I (BML258), LCL351/146, VPC96091, PF-543, SKI-I, SKI-Ⅱ (SKi), SKI-

178, and SLC 4011540 (Bu, Wu, Deng, & Wang, 2021). Among those inhibitors, 

PF-543 is a novel sphingosine-competitive inhibitor of SPHK1 (Khan, Lai, 

Anwer, Azim, & Khan, 2020; X. Wang et al., 2020), and its inhibitory effect on 

cancers has been demonstrated in a variety of cancer studies, including breast 

cancer, prostate cancer, colorectal, lung and liver cancer (Ju, Gao, & Fang, 

2016; Khan et al., 2020; H. M. Lin et al., 2021; X. Wang et al., 2020). However, 

there are few studies on the role of PF-543 in HNSCC, for example, Hamada 

et al. had found that PF-543 can induce autophagy in HNSCC cells (Hamada, 

Kameyama, Iwai, & Yura, 2017), but the role of PF-543 in inhibiting HNSCC 

invasion remains unclear. 

PF-543 was used to assess its inhibitory function during EGF-mediated 3D 

invasion. The results showed that PF-543 had a strong and dose-dependent 

inhibitory effect on invasion, and when low-doses of PF-543 and Cetuximab 

were used in combination, the inhibitory effect was comparable to that of 

Cetuximabhigh. The results showed that PF-543low can effectively reduce the 

dosage of Cetuximab to one-tenth of the original dosage to achieve the same 

invasion inhibition, indicating a potential synergistic effect and the possibility of 
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increasing the sensitivity of tumor cells to Cetuximab. The expression level of 

SPHK1 in HNSCC Cetuximab-resistant cell lines was reportedly higher than 

that in Cetuximab-sensitive cell lines (Figure 32), which indirectly indicated that 

inhibition of SPHK1 might affect Cetuximab sensitivity (Figure 32). From the 

current results, SPHK1 inhibitor PF-543 can be considered as a candidate 

therapeutic target in future studies. Future work will aim at further corroborating 

SPHK1 as a therapeutic target for example using Cetuximab-resistant cell lines 

to test whether blocking SPHK1 with PF-543 restores Cetuximab sensitivity. 
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5 CONCLUSION 

Taken together, this work attempted to build a 3D model based on type I 

collagen to simulate the microenvironment of HNSCC tumor invasion and study 

EGF-mediated 3D invasion at the molecular level. After intersecting genes most 

strongly contributing to cellular hallmarks that were significantly altered in 

invasive cells with genes that were co-regulated in single malignant cells and 

that correlated with EMT, EGFR and MAPK activity, a narrow set of 16 genes 

was identified. From these 16 genes, several genes like ITGB4, LAMA3, 

LAMC2, COL17A1 and ITGA3 support the potential of cells to reshape the 

tumor microenvironment (Bierie et al., 2017; Feng et al., 2020; G. S. Li et al., 

2022; Thangavelu et al., 2016; Theocharis et al., 2016) , SERPINE1, INHBA, 

IL8, ITGA5, LAMC2, and LAMA3 regulate EMT (C. Huang & Chen, 2021; T. Li 

et al., 2020; X. Li et al., 2020; Okada et al., 2021; Pu et al., 2021; Y. Yu et al., 

2021), and FOSL1, IL-8, SPHK1 and ITGB4 foster treatment resistance at the 

transcriptional level (Bierie et al., 2017; Bu et al., 2021; Pu et al., 2021; M. 

Zhang et al., 2021). In a proof-of-concept study, a novel inhibitor of SPHK1 was 

shown to hamper EGF-mediated invasion and to substantially lower 

concentrations of Cetuximab required for the inhibition of invasion. 

Understanding the complicated process of tumor invasion in full depth remains 

highly challenging. The following factors might be considered to address this 
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issue: First, finding possible targets to halt the development of invasive cells or 

reduce their activity should be considered. Second, altering the tumor 

microenvironment, such that the metastatic potential of the tumor surrounded 

by ECM fibers is reduced. Third, changing the metabolic program of tumor cells 

to inhibit EMT. Therefore, further research into EGF-mediated invasion, 

particularly the transcriptomic basis of invasion, is expected to be promising 

and might lead to developing novel therapeutic approaches for HNSCC patients. 
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