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ABSTRACT 

Head and neck squamous cell carcinoma (HNSCC) consists of heterogeneous 
tumours originating from the head and neck region. Although advances in the 
treatment of HNSCC have been made during the last decade, cancer recurrence and 
treatment resistance remain challenges in HNSCC. Currently, human papilloma 
virus (HPV), and its surrogate marker p16 for oropharyngeal cancer and Epstein–
Barr virus (EBV) for nasopharyngeal cancer are the only biomarkers widely used in 
clinics. Thus, there is an urgent need for biomarkers to predict the prognosis and 
treatment response of HNSCC. 

Translocator protein (TSPO) is a small protein located on the outer mitochondrial 
membrane. It has been suggested that it participates in several cellular functions, but 
its exact role remains unclear. Studies have shown an association between high 
TSPO expression and worse prognosis in several types of cancer. 

The aim of this thesis was to evaluate the prognostic and predictive potential of 
TSPO in HNSCC. TSPO expression was determined in a large population-based 
tissue microarray (TMA) and The Cancer Genome Atlas (TCGA) patient cohorts, 
and possible associations with clinicopathological information were analysed. In 
addition, the role of TSPO in oxidative metabolism and DNA damage response was 
studied in HNSCC cells. Finally, the specificity of the TSPO-PET tracer [18F]F-DPA 
was evaluated in HNSCC xenografts and cell lines.  

Lower TSPO tumour expression was associated with worse survival in HNSCC, 
particularly in patients with p16-positive oropharyngeal cancer. Furthermore, lower 
TSPO expression was associated with worse survival in patients receiving 
radiotherapy. Low TSPO expression was associated with reduced mitochondrial 
respiration and DNA damage response in FaDu cells. The [18F]F-DPA uptake was 
specific in HNSCC xenografts and cells and increased after radiotherapy. 

The results of this thesis indicate that TSPO can be used as a prognostic 
biomarker of HNSCC and, mechanistically, may participate in the radiotherapy-
induced DNA damage response via the regulation of oxidative phosphorylation. 
Further investigation in the usability of TSPO-PET imaging for predicting 
radiotherapy response and clinical value of the association between low TSPO 
expression and worse outcomes in p16-positive oropharyngeal cancer are warranted. 

KEYWORDS: TSPO; head and neck squamous cell carcinoma; biomarker; tissue 
microarray; PET; radiotherapy; oxidative phosphorylation; DNA damage response  
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TIIVISTELMÄ 

Pään ja kaulan alueen levyepiteelisyövät ovat heterogeeninen joukko pään ja kaulan 
alueen kasvaimia. Vaikka kyseisten kasvainten hoidot ovat kehittyneet viimeisen 
vuosikymmenen aikana, syövän uusiutuminen ja hoitoresistenssi ovat yhä haasteita. 
Ihmisen papilloomavirus ja sen korvike p16 suunielun syövissä ja Epstein-Barr virus 
nenänielun syövissä ovat ainoat biomarkkerit, joita käytetään laajasti eri klinikoissa. 
Uusien biomarkkerien löytäminen pään ja kaulan alueen syöpien ennusteen ja 
hoitovasteen arvioimiseen onkin ensiarvoisen tärkeää. 

Translokaattoriproteiini (TSPO) on mitokondrion ulkokalvolla sijaitseva prote-
iini, jonka on ehdotettu osallistuvan moniin solun toimintoihin. TSPOn korkean 
ilmentymisen on osoitettu liittyvän potilaan huonoon ennusteeseen useissa syövissä. 

Tässä väitöskirjassa tutkittiin TSPOn kykyä toimia ennusteellisena biomark-
kerina pään ja kaulan alueen syövissä väestöpohjaista kudosmikrosirua ja TCGAn 
potilaskohorttia käyttäen. Lisäksi tutkittiin TSPOn toiminnallista roolia 
oksidatiivisen fosforylaation ja DNA-vauriovasteen säätelyssä pään ja kaulan alueen 
syöpäsoluissa. Lopuksi määritettiin TSPO-PET merkkiaineen, [18F]F-DPAn, 
spesifisyys pään ja kaulan alueen kokeellisissa kasvaimissa ja soluissa.  

Matalampi TSPOn ilmentyminen liittyi potilaan huonompaan ennusteeseen 
etenkin p16-positiivisisa suunielun syövissä. Lisäksi matala TSPOn ilmentyminen 
liittyi huonompaan ennusteeseen pelkästään sädehoidetuilla potilailla. Matala 
TSPOn ilmentyminen liittyi matalampaan oksidatiiviseen aineenvaihduntaan ja 
DNA-vaurion vasteeseen. [18F]F-DPAn kertymä oli spesifistä pään ja kaulan alueen 
syöpien kokeellisissa kasvaimissa ja soluissa ja kertymä nousi sädehoidon jälkeen. 

Tutkimuksen tulokset osoittavat, että TSPOlla on potentiaalia toimia ennus-
teellisena biomarkkerina pään ja kaulan alueen syövissä. TSPO saattaa säädellä 
sädehoidon aiheuttamaa DNA-vauriovastetta oksidatiivisen fosforylaation säätelyn 
välityksellä. Sädehoitovasteen ennustaminen PET-kuvantamisella TSPO-
merkkiainetta hyödyntäen vaatii lisätutkimuksia. TSPOn yhteys huonompaan 
ennusteeseen p16-positiivisissa suunielun syövissä saattaa olla kliinisesti merkitsevä 
löydös ja vaatii jatkotutkimuksia.  

AVAINSANAT: TSPO; pään ja kaulan alueen levyepiteelisyöpä; biomarkkeri; 
kudosmikrosiru; PET; sädehoito; oksidatiivinen fosforylaatio; DNA-vauriovaste  
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Abbreviations 

[18F]FDG 2-deoxy-2-[18F]fluoro-D-glucose 
[18F]F-DPA N,N-Diethyl-2-(2-(4-[18F]fluorophenyl)-5,7-dimethylpyrazolo[1,5- 

α]pyrimidine-3-yl)-acetamide 
ADP Adenosine diphosphate 
AJCC American Joint Committee on Cancer 
AKT Protein kinase B, v-Akt murine thymoma viral oncogene homolog 1 
ANOVA Analysis of variance 
ANT Adenine nucleotide transporter 
ARF ADP ribosylation factor 
ATM Ataxia telangiectasia mutated  
ATP Adenosine triphosphate 
ATR Ataxia telangiectasia and Rad3-related  
CDK Cyclin-dependent kinase 
CDKN2A Cyclin-dependent kinase inhibitor 2A 
Chk1 Checkpoint kinase 1 
CI Confidence interval 
CNS Central nervous system 
CPTAC Clinical Proteomics Tumor Analysis Consortium 
CRAC Cholesterol recognition amino acid consensus sequence 
CT Computed tomography 
CTC Circulating tumour cell 
CSC  Cancer stem cell 
DBI Diazepam binding inhibitor 
DFS Disease-free survival 
DMSO Dimethyl sulfoxide 
DNA Deoxyribonucleic acid 
DSB Double-strand break 
DSS Disease-specific survival 
EBV Epstein–Barr virus 
EGFR Epidermal growth factor receptor 
EOS End of synthesis 
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GAPDH Glyceraldehyde-3-phosphate dehydrogenase 
γH2Ax Phosphorylated H2A histone family member X 
HIF-1 Hypoxia inducible factor 1 
HNSCC Head and neck squamous cell carcinoma 
HPV Human papillomavirus 
HR Hazard ratio 
IHC Immunohistochemistry 
LSD Least significant difference 
MPT Mitochondrial permeability transition 
MPTP Mitochondrial permeability transition pore 
MRI Magnetic resonance imaging 
mRNA Messenger RNA 
mTOR Mammalian target of rapamycin 
OCR Oxygen consumption rate 
ODN Octadecaneuropeptide 
OS Overall survival 
OXPHOS Oxidative phosphorylation 
p16 p16INK4a, cyclin-dependent kinase inhibitor 2A 
PARP1 Poly [ADP-ribose] polymerase 1 
PBR Peripheral benzodiazepine receptor 
PCR Polymerase chain reaction 
PD-L1 Programmed death-ligand 1 
PET Positron emission tomography 
PFS Progression-free survival 
PHH3 Phospho-histone H3 
PI3K Phosphatidylinositol 3-kinase 
pRb Retinoblastoma protein 
RNA Ribonucleic acid 
ROI Region of interest 
ROS Reactive oxygen species 
RPLP0 Ribosomal protein lateral stalk subunit P0 
RT Radiotherapy 
RT-qPCR Real-time quantitative PCR 
SD Standard deviation 
siRNA Small-interfering RNA 
StAR Steroidogenic acute regulatory protein 
T/B Tumour-to-blood 
T/P Tumour-to-plasma 
TAM  Tumour-associated macrophage 
TBP TATA-binding protein 
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TCGA The Cancer Genome Atlas 
TLC Thin-layer chromatography 
TME Tumour microenvironment 
TNF-ɑ Tumour necrosis factor ɑ 
TNM Tumour-node-metastasis 
TP53 Tumour protein P53 
TSPO Translocator protein 
TTN Triakontatetraneuropeptide 
UICC International Union Against Cancer 
UV Ultraviolet 
v Volume 
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1 Introduction 

Translocator protein (TSPO) is a small 18-kDa protein located on the outer 
mitochondrial membrane (Braestrup & Squires, 1977; Squires & Braestrup, 1977; 
Betlazar et al., 2020). Although the functional role of TSPO has been studied for 
decades, studies have reported contradictory results; therefore, its function has 
remained unclear (Bonsack & Sukumari-Ramesh, 2018). High TSPO expression is 
associated with aggressive phenotype in many cancers (Katz et al., 1988; Hardwick 
et al., 1999; Maaser et al., 2002; Galiègue et al., 2004; Bhoola et al., 2018). However, 
the role of TSPO in head and neck squamous cell carcinoma (HNSCC) has not been 
extensively studied. In fact, only one study had been published at the beginning of 
this thesis, reporting that high TSPO tumour expression was associated with poor 
survival in a relatively small cohort of patients with oral cancer (Nagler et al., 2010). 

As TSPO is highly expressed in neurological disorders, its use in positron 
emission tomography (PET) has been widely studied and most TSPO-PET tracers 
have been developed to image neurological disorders (Zhang et al. 2021). However 
the use of TSPO-PET tracers for cancer imaging has recently gained increased 
interest (Vasdev et al., 2013; Zheng et al., 2016; de Souza et al., 2022). 

HNSCC is the sixth most common cancer worldwide, and its 5-year survival rate 
varies from less than 50% to up to 90% (Chow, 2020; Johnson et al., 2020; Mody et 
al., 2021; Bray et al., 2024). HNSCC is mainly treated with surgery or radiotherapy 
with or without chemotherapy (Chow, 2020; Johnson et al., 2020). Although several 
improvements have been achieved in the treatment of HNSCC, cancer recurrence 
and treatment resistance remain common (Alsahafi et al., 2019; Johnson et al., 2020). 
Arduous treatments can also cause many harmful side effects. Thus, biomarkers that 
can predict treatment response or prognosis in HNSCC would be highly valuable. 
Human papilloma virus (HPV) and its surrogate marker p16, which is common in 
oropharyngeal cancer, and Epstein–Barr virus (EBV), prevalent in nasopharyngeal 
cancer, are the only biomarkers widely used in clinics (Kang et al., 2015). Several 
promising biomarkers are being studied, but none have yet been approved for clinical 
use (Budach & Tinhofer, 2019; Eberly et al., 2024).  

In this thesis, the prognostic potential of TSPO was evaluated in two HNSCC 
cohorts–a large population-based tissue microarray (TMA) cohort and in a publicly 
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available The Cancer Genome Atlas (TCGA) cohort. Furthermore, in silico analyses 
were conducted to determine the functional role of TSPO in HNSCC. Based on our 
in silico findings, we then studied the role of TSPO in oxidative metabolism and 
DNA damage response in HNSCC cells. Finally, the specificity of the TSPO-PET 
tracer [18F]F-DPA in HNSCC xenografts and cells was evaluated. An overview of 
the main aims of each study is represented in Figure 1. 

 
Figure 1.  Main aims of each study. Created with BioRender.com. 
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2 Review of the Literature 

2.1 Head and neck squamous cell carcinoma 
(HNSCC) 

HNSCC is a heterogenous cancer consisting of tumours originating from the head 
and neck area (Chow, 2020; Mody et al., 2021). It is the sixth most common cancer 
worldwide (Chow, 2020; Bray et a., 2024), and towards 2050, the number of new 
HNSCC cases is estimated to increase (Ferlay et al., 2024).  

Survival outcomes of patients with HNSCC vary significantly, depending on 
several factors, such as the time of diagnosis and tumour site. Patients diagnosed 
with early-stage HNSCC have 5-year survival rates ranging from 70% to up to 90%. 
However, patients with late-stage HNSCC have less than 50% survival rates 
(Johnson et al., 2020). 

HNSCC is more common in men than in women (Barsouk et al., 2023). The 
incidence of HNSCC also differs by geographical region; for example HNSCC 
tumours in the oral cavity are more common in Southern and Central Asia and some 
areas in Oceania than in other continents (Miranda-Filho & Bray, 2020). On the other 
hand, the number of HPV-positive tumours located in the oropharynx has been 
increasing in North America and Europe (Gillison et al., 2015).  

2.1.1 Anatomical sites and symptoms 
HNSCC tumours can be divided according to the primary site of the lesion (Figure 
2). The tumours are generally located in the oral cavity, oropharynx, hypopharynx, 
nasopharynx, or larynx.  
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Figure 2. The most common HNSCC sites. Created with BioRender.com. 

2.1.1.1 Oral cavity 

Squamous cell carcinoma of the oral cavity includes tumours originating from the 
lips, mobile tongue, floor of the mouth, buccal mucosa, upper and lower alveolar 
ridge, retromolar trigone, and hard palate (Chen & Myers, 2001; Johnson et al., 
2020). However, lip cancer differs pathologically and aetiologically from other oral 
cancers, and is thus considered as a separate entity (Vigneswaran & Williams, 2014). 
Cancer of the oral cavity can develop from different potentially malignant lesions, 
including leukoplakia, erythroplakia, oral lichen planus, and oral submucous fibrosis 
(Montero & Patel, 2015). Leukoplakia is described as white patches or plagues that 
are not characterized as any other disease and increase the risk of developing 
malignant lesions (Kramer et al., 1978; Warnakulasuriya et al., 2007). It is often 
associated with alcohol and tobacco use (Montero & Patel, 2015). Erythroplakia has 
the highest risk of malignant transformation and is described as a bright red patch 
that cannot be characterised as any other disease. Lichen planus is an immune 
condition that causes hyperkeratosis, erythema (redness of mucous membranes), and 
possibly ulceration, whereas oral submucous fibrosis is a chronic disorder associated 
with the presence of fibrous lines in the mucosa and considered a potentially 
malignant disorder (Warnakulasuriya et al., 2007).  

Early-stage oral cancer is often asymptomatic or otherwise difficult to notice. 
However, pain can be an early symptom in certain areas, such as the tongue or the 
floor of the mouth (Bagan et al., 2010). Later, changes in the oral mucosa can be 
seen (e.g. leukoplakia). Progressed oral cancer causes bleeding in the oral area, 
loosening of teeth, difficulty wearing dentures, difficulties in swallowing 
(dysphagia), slurred speech (dysarthria), pain when swallowing (odynophagia), and 
development of a neck mass (Neville & Day, 2002). Although examination of the 
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Oral cavity
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Larynx
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oral cavity is easy, a significant number of oral cancers are detected at an advanced 
stage (Chamoli et al., 2021). Moreover, there has been a noticeable rise in incidence 
rates, particularly among younger individuals. However, these patients lack the 
common risk factors, such as tobacco and alcohol use, leaving the cause of the 
increased rates unclear (Hussein et al., 2017; Gormley et al., 2022). 

2.1.1.2 Oropharynx 

Oropharyngeal cancer can be divided according to the tumour site in the base of the 
tongue, tonsillar region, soft palate, uvula, and posterior and lateral pharyngeal walls 
(Huber & Tantiwongkosi, 2014). Oropharyngeal cancer is a relatively rare disease. 
However, the number of HPV-positive oropharyngeal cancers has been increasing 
in the recent decades (see section 2.1.2 for details) (Gillison et al., 2015). Symptoms 
for early oropharyngeal cancer are often mistaken for something else. These 
symptoms include sensation of a foreign body, nasal regurgitation, odynophagia, and 
ear pain (otalgia) (Licitra et al., 2002). Later, a mass, nodule, or non-healable ulcer 
is present, and sometimes colour changes in the oropharyngeal area. More advanced 
cancer causes pain, dysphagia, inflammation in the ear (otitis), weight loss, fixation, 
and lockjaw (trismus) (Huber & Tantiwongkosi, 2014). Metastasis to the regional 
lymph nodes in the neck is frequently observed even in early-stage oropharyngeal 
cancer (Shimizu et al., 2006) and is often the initial symptom in HPV-positive 
oropharyngeal cancer (McIlwain et al., 2014).  

2.1.1.3 Hypopharynx 

Hypopharyngeal cancer subsites are located in the pyriform sinuses, lateral and 
posterior pharyngeal walls, and postcricoid region (Garneau et al., 2018). 
Hypopharyngeal cancer is uncommon in developed countries and is often associated 
with heavy alcohol and tobacco consumption (Bradley, 2019). Hypopharyngeal 
cancer can be asymptomatic until metastasis or invasion to surrounding tissues 
occurs, or symptoms may be misinterpreted for something else, such as reflux 
(Garneau et al., 2018). The most common symptoms are dysphagia, neck mass, 
hoarseness, and sore throat (Hall et al., 2008). 

2.1.1.4 Larynx 

Laryngeal cancer is common in Europe, particularly in men (Licitra et al., 2003). 
The larynx can be divided into three subsites: supraglottis, glottis, and epiglottis. The 
supraglottis can be further divided into five subsites: suprahyoid epiglottis, 
infrahyoid epiglottis, false vocal folds, arytenoids, and aryepiglottic folds. The 
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glottis consists of the vocal cords and the rima glottis, i.e. the space between vocal 
cords (Steuer et al., 2017). One of the most common symptoms of laryngeal cancer 
is hoarseness, and depending on the tumour location, it is a late or early symptom. 
Other symptoms include dysphagia, coughing, and the sensation of a foreign body 
(Licitra et al., 2003). 

2.1.1.5 Nasopharynx 

Nasopharyngeal cancer is a biologically and aetiologically distinct cancer from other 
HNSCCs (Bruce et al., 2015) and is often associated with EBV infection (Chen et 
al., 2019) (see section 2.1.2 for details). It is uncommon, and most cases are 
diagnosed in East and Southeast Asia. Most often the tumour is located in the 
pharyngeal recess (fossa of Rosenmüller). Typical symptoms of nasopharyngeal 
cancer include nose bleeding (epistaxis), unilateral nasal obstruction, conductive 
hearing loss, and cranial nerve palsies (loss of feeling or paralysis). In addition, an 
unusual mass in the cervical area is a general symptom (Chen et al., 2019). 

2.1.2 Risk factors 
The most common high-risk factors for HNSCC are tobacco and heavy alcohol use 
(Blot et al., 1988). The longer the smoking history, the higher the smoking 
frequency, and the number of packs smoked the higher the risk of cancer (Hashibe 
et al., 2007); however, the risk decreases after smoking cessation (Blot et al., 1988).  
In addition, the use of other tobacco-related or smokeless tobacco products, such as 
betel nuts, increases the risk of HNSCC (Secretan et al., 2009). Although relatively 
low alcohol consumption by itself is not a clear risk factor for HNSCC (Blot et al., 
1988), the combination of alcohol and tobacco use is associated with multiplicative 
risk (Hashibe et al., 2007). 

HPV is also a risk factor for oropharyngeal cancer. HPVs are small double-
stranded DNA viruses that exist as extrachromosomal elements or episomes in 
infected cells (Gillison et al., 1999; Moody & Laimins, 2010). HPV is primarily 
transmitted via oral sex and infects the basal cells of the squamous epithelium 
(Gillison et al., 1999; Shah et al., 2017). HPV-positive HNSCCs usually develop in 
the oropharyngeal area. Most HPV-positive tumours are HPV type 16, followed by 
HPV type 18 with a lower occurrence rate (Kreimer et al., 2005). The incidence of 
HPV-positive oropharyngeal cancer has been steadily increasing in recent decades 
(Gillison et al., 2015). 

The viral genome contains early (E) genes, which are mainly required for 
regulatory functions, DNA replication and activation of lytic cycle genes, and late 
(L) genes, which are required to produce structural proteins (zur Hausen, 1996). Of 
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the early genes, E5, E6, and E7 are risk genes associated with cancer development. 
The E5 protein regulates the activity signalling pathways of growth factor receptors 
and acts together with the E6 and E7 proteins (DiMaio & Mattoon, 2001; Moody & 
Laimins, 2010). E7 binds to retinoblastoma protein (pRb) causing its degradation 
and leading to the activation of E2F-mediated transcription of genes needed for 
progression to S phase in the cell cycle (McLaughlin-Drubin & Münger, 2009; 
Moody & Laimins, 2010). This, in turn, leads to p16 overexpression (Grønhøj Larsen 
et al., 2014), which is associated with better prognosis in oropharyngeal cancer 
(Langendijk & Psyrri, 2010). Thus, p16 is used as a surrogate marker for HPV 
(Grønhøj Larsen et al., 2014). In contrast, the E6 protein increases the degradation 
rate of p53 (Yim & Park, 2005). Together, these functions lead to the transformation 
of normal cells into malignant cells and thus cancer development (Moody & 
Laimins, 2010).  

The most common risk factor in nasopharyngeal cancer is the EBV virus, which 
is a type of herpes virus (Chen et al., 2019). EBV infection is relatively common, 
primarily targets B lymphocytes, and causes mononucleosis (Papesch & Watkins, 
2001). However, latent EBV gene expression is associated with virus-related 
tumours and can activate later e.g. due to immune suppression. It is not exactly 
known when EBV infection occurs during tumorigenesis, but it causes genomic 
instability and oncogenic gene expression (Bruce et al., 2015; Li et al., 2023). 

2.1.3 Molecular mechanisms driving HNSCC development 
In addition to genetic alterations caused by HPV or EBV infection (see section 2.1.2 
for details), other epigenetic and genetic changes participate in HNSCC development 
(Johnson et al., 2020). Approximately 80% of HNSCC cases are HPV-negative and 
most of these cases are characterised with high chromosome instability. The rest of 
the HNSCC cases have low chromosome instability, meaning a low number of 
genetic changes (Leemans et al., 2011). Typically, HNSCC tumorigenesis consists 
of several genetic alterations, and the number of alterations increases throughout 
HNSCC tumorigenesis (Pai & Westra, 2009).  

The first step in HNSCC progression is the formation of benign hyperplasia (i.e. 
increased cell production), which is often associated with a loss of heterozygosity on 
chromosome 9p21 (Pai & Westra 2009). This chromosome region has the tumour 
suppressor genes cyclin-dependent kinase inhibitor 2A (CDKN2A) and ADP 
ribosylation factor (ARF) (Johnson et al., 2020). CDKN2A encodes p16INK4A (also 
known as p16), an inhibitor of cyclin D1–CDK4 and cyclin D1–CDK6 complexes 
and regulates senescence, cell cycle, and differentiation (Leemans et al., 2011). ARF 
encodes p14, which is a stabiliser of p53 (Johnson et al., 2020). 
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The next step in tumorigenesis is the progression from hyperplasia to dysplasia 
(i.e. presence of abnormal cells), which is often related to chromosomal loss in 
chromosomes 3p21 and 17p13 (Pai & Westra 2009; Johnson et al. 2020). 
Chromosome 17p13 contains the tumour suppressor gene tumour protein P53 
(TP53), which is also the most mutated gene in HNSCC (Stransky et al., 2011). TP53 
encodes p53, which is important in cell cycle regulation and apoptosis (Pai & Westra, 
2009). 

Progression from dysplasia to carcinoma in situ (i.e. abnormal cells in their 
original formation place) is related to the loss of chromosomal regions 11q13, 13q21, 
and 14q32. Finally, chromosomal loss of 6p, 8p, 8q, and 10q23 is associated with 
the progression from in situ to invasive carcinoma (Pai & Westra, 2009; Johnson et 
al., 2020).  

In addition to genetic changes described above, overexpression of human 
epidermal growth factor receptor (EGFR) and mutations in the phosphatidylinositol 
3-kinase (PI3K)-AKT-mTOR signalling pathway are common in HNSCC (Johnson 
et al., 2020). EGFR is overexpressed in most HNSCCs and EGFR amplifications 
have been described in approximately 15% of HPV-negative HNSCCs (Lawrence et 
al., 2015; Rehmani & Issaeva, 2020). Binding of ligands to EGFR causes its tyrosine 
kinase activation, which in turn activates signalling pathways (e.g. MAPK pathway 
and PI3K-AKT pathway). EGFR signalling regulates hallmark properties of cancer 
including proliferation, survival, invasion, and angiogenesis (Kalyankrishna & 
Grandis, 2006). The PI3K-AKT-mTOR signalling pathway, which is important in 
the regulation of cell survival, growth, invasion, and homeostasis, is the most 
frequently mutated pathway in both HPV-negative and -positive HNSCC (Lawrence 
et al., 2015; Wang et al., 2017). 

In 2015, the genomic characterisation of 279 patients with HNSCC performed 
by the TCGA also identified several new mutations related to its development, 
including mutations targeting receptor tyrosine kinases FGFR1-3 and IGF1R in 
HPV-negative HNSCC (Lawrence et al., 2015). Mutations in the TP53 and CDKN2A 
genes are long-known factors in HPV-negative HNSCC development, and this study 
showed that nearly all HNSCCs caused by smoking had deletions in TP53 and 
inactivation of CDKN2A. Furthermore, new mutations in PIK3CA, TRAF3, and 
E2F1 were identified in HPV-positive HNSCCs. In addition, Huang et al. (2021) 
studied comprehensively proteogenomic alterations in 108 HPV-negative HNSCC 
cases and identified three different molecular subtypes of HNSCC based on potential 
sensitivity to CDK inhibitors, anti-EGFR antibody therapy, or immunotherapy. 

Patients with HNSCC often have a dysregulated immune system and are immune 
evasive. Moreover, patients with HNSCC have lower lymphocyte counts, impaired 
tumour-infiltrating lymphocyte function, and an increased proportion of suppressive 
regulatory T cells (Tregs), all of which are associated with HNSCC progression 
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(Ferris, 2015; Moskovitz et al., 2018; Chen et al., 2020). T cells are part of the 
adaptive immune system and can be categorised into CD4+ and CD8+ subgroups. In 
addition to an increased proportion of Tregs, Th17 cells are often increased in 
HNSCC. Downregulation of human leukocyte antigen expression enables HNSCCs 
to become immune evasive because T cells can no longer detect cancer cells (Chen 
et al., 2020). In addition to T cell dysfunctionality, an increased number of tumour-
associated macrophages (TAMs) is present in the tumour microenvironment. TAMs 
are divided into M1 macrophages, which mediate pro-inflammatory and anti-tumour 
responses, and M2 macrophages, which have an immunosuppressive role (Ferris, 
2015; Chen et al., 2020). Myeloid-derived suppressor cells may also promote 
HNSCC growth by inhibiting activated T cells (Chen et al., 2020).  

2.1.4 Diagnosis and staging 
The diagnosis of HNSCC, depending on the tumour location, begins with the 
clinician by visual inspection of the ear, nose, throat, or oral area, palpation, 
laryngoscopy, or nasopharyngoscopy (Neville & Day, 2002; Licitra et al., 2003; 
Bruce et al., 2015; Garneau et al., 2018). In case of suspicious findings, biopsy or, 
in case of a cervical neck mass, fine needle aspiration is performed (Johnson et al., 
2020). Histological analysis and immunohistochemical staining of the biopsy are 
performed to determine the diagnosis and differentiation state of the squamous cells. 
In addition, possible HPV status is analysed, most often with p16 
immunohistochemistry (IHC), in patients with oropharyngeal cancer (O’Sullivan et 
al., 2016; Johnson et al., 2020). The detection of p16 using IHC is both affordable 
and straightforward, making it a commonly chosen method for diagnosing HPV 
(Thomas & Primeaux, 2012). Several other methods for diagnosing HPV exist, such 
as HPV DNA in situ hybridisation and detection of E6 and E7 messenger RNA 
(mRNA) (Johnson et al., 2020). However, a recent large multicentre study showed 
that p16 status does not always correlate with HPV status in patients with 
oropharyngeal cancer. In fact, patients who were p16-negative but HPV-positive had 
significantly worse survival outcomes than those who were both p16-positive and 
HPV-positive (Mehanna et al., 2023). Thus, in addition to p16 analysis, HPV status 
should be confirmed with a definitive detection method (Craig et al., 2019). 

After diagnosis, the cancer is staged according to the International Union Against 
Cancer/American Joint Committee on Cancer (UICC/AJCC) tumour-node-
metastasis (TNM) staging system (Lydiatt et al., 2017; Zanoni et al., 2019). Contrast-
enhanced computed tomography (CT) or magnetic resonance imaging (MRI) is 
performed to study the primary tumour site in more detail (Mody et al., 2021). PET 
and CT imaging are often performed for staging, as well as to identify possible 
metastases.  
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In TNM staging, T stands for the size and depth of the primary tumour, whereas 
N indicates the presence and size of regional lymph nodes, and M indicates the 
presence of distant metastases (Huang & O’Sullivan, 2017). These classifications 
are used for staging the HNSCC tumour into seven categories, where a higher stage 
indicates a more aggressive tumour and worse prognosis (van der Schroeff & 
Baatenburg de Jong, 2009). The TNM staging differs for each primary tumour site, 
and changes are made regularly to increase the accuracy of the staging, e.g. HPV 
status was introduced in the 8th version of the AJCC Cancer Staging Manual 
(O’Sullivan et al., 2016; Amin et al., 2017; Lydiatt et al., 2017). Table 1 represents 
a simplified TNM classification. 

Table 1.  Simplified TNM classification. Based on https://www.cancer.gov/about-
cancer/diagnosis-staging/staging (accessed: 23.12.2024). 

PRIMARY TUMOUR (T) EXPLANATION 

TX Primary tumour cannot be measured. 

T0 Primary tumour cannot be found. 

T1–T4  
The size and/or extent of the primary tumour. A higher 
number following the 'T' indicates a larger tumour or growth 
into nearby tissues. The 'T' classifications may be further 
detailed with subdivisions for additional specificity.  

REGIONAL LYMPH NODES (N) EXPLANATION 

NX Cancer in nearby lymph nodes cannot be measured. 

N0 No cancer in nearby lymph nodes. 

N1–N3  
The number and location of lymph nodes with cancer. A 
higher number following the 'N' signifies a greater number of 
cancerous lymph nodes. 

DISTANT METASTASIS (M) EXPLANATION 

MX Metastasis cannot be measured. 

M0 Cancer has not spread to other parts of the body. 

M1 Cancer has spread to other parts of the body. 

STAGE EXPLANATION 

0 Abnormal cells are present but have not invaded nearby 
tissue (i.e. carcinoma in situ). 

I–III Cancer is present. A higher number indicates a larger tumour 
and greater spread into nearby tissues. 

IV The cancer has metastasised to distant parts of the body. 
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2.1.5 Treatment and its adverse effects 
The treatment of HNSCC is determined according to the tumour site, TNM stage, 
disease characteristics, and patient’s preference (Marur & Forastiere, 2016; Chow, 
2020; Johnson et al., 2020). Patients with early-stage (stage Ⅰ or Ⅱ) HNSCC 
(approximately 30%–40% of diagnosed HNSCCs) are usually treated with surgery 
or radiotherapy, with or without chemotherapy. For oral cavity and paranasal sinus 
cancers, surgery is often the preferred option. However, radiotherapy with or without 
chemotherapy is more common for nasopharyngeal cancer (Pfister et al., 2020). 
Oropharyngeal cancer is conventionally treated with a combination of surgery, 
radiotherapy, and chemotherapy (Chow, 2020). Although HPV-positive 
oropharyngeal cancer has better survival rates compared with HPV-negative cancer 
(Ang et al., 2010), treatment deintensification can lead to undertreatment and worse 
survival (Cheraghlou et al., 2018). Nevertheless, possibilities for treatment 
deintensification are studied. Transoral laser microsurgery was introduced by Strong 
and Jako in 1972 for early laryngeal cancer and was further developed by Steiner et 
al., who introduced the minimally invasive transoral laser microsurgery (reviewed 
in Jäckel et al., 2007) that is broadly used for laryngeal and hypopharyngeal cancer 
(Chow, 2020). Radiotherapy is also commonly used for laryngeal cancer (Chow, 
2020).  

Approximately 60% of diagnosed HNSCC cases are high-stage (stage Ⅲ or Ⅳ) 
diseases (Chow, 2020). When making treatment decisions, treatment morbidity and 
toxicity, its effect on the preservation of function, as well as the size and site of the 
tumour, age, performance status, and coexisting conditions, are considered (Chow, 
2020; Pfister et al., 2020). Advanced oral cancer is generally treated with surgery 
followed by radiotherapy with or without chemotherapy (Mody et al., 2021). Surgery 
is the preferred treatment for advanced hypopharyngeal cancer (Cramer et al., 2019) 
and is often followed by radiotherapy or chemoradiotherapy (Johnson et al., 2020). 
In addition, for advanced laryngeal tumours, surgery is primarily performed when 
the lesion causes poor functionality. Otherwise chemoradiotherapy is the primary 
treatment option (Mody et al., 2021). 

Both primary HNSCC and recurrent disease can metastasise. Metastases in the 
cervical lymph nodes, which are often detected during primary disease, are treated 
with surgery, radiotherapy, or a combination of both treatments. Disease recurrence 
or distant metastasis is common if the primary tumour was diagnosed at an advanced 
stage. Often surgery and radiotherapy are not possible treatment options for a 
relapsed tumour or metastases; thus, systemic therapy is the only treatment option. 
Systemic therapy includes treatment with cisplatin-based regimens often combined 
with 5-fluorouracil, programmed death 1 (PD-1)–targeting antibodies, EGFR–
targeting antibodies and taxanes (Mody et al., 2021).  
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2.1.5.1 Adverse effects 

All available treatment options for HNSCC have several acute and long-term adverse 
effects. Conventional open surgery can have adverse effects that are not related to 
the tumour site, such as haemorrhage, dysphagia and infection (Baehring & 
McCorkle, 2012). Adverse effects, such as nerve damages around the tumour area, 
bone exposure, airway obstruction, and carotid rupture, are possible depending on 
the site of resection and some have a relatively high mortality (Kerawala, 2010; 
Baehring & McCorkle, 2012). In addition, surgery may decrease a patient’s quality 
of life due to disfigurement, dental problems, speech problems, and voice changes, 
among others (Baehring & McCorkle, 2012). 

Radiotherapy is associated with several acute and long-term complications. 
Some of the most common acute complications are mucositis, radiation dermatitis, 
pain, and oropharyngeal candidiasis (Sroussi et al., 2017). Some long-term 
complications include mucosal pain, permanently dry mouth, and dental problems 
(Brook, 2020). These complications significantly affect patient quality of life.  

In addition, chemotherapy, such as high-dose cisplatin, causes short-term 
adverse effects, including nausea, vomiting, cytopenia, infections, and altered taste. 
Furthermore, chemotherapy can have irreversible adverse effects, such as 
ototoxicity, neurotoxicity, and renal toxicity (Porceddu et al., 2019).  

2.1.5.2 Treatment resistance 

Although several treatment options exist for HNSCC, treatment resistance remains 
a significant problem. Numerous mechanisms affect resistance to radiotherapy and 
chemotherapy. 

Radioresistance can form either intrinsic resistance, which develops due to 
phenotypic and genetic changes in the cancer cell caused by irradiation, or extrinsic 
resistance, which develops when the tumour microenvironment protects the cancer 
cell (Huang & Zhou, 2020). Irradiation causes both direct DNA damage by 
ionisation and indirect DNA damage by increasing reactive oxygen species (ROS) 
generation (Kim et al., 2019). Typical irradiation-induced DNA damages includes 
single-strand breaks, double-strand breaks (DSBs), crosslinks, and base and sugar 
damage (Huang & Zhou, 2020). Mostly non-DSB damage occurs after irradiation 
and it is relatively rapidly and easily repaired. In contrast, DSB damage is more 
complex and its repair is less efficient; thus, DSB damage is the main cause of 
irradiation-induced cancer cell death (Kim et al., 2019; Huang & Zhou, 2020). 

DSBs induce DNA damage repair via homologous recombination or non-
homologous end joining (Yamamoto et al., 2016). Furthermore, irradiation triggers 
cell cycle checkpoints to activate and arrest the cell cycle until DNA damage is 
repaired (Huang & Zhou, 2020). Imbalances in the DNA repair pathway in cancer 



Review of the Literature 

 25 

cells is one of the main causes of radioresistance. The ataxia telangiectasia mutated 
protein (ATM) and ataxia telangiectasia and Rad3-related protein (ATR) are both 
important factors in DNA damage repair, as well as in the regulation of cell cycle 
checkpoints (Yamamoto et al., 2016). ATM and ATR are considered the master 
regulators of DNA DSB repair; thus, studies have focused on using inhibitors 
targeting these proteins to sensitise cancer cells to irradiation (Huang & Zhou, 2020). 
Mutations in TP53 are common in cancers, including HNSCC, and they have been 
associated with poor radiotherapy response (Alsner et al., 2001).  

Another important factor in radioresistance in HNSCC is the hypoxic areas in 
the tumour. Hypoxia, i.e. reduced oxygen availability in tissues (Gray et al., 1953), 
promotes radioresistance by decreasing ROS levels in the tumour after radiotherapy, 
leading to reduced DNA damage in cancer cells (Hill et al., 2022). A hypoxic 
environment in the tumour arises due to dysregulation of new blood vessel formation 
(angiogenesis), leading to disorganised and non-functional vasculature (Vaupel, 
2004). Moreover, rapid tumour growth causes insufficient vasculature formation, 
further promoting the formation of a hypoxic environment (Chen et al., 2023). 
Hypoxia inducible factor 1 (HIF-1) (Semenza & Wang, 1992) is the master regulator 
of oxygen sensing in cells (Jaakkola et al., 2001). It consists of two subunits, HIF-
1α and HIF-1β (Wang & Semenza, 1995). Under normal oxygen levels, HIF-1α is 
constantly ubiquitinated for proteasomal degradation. However, during hypoxia, 
HIF-1α ubiquitination is suppressed, enabling it to dimerise with HIF-1β. The dimer 
enters into the nucleus and binds to the hypoxia response element, which is 
responsible for regulating several downstream target genes participating in, e.g. 
apoptosis, angiogenesis, and cell division (Semenza, 2001). It has been proposed that 
HIF-1 affects radiotherapy response via its ability to regulate apoptosis, metabolism, 
proliferation, and angiogenesis (reviewed in Moeller & Dewhirst, 2006). However, 
there is no widely used method to overcome tumour hypoxia and radioresistance, 
although several trials and studies have focused on this challenge and are currently 
ongoing (reviewed in Hill et al., 2022). 

As previously mentioned in section 2.1.2, EGFR is overexpressed in most 
HNSCC cases. Furthermore, EGFR overexpression may be associated with 
radioresistance, as locoregional relapse after radiotherapy is more common in 
patients with high EGFR tumour expression (Hutchinson et al., 2020). EGFR may 
participate in radiotherapy-induced DSB repair by forming a complex with DNA-
dependent kinase (DNA-PK) (Dittmann et al., 2005). Clinical trials have reported 
that treatment with the EGFR inhibitor cetuximab leads to better radiotherapy 
response than radiotherapy alone, but it does not outperform cisplatin (reviewed in 
Hutchinson et al., 2020). Nevertheless, cetuximab, together with radiotherapy, is an 
alternative option for treating locally advanced HNSCCs in patients not tolerating 
cisplatin.  
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A more recent proposed factor in radioresistance is cancer stem cells (CSCs), 
which are self-renewing and differentiating cancer cells (Yamamoto et al., 2016). 
CSCs have enhanced DNA repair capabilities caused by irradiation (Reid et al., 
2017). 

Finally, defects in apoptotic pathways, such as increased expression of pro-
survival Bcl-2 family proteins induce radioresistance. Mutations in apoptosis-
associated genes allow cancer cells to resist cell death caused by irradiation (Okada 
& Mak, 2004).  

The same factors that cause radioresistance in HNSCC are associated with 
chemotherapy resistance. These include changes in apoptosis signalling, CTCs, 
tumour microenvironment, and DNA damage response (Ortiz-Cuaran et al., 2021). 
Other important factors are epigenetic modifications, which are changes in the 
chemical structure of DNA that do not change the DNA sequence (Gauss et al., 
2024). Such epigenetic alterations can occur, for example, through DNA 
hypermethylation, chromatin remodelling, and histone modification (Ortiz-Cuaran 
et al., 2021; Gauss et al., 2024). Changes in several different signalling pathways, 
such as the RAS-MAPK and PI3K-AKT-mTOR pathways, also participate in 
chemotherapy resistance (Ortiz-Cuaran et al., 2021). 

2.1.6 Biomarkers of HNSCC 
Several slightly different definitions of cancer biomarkers exist. According to the 
National Cancer Institute in the United States, a biomarker is ‘A biological molecule 
found in blood, other body fluids, or tissues that is a sign of a normal or abnormal 
process, or of a condition or disease. A biomarker may be used to see how well the 
body responds to a treatment for a disease or condition.’ (https://www.cancer.gov/ 
publications/dictionaries/cancer-terms/def/biomarker, accessed: 8.7.2024). 

Although several different biomarkers have been proposed for HNSCC, only a 
few have been validated and used in clinics. These biomarkers include HPV and 
EBV for oropharyngeal cancer and nasopharyngeal cancer, respectively 
(Economopoulou et al., 2019). In addition, a combined positive score, i.e. the sum 
of all (tumour cells, macrophages, and lymphocytes) PD-L1–stained cells divided by 
the total number of viable tumour cells and multiplied by 100 (Kulangara et al., 
2019), is another biomarker used in clinics to guide the use of checkpoint inhibitors 
in some instances (Magnes et al., 2021).  

2.1.6.1 Biomarkers currently used in clinics 

In addition to HPV (and its surrogate marker p16) being a risk factor for 
oropharyngeal cancer (see section 2.1.2 for details), it is used as a biomarker because 
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of the association between HPV and better overall survival (OS), disease-free 
survival (DFS) and recurrence-free survival in oropharyngeal cancer (Lindquist et 
al., 2007; Sedaghat et al., 2009; Attner et al., 2011; Kühn et al., 2021). HPV-
associated oropharyngeal cancer is more common in younger patients (Kühn et al., 
2021) and is often poorly differentiated (Fakhry et al., 2008). p16 is used as a 
surrogate marker for HPV, as its increased expression is associated with HPV 
infection (see section 2.1.2 for details) and can be cost-effectively and easily detected 
using IHC (see section 2.1.4 for details). However, as discussed in the section 2.1.4, 
p16 status does not always align with HPV status. Although HPV-positive 
oropharyngeal cancer responds better to radiotherapy  (Lindel et al., 2001), the 
biological mechanisms are still not understood (Tawk et al., 2021). Several studies 
using HNSCC cell lines have proposed that a better radiotherapy response could be 
due to p16 regulating the homologous recombination DNA repair pathway by 
inhibiting RAD51 binding (Dok et al., 2014) or regulating DNA DSB repair via 
prolonged cell cycle G2 phase arrest (Kimple et al., 2013; Rieckmann et al., 2013).  

Similar to HPV being both a risk factor and biomarker for oropharyngeal cancer, 
EBV is a risk factor (see section 2.1.2 for details) and biomarker for nasopharyngeal 
cancer (Kang et al., 2015). High EBV DNA levels are associated with advanced 
disease stage, poor radiotherapy response (Lo et al., 1999), and poor survival (Lo et 
al., 2000).  

PD-L1 and PD-1 are expressed primarily in macrophages, other immune cells, 
and tumour cells. PD-L1 regulates the immune tolerance response in the tumour 
microenvironment via T cell activation, proliferation, and cytotoxic secretion, 
enabling the tumour cells to escape anti-tumoural responses (Han et al., 2020). PD-
L1 expression itself has shown contradictory results as a predictive survival 
biomarker in HNSCC, as some studies have shown that high PD-L1 expression is 
associated with poor survival (Lin et al., 2015; Ngamphaiboon et al., 2019), while 
other studies have not shown such an association (Yang et al., 2018). Nevertheless, 
patients with HNSCC who have high PD-L1 expression benefit from checkpoint 
inhibitors (Magnes et al., 2021).  

2.1.6.2 Novel biomarkers 

In addition to currently used biomarkers in clinics, several other candidates have 
been studied (Budach & Tinhofer, 2019; Economopoulou et al., 2019). However, 
none of these putative biomarkers have entered routine clinical use. Studies have 
focused on identifying either liquid biopsy-based or tissue-based tumour biomarkers 
(Budach & Tinhofer, 2019).  

Several hypoxia-associated markers have been studied in recent decades 
(Budach & Tinhofer, 2019). Tumour hypoxia is associated with worse radiotherapy 
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response (Gray et al., 1953, see section 2.1.5.2 for details), and it is a prognostic 
factor in HNSCC (Nordsmark et al., 1996, 2005; Hill et al., 2022). Several other 
studies have shown a correlation between hypoxia markers, such as HIF-1α, and 
worse clinicopathological characteristics. Furthermore, the expression of these 
markers is often associated with worse locoregional control (Swartz et al., 2015). 

A promising and widely studied liquid biopsy-based biomarker is the neutrophil-
to-lymphocyte ratio, with an increased ratio being associated with poor OS and DFS 
in all HNSCC sites (Mascarella et al., 2018; Tham et al., 2018). Haematologic cells, 
especially neutrophils, are associated with tumour-promoting activities (Shen et al., 
2014). However, there is a need for further studies to include neutrophil-to-
lymphocyte ratio as a biomarker for clinical use (Mascarella et al., 2018). 

CTCs have been associated with treatment resistance, but they are also promising 
liquid biopsy biomarkers (Kong & Birkeland, 2021). CTCs are associated with worse 
OS, disease-specific survival (DSS), and progression-free survival (PFS), as well as 
with advanced tumour stage in HNSCC (Sun et al., 2017). Furthermore, CTCs have 
been associated with regional lymph node metastasis (Hristozova et al., 2011). 

Both PIK3CA and EGFR, which are important factors in the molecular 
mechanisms of HNSCC tumorigenesis (see section 2.1.3), are potential biomarkers 
of HNSCC. A higher number of mutations in the PI3K pathway are associated with 
more advanced tumours (Lui et al., 2013; Budach & Tinhofer, 2019), and increased 
EGFR expression is associated with worse survival in HNSCC (Zhu et al., 2013).  

MicroRNAs (miRNAs) are promising biomarkers that have been studied both as 
liquid- and tissue-based biomarkers, and several clinical trials are currently ongoing. 
Depending on the specific miRNA, high or low expression levels are associated with 
poor prognosis, metastatic potential, or cancer growth, among others (reviewed in 
Thomaidou et al., 2022). 

In addition to the above-mentioned promising biomarkers, several other possible 
targets have been suggested to be promising biomarkers (Dahiya & Dhankhar, 2016). 
Although several studies have been conducted and both preclinical and clinical trials 
are currently ongoing, there is an urgent need for new biomarkers for HNSCC (Kang 
et al., 2015). 

2.2 TSPO 
TSPO was identified by Braestrup and Squires in 1977 while they were trying to find 
binding sites of benzodiazepine in the central nervous system (CNS) (see also 
Squires & Braestrup, 1977). TSPO was first known as a peripheral-type 
benzodiazepine receptor (PBR) due to its higher abundance in other tissues 
compared with the brain, in contrast to the central benzodiazepine receptors in the 
CNS (Braestrup & Squires, 1977; Möhler & Okada, 1977; Squires & Braestrup, 
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1977). Several years later, Papadopoulos et al. (2006) suggested a new name, TSPO, 
to better describe its function. Although TSPO has been studied for years, its exact 
structure, interaction with other proteins, and functional role still remain unclear. 

2.2.1 Structure 
TSPO is located in the 22q13.3 chromosome band of the human genome (Riond et 
al., 1991; Chang et al., 1992). The gene encodes a protein comprising 196 amino 
acids (Sprengel et al., 1989; Parola & Laird, 1991) with a molecular weight of 
approximately 18 kDa (Doble et al., 1987; Antkiewicz-Michaluk et al., 1988; 
Sprengel et al., 1989). TSPO is an evolutionally conserved protein with highly 
similar amino acid sequences between different species (Riond et al., 1991; Yeliseev 
et al., 1997). TSPO has five outer mitochondrial membrane-spanning alpha-helices 
with an amino-terminal domain (N-terminus) pointing towards the interior of the 
outer mitochondrial membrane and a carboxyl-terminal domain (C-terminus) in the 
cell cytoplasm (Bernassau et al., 1993; Joseph-Liauzun et al., 1998; Murail et al., 
2008; Jaremko et al., 2014; Guo et al., 2015). TSPO has a cholesterol recognition 
amino acid consensus sequence (CRAC) that binds cholesterol (Li & Papadopoulos, 
1998; Li et al., 2001; Jamin et al., 2005).  

Studies on bacterial and mammalian TSPO have found that, depending on its 
functional purpose, TSPO can exist as a monomer (Lacapère et al., 2001; Hinsen et 
al., 2015; Jaipuria et al., 2017), dimer (Yeliseev et al., 1997; Boujrad et al., 1996; 
Delavoie et al., 2003; Li et al., 2015; Jaipuria et al., 2017; Zeng et al., 2018), or 
polymer (Papadopoulos et al. 1994; Hinsen et al. 2015). Furthermore, when no high-
affinity ligands are bound to TSPO, its tertiary structure is flexible (Jaremko et al., 
2015). 

TSPO has been proposed to interact with several proteins. McEnery et al. (1992) 
isolated TSPO together with the 32-kDa voltage-dependent anion channel 1 
(VDAC1) and adenine nucleotide transporter (ANT), suggesting an interaction 
between TSPO and these proteins. Other early studies indicated that diazepam 
binding inhibitor (DBI), also known as ACBD1 and ACBP, binds to TSPO and 
activates steroidogenesis (Papadopoulos et al., 1992; Boujrad et al., 1993), but is 
thus more often thought to act as a TSPO ligand instead of a protein–protein 
interaction. Additionally, there is evidence of an interaction between TSPO and 
steroidogenic acute regulatory protein  (StAR) when Hauet et al. (2005) showed that 
treating Leydig tumour cells with TSPO antisense oligodeoxynucleotides inhibited 
steroidogenesis and StAR expression. In addition, West et al. (2001) demonstrated 
an interaction between these proteins, but later found that such an interaction did not 
exist (Bogan et al., 2007). TSPO has also been suggested to interact with CYP11A1 
and ATAD3A (He et al., 2007; Rone et al., 2012), PAP7 (Liu et al., 2003), PRAX-1 
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(Galiègue et al., 1999), CPK (Dolder et al., 2001; Meng et al., 2020), and pk10 
(Blahos et al., 1995). 

2.2.2 Subcellular localisation 
The main cellular localisation of TSPO occurs on the outer mitochondrial membrane 
(Anholt 1986; Bribes et al. 2004). However, TSPO is also present in the nuclear 
(Schoemaker & Nickolson, 1983; Mukherjee & Das, 1989; Hardwick et al., 1999), 
microsomal (Schoemaker & Nickolson, 1983), and cytosolic (Mukherjee & Das, 
1989) parts of cells. Moreover, TSPO localises to the plasma membranes (O’Beirne 
& Williams, 1988; Oke et al., 1992; Woods & Williams, 1996) of cells and in the 
membranes of erythrocytes (Olson et al., 1988). In addition, TSPO is expressed in 
haematopoietic cells (Marangos et al., 1982; Canat et al., 1993). 

TSPO is expressed at different sites throughout the body, especially in the 
adrenal glands. Low levels of TSPO are expressed in the brain, liver, and intestines 
(Braestrup & Squires, 1977; Marangos et al., 1982; Anholt et al., 1985; De Souza et 
al., 1985; Kurumaji & Toru, 1996; Gavish et al., 1999). In some organs, TSPO is 
distributed unevenly. For example, TSPO is mainly located in the adrenal cortex of 
the adrenal glands (De Souza et al., 1985), the thick ascending limb of the loop of 
Henle and convoluted and collecting tubules in the kidneys (Butlen, 1984; Gehlert 
et al., 1985), and interstitial tissue in the testes (De Souza et al., 1985). In the CNS, 
low TSPO expression levels are found in astrocytes, glial cells, and ependymal cells 
(Schoemaker & Nickolson, 1983; Gehlert et al., 1985; Benavides et al., 1990; 
Kuhlmann & Guilarte, 2000). 

2.2.3 Function 
TSPO has been proposed to participate in many cellular functions, such as 
cholesterol import, apoptosis, oxidative phosphorylation (OXPHOS), ROS 
homeostasis, and immune response (Figure 3). However, the exact role of TSPO in 
these functions is unclear.  
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Figure 3.  The proposed functions of TSPO. Inspired by Figure 2 by Notter et al. (2018) and Figure 

1 by Dimitrova-Shumkovska et al. (2020). CytC = Cytochrome C. Created with 
Biorender.com. 

2.2.3.1 Steroidogenesis 

Steroidogenesis is the most studied and well-known function of TSPO. TSPO binds 
cholesterol at nanomolar affinity to its CRAC motif and transports it into 
mitochondria (Li & Papadopoulos, 1998; Li et al., 2001). This binding drives the 
structure of TSPO towards the monomer form (Jaipuria et al., 2017). The imported 
cholesterol is then used for steroid hormone production. The role of TSPO in 
steroidogenesis was first demonstrated by treating cells with TSPO ligands or DBI, 
which stimulated cholesterol import into mitochondria and increased steroid 
production (Besman et al., 1989; Mukhin et al., 1989; Ritta & Calandra, 1989; 
Krueger & Papadopoulos, 1990; Papadopoulos et al., 1990; Panagopoulos et al., 
1991). Subsequent studies using TSPO-knockdown and -knockout cells further 
supported the role of TSPO in steroidogenesis (Kelly-Hershkovitz et al., 1998; Hauet 
et al., 2005). In addition, targeted disruption of TSPO resulted in abnormal 
steroidogenesis in cells (Papadopoulos et al., 1997a), and a TSPO-knockout mouse 
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model was embryonic lethal; thus, demonstrating the importance of TSPO in 
embryonic development (Papadopoulos et al., 1997b). Supporting findings were 
observed when lower TSPO levels were measured in the adrenal glands and testes 
after hypophysectomy (removal of the pituitary gland) in rats (Anholt et al., 1985). 
The pituitary gland is required for the production of adrenocorticotropic hormone 
(ACTH), which induces steroidogenesis in the adrenal glands, and TSPO has been 
proposed as an important regulator in this process (Panagopoulos et al., 1991).  

 Although several studies showed a significant role of TSPO in steroidogenesis, 
the premise was questioned by Cavallaro et al. in 1993. They showed that after 
hypophysectomy and administration of ACTH, the increase in TSPO expression was 
not directly associated with increased steroidogenesis. In fact, during the last decade, 
studies using TSPO-knockout mice and cells began to question the general opinion 
that TSPO is a crucial factor in steroidogenesis. In 2014, Morohaku et al. (2014) 
showed that conditional knockout of TSPO in testicular Leydig cells in mice did not 
affect steroidogenesis. Furthermore, another study by the same group (Tu et al., 
2016) showed that steroidogenesis in Leydig tumour cells of TSPO-knockout mice 
was no different compared with cells in control mice. In addition, no differences in 
steroidogenesis were observed after administration of the TSPO-specific ligand 
PK11195. Wang et al. (2016) showed that global TSPO-knockout in mice had no 
effect on viability, indicating that TSPO is not crucial in steroidogenesis. Banati et 
al. (2014) reported similar results showing no changes in steroidogenesis in global 
TSPO-knockout mice. Milenkovic et al. (2019) reported that TSPO-knockout 
microglial cells have only low levels of steroidogenesis, and TSPO does not affect 
it. While studying the role of TSPO in the regulation of mitochondrial permeability 
transition pore (MPTP), Šileikytė et al. (2014) found that TSPO-deficiency did not 
affect mitochondrial function, indirectly supporting the hypothesis that TSPO is not 
necessary for steroidogenesis. 

After the first studies questioning the role of TSPO in steroidogenesis, several 
publications have indicated that TSPO indeed plays a crucial role in this process. Fan 
et al. (2015) showed elevated embryonic lethality in global TSPO-knockout mice 
and obstructed steroidogenesis. In other studies by the same group, Owen et al. 
(2017) reported that global TSPO-knockout rats exhibit impaired steroidogenesis, 
whereas Fan et al. (2017) demonstrated that TSPO-knockout Leydig cells had 
disturbed steroidogenesis. In a more recent study by Fan and Papadopoulos (2020), 
global TSPO-knockout mice showed delayed preimplantation embryo development 
and dysregulated steroidogenesis. Several recent studies by the same group and 
others further support the important role of TSPO in steroidogenesis (Bader et al., 
2019; Chung et al., 2020; Barron et al., 2021; Farhan et al., 2021; Garza et al., 2022).  

Taken together, TSPO presumably has a role in steroidogenesis, but other 
regulatory pathways may compensate for its loss; thus, TSPO is not critical for 
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normal steroidogenesis. However, TSPO may have a significant role in 
steroidogenesis in specific organs and tissues, whereas in other organs, TSPO is not 
needed at all. Most of the studies investigating the role of TSPO in steroidogenesis 
have been conducted using cells and tissues with high levels of steroidogenesis. 
Moreover, these studies have used different methods to generate TSPO-silenced or 
TSPO-knockout cell lines and mouse models. The use of different mouse models 
may also explain some of the contradictory results.  

2.2.3.2 Energy production 

Another recently proposed function of TSPO is a regulatory role in energy 
production. Although the first studies showing decreased oxygen consumption after 
treatment with TSPO ligands in rat kidney mitochondria (Hirsch et al., 1989) and 
mouse neuroblastoma cells (Larcher et al., 1989) were conducted decades ago, 
research had focused more on steroidogenesis. Several years later, studies have 
shown that in mice and zebrafish, the administration of TSPO ligands PK11195 and 
Ro5-4864 reduce glucose levels, and PK11195 also affects other energy-producing 
processes, such as fatty acid beta-oxidation and oxidative metabolism (Gut, 2015).  

Banati et al. (2014) reported reduced oxygen consumption and adenosine 
triphosphate (ATP) production in TSPO-deficient microglial cells. Similar results 
were obtained by Bader et al. (2019), Milenkovic et al. (2019), and Fairley et al. 
(2023). Zhao et al. (2016) showed reduced oxygen consumption rates (OCRs) in 
TSPO-deficient fibroblasts, and Liu et al. (2017) reported increased oxidative 
metabolism in TSPO-overexpressing leukaemia cells. Furthermore, treatment with 
the TSPO ligand etifoxine increased oxidative metabolism in rat brain mitochondria 
(Palzur et al., 2021). In addition, other studies have shown increased oxidative 
metabolism in neuroblastoma and microglial cells following ligand administration 
(Bader et al., 2019; Lejri et al., 2019; Grimm et al., 2020).  

However, Šileikytė et al. (2014) reported no changes in mitochondrial function 
in TSPO-deficient liver cells. A study by Tu et al. (2016) showed increased fatty 
acid oxidation levels in TSPO-deficient steroidogenic cells; however, they did not 
observe any differences in oxygen consumption.  

In summary, TSPO likely participates in the regulation of oxidative metabolism. 
Studies with TSPO-deficient microglial cells indicate that TSPO positively regulates 
oxidative metabolism in the CNS. TSPO ligand administration has also been 
reported to increase energy production in microglial cells, implying increased TSPO 
activity after ligand binding. However, contradictory results been reported in non-
CNS cells and tissues, indicating that TSPO exerts a negative regulatory role in 
metabolism or no role at all. Thus, it would be worthwhile to study this in several 
non-CNS tissues using TSPO-knockout cell lines and mouse models. 
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2.2.3.3 TSPO in ROS regulation 

The role of TSPO in ROS regulation was first studied approximately 30 years ago. 
The first evidence was shown in haematopoietic cells where TSPO abundance 
increased after H2O2 treatment (Carayon et al., 1996). In addition, TSPO 
overexpression in leukaemia cells increased their resistance to ROS-induced cellular 
damage. A study by Stoebner et al. (2001) found that TSPO overexpression in 
leukaemia cells reduced UV-induced ROS production. Further evidence supporting 
the regulatory role of TSPO in ROS production showed that TSPO overexpression 
decreased tumour necrosis factor ɑ (TNF-ɑ)-induced ROS levels (Joo et al., 2012) 
and TSPO silencing increased ROS levels in endothelial cells (Joo et al., 2015). In 
addition, treatment with TSPO ligands increased ROS levels in microglial cells 
(Jayakumar et al., 2002; Choi et al., 2011), as well as in astrocytes and neurones 
(Jayakumar et al., 2002). Moreover, TSPO-deficiency increased ROS levels in 
steroidogenic cells (Tu et al., 2016) and glioblastoma cells (Fu et al., 2020). 

However, there is also contradictory evidence showing that the administration of 
PK11195 reduced ROS levels caused by cobalt chloride administration, which is 
used to induce hypoxia-like conditions, in glioblastoma cells (Zeno et al., 2009). In 
addition, another study showed increased ROS levels in TSPO-overexpressed and 
decreased ROS levels in TSPO-downexpressed mouse embryonic fibroblasts and 
canine mammary cancer cells (Gatliff et al., 2014). 

Altogether, most studies focusing on the role of TSPO in ROS regulation have 
been conducted with neural cells and a few cancer cell lines. Studies thus far have 
mainly reported that TSPO reduces ROS levels. The above-mentioned study (Zeno 
et al., 2009) reporting contradictory results was conducted by chemically inducing 
hypoxia with cobalt chloride, which does not necessarily reflect changes in ROS 
homeostasis caused by a naturally formed hypoxic environment. 

2.2.3.4 Apoptosis and mitochondrial membrane potential 

Another controversial function of TSPO that has been studied for approximately 30 
years is its role in apoptosis. The first studies showed that TSPO ligands induced 
mitochondrial permeability transition (MPT) and apoptosis. Pastorino et al. (1994) 
showed that TSPO ligands protoporphyrin ⅠⅩ, diazepam, and PK11195 induced 
MPT and led to cell death in rat hepatocytes treated with rotenone, an electron 
transport inhibitor. This apoptotic effect was inhibited by adding cyclosporin A, an 
inhibitor of MPT. Later, the same group showed that TNF-ɑ–induced cell death, 
which could be induced by TSPO ligands, was prevented by inhibiting MPT with 
cyclosporin A (Pastorino et al., 1996). Moreover, it was reported that PK11195 
treatment induces apoptosis by disrupting mitochondrial membrane stability in 
mouse thymocytes, T cell hybridoma cells, B cell leukaemia cells, and T 
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lymphoblastic leukaemia cells (Hirsch et al., 1989). A different study showed that 
the TSPO ligands PK11195, diazepam, and clonazepam reduced mitochondrial 
transmembrane potential, leading to apoptosis in thymocytes (Tanimoto et al., 1999). 
More recent studies have reported that TSPO ligands induce MPT in a dose-
dependent manner in cardiac cells (Chelli et al., 2001), induce apoptosis by 
activating caspase-3 in colorectal cancer cells (Maaser et al., 2001), and disrupt the 
mitochondrial membrane potential leading to MPTP opening (Fischer et al., 2001). 
Levin et al. (2005) showed that TSPO knockdown reduced apoptosis induced by an 
antineoplastic aether lipid (erucylphosphocholine) in glioma cells. In addition, TSPO 
knockdown decreased the apoptosis of adrenergic Leydig cells (Weisinger et al., 
2004) and human colorectal cancer cells (Shoukrun et al., 2008). 

However, the TSPO ligands PK11195 and Ro5-4864, also inhibited 
erucylphosphocholine-induced apoptosis in a concentration-dependent manner 
(Kugler et al., 2008). An older study showed that the TSPO ligand Ro5-4864 had an 
antiapoptotic effect on TSPO-inserted leukaemia cells by inhibiting the TNF-ɑ–
induced apoptosis (Bono et al., 1999). However, PK11195 exerted proapoptotic 
effects by reversing the effect of Ro5-4864. 

TSPO is believed to regulate apoptosis via MPT regulation. In recent years, 
several studies have questioned the role of TSPO in apoptosis altogether. Šileikytė 
et al. (2014) showed that MPTP functions normally without TSPO in mouse 
mitochondria. Other studies questioning the role of TSPO in apoptosis have focused 
on VDAC1 and ANT, which are believed to form the MPTP with TSPO. These 
studies have demonstrated that MPTP functions relatively normally in ANT-
deficient hepatocytes, but some of its regulatory functions, such as regulation by 
ANT ligands, are disrupted (Kokoszka et al., 2004). Another study showed that 
VDAC1- and VDAC3-deficiency in mitochondria did not affect apoptosis caused by 
MPT and Bcl-2 (Baines et al., 2007). One hypothesis is that instead of VDAC, ANT, 
and TSPO forming the MPTP and regulate apoptosis, ATP synthase dimers form it 
(Giorgio et al., 2013).  

2.2.3.5 Immunomodulation 

Several studies have investigated the role of TSPO in immunomodulation and have 
mainly focused on neuroinflammation. TSPO is upregulated after injury or during 
inflammation (Guilarte et al., 1995; Gavish et al., 1999; Wilms et al., 2003; Notter 
et al., 2018), and it is also upregulated in several neurological disorders, such as 
Alzheimer’s disease (Owen et al., 1983; Papadopoulos et al., 2006) and Huntington’s 
disease (Schoemaker et al., 1982; Pavese et al., 2006). It has been proposed that 
TSPO functions as a negative regulator by weakening the nuclear factor-κB 
activation in neuroinflammation (Bae et al., 2014). Other studies have shown that 
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treating microglial cells with PK11195 inhibited lipopolysaccharide-induced 
cyclooxygenase-2, TNF-α, and intracellular Ca2+ responses (Choi et al., 2002), and 
reduced microglial inflammatory response and neural cell death in rat striatum 
injected with quinolinic acid, a glutamate subtype N-methyl-D-aspartate (NMDA) 
receptor agonist (Ryu et al., 2005). However, the exact molecular background of the 
anti-inflammatory role of TSPO remains unclear (Notter et al., 2018). 

2.2.4 Ligands 
Many endogenous (Table 2) and synthetic ligands have been proposed for TSPO. 
Except for cholesterol that binds to the CRAC motif (Li & Papadopoulos, 1998; Li 
et al., 2001; Jamin et al., 2005), all ligands have been proposed to bind to different 
sites in the transmembrane helices (Jaremko et al., 2014; Graeber & Korkhov, 2019). 

Table 2.  Endogenous TSPO ligands. 

NAME SYSTEMATIC NAME 

Cholesterol - 

Deuteroporphyrin IX Dimethyl 3,7,12,17-tetramethyl-21H,23H-porphine-2,18-
dipropionate 

Diazepam binding inhibitor (DBI) - 
Hemin Chloro(protoporphyrinato)iron(III) 

Mesoporphyrin IX 7,12-Diethyl-3,8,13,17-tetramethyl-21H,23H-porphine-
2,18-dipropionic acid dihydrochloride 

Octadecaneuropeptide (ODN) - 
Phospholipase A2 Phosphatidylcholine 2-acylhydrolase 

Protoporphyrin IX  3,7,12,17-Tetramethyl-8,13-divinyl-2,18-
porphinedipropionic acid 

Triakontatetraneuropeptide (TTN) - 

 
One of the most studied endogenous TSPO ligands is cholesterol, which TSPO 

binds via its CRAC motif (Li & Papadopoulos, 1998). In addition, the binding of 
protoporphyrin ⅠⅩ, mesoporphyrin ⅠⅩ, deuteroporphyrin ⅠⅩ, and hemin to TSPO has 
been studied for several years (Snyder et al., 1987; Verma et al., 1987). Another 
intensively studied TSPO ligand is DBI (Alho et al., 1988; Bovolin et al., 1990). 
Other proposed endogenous TSPO ligands are phospholipase A2 (Mantione et al., 
1988), TTN (Berkovich et al., 1990; Veenman & Gavish, 2006), and ODN (Ferrero 
et al., 1986; Tonon et al., 1990). 

TSPO has many synthetic ligands, and most of them belong to isoquinoline 
carboxamides, quinoline carboxamides, phenoxyphenyl acetamides, benzodiazepines, 
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benzothiazepines, imidazopyridine acetamides, pyrazolopyrimidine acetamides, 
arylindol acetamides, or phenylindolylglyoxylamides (Rupprecht et al., 2010). 
Examples of synthetic TSPO ligands are presented in Table 3. 

Table 3.  Examples of synthetic TSPO ligands (based on Rupprecht et al., 2010). 

LIGAND CLASS EXAMPLE(S) 

Alkaloid Vinpocetine 
Arylindol acetamide FGIN-1-27 
Benzodiazepine Diazepam, Ro5-4864 
Benzothiazepine THIA-66 
Benzoxazepine OXA-17f 
Benzoxazine Etifoxine 
Imidazopyridine acetamide Alpidem 
Isoquinoline carboxamide PK11195 
Phenoxyphenyl acetamide PBR01, FMDAA1106 
Phenylindolyl glyoxylamide IND-18 
Phenylpurine acetamide Emapunil 
Pyrazolo-pyrimidine acetamide DPA-714, PYRA-3j 
Pyridazinoindole acetamide SSR180575 
Quinoline carboxamide VC198M 

 
One of the oldest synthetic TSPO ligands is the TSPO antagonist PK11195 (1-

(2-chlorophenyl)-n-methyl-n-(1-methylpropyl)-3-isoquinolinecarboxamide), which 
has been used as a ligand to study the functional role of TSPO and as a radioligand 
to study its binding to TSPO (Le Fur et al., 1983a; Le Fur et al., 1983b). The other 
classical synthetic ligands are Ro5-4864 and 4-chlorodiazepam (Schoemaker et al., 
1981; Le Fur et al., 1983c). Both ligands bind to TSPO with nanomolar affinity (Le 
Fur et al., 1983c).  

2.2.5 TSPO in cancer 
The role of TSPO in cancer has been studied for the past three decades. Although 
several findings have been reported, the exact role of TSPO in cancer is not 
understood. Because increased TSPO expression is associated with 
neuroinflammatory conditions, the role of TSPO in cancer has been extensively 
studied in glioblastoma. TSPO expression is increased in glioblastoma and is 
associated with increased cell proliferation and tumorgenicity (Miettinen et al., 1995; 
Veenman et al., 2004). Furthermore, TSPO may play an important role in the 
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hallmarks of cancer in glioblastoma, such as its regulatory role in angiogenesis and 
apoptosis (reviewed in Ammer et al., 2020). However, TSPO has also been studied 
in other cancers, although not as much as in glioblastoma. 

2.2.5.1 Preclinical studies 

Several preclinical studies have focused on investigating the role of TSPO in breast 
cancer (reviewed in Wongso et al., 2024). First studies reported an association 
between increased TSPO expression and breast cancer aggressiveness (Hardwick et 
al., 1999; Beinlich et al., 2000; Hardwick et al., 2002) and increased binding 
potential of TSPO ligands [3H]PK11195 (Hardwick et al. 1999) and [3H]Ro-4864 
(Beinlich et al., 2000). TSPO localisation has been reported to differ between 
aggressive and nonaggressive breast cancer cells, showing higher localisation in the 
nucleus in aggressive cancer (Hardwick et al., 1999). Increased TSPO expression in 
breast cancer cells may also be associated with elevated cholesterol uptake into 
nucleus (Hardwick et al. 1999), enhanced cell proliferation (Carmel et al., 1999; 
Hardwick et al., 1999; Beinlich et al., 2000; Li et al., 2007), reduced apoptosis (Li et 
al., 2007), and increased number of mitochondria (Beinlich et al., 2000). Increased 
TSPO expression was associated with amplified cell proliferation in the outer layer 
of a 3D breast cancer cell culture model and promoted survival in the lumen, 
indicating an antiapoptotic role of TSPO in breast cancer. Furthermore, combining 
the TSPO ligands PK11195 or Ro5-4864 with lonidamine, a mitochondria-targeting 
drug that inhibits metabolism, increased cell death in aggressive breast cancer cells 
(Wu & Gallo, 2013). Zheng et al. (2011) determined TSPO expression in patient-
derived breast cancer cells, macrophages, and breast cancer xenografts and found 
that TSPO expression within tumours to be affected by non-cancerous cells.  

Higher TSPO expression has also been reported in prostate cancer xenografts 
compared with healthy prostate (Batra & Alenfall, 1994; Perrone et al., 2016; 
Tantawy et al., 2018; Mattner et al., 2021) and in colorectal cancer cells, where 
TSPO was found to be localised in the perinuclear area of mitochondria (Ricken et 
al., 1998; Ostuni et al., 2007). In addition, treatment with TSPO ligands induced cell 
cycle arrest and apoptosis in both prostate (Fafalios et al., 2009) and colorectal 
cancer cells (Maaser et al., 2001). Furthermore, TSPO ligands were shown to affect 
the intracellular Ca2+ levels in colorectal cancer cells (Ostuni et al., 2007). 

The role of TSPO has also been determined in other cancers, but these studies 
have been scarce. High TSPO expression is associated with increased proliferation, 
migration, and metastasis in hepatocellular cancer cells and xenografts (Pan et al., 
2023; Zhang et al., 2023). Furthermore, TSPO has been proposed to regulate ROS 
production and mitochondrial membrane potential in hepatocellular cancer (Pan et 
al., 2023). TSPO expression has also been reported to be increased in murine 
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pancreatic cancer (Cohen et al., 2020). TSPO silencing was shown to decrease cell 
proliferation and migration in oesophageal cancer cells (Chen et al., 2017). In thyroid 
cancer, PK11195 treatment or TSPO silencing had no effect on cell proliferation and 
migration (Klubo-Gwiezdzinska et al., 2012). In contrast, TSPO ligands protected 
lung cancer cells from cobalt chloride-induced cellular damage (Zeineh et al., 2020). 
Furthermore, a possible connection between cigarette smoke and reduced TSPO 
ligand binding potential has been proposed in lung cancer (Nagler et al., 2015) and 
pre-treatment with TSPO ligands reduced cigarette smoke-induced TSPO-related 
processes, such as apoptosis (Zeineh et al., 2021).  

Altogether, these findings suggest that TSPO has an oncogenic role in breast, 
prostate, colorectal, hepatocellular, oesophageal, and pancreatic cancer. Moreover, 
TSPO function may be inhibited with ligands, leading to reduced cancer cell 
proliferation and increased apoptosis. However, TSPO ligands have also been shown 
to protect lung cancer cells from apoptosis, indicating cancer-dependent responses 
to ligands.  

2.2.5.2 Studies using human samples 

In breast cancer, higher TSPO levels were observed in aggressive metastatic tumour 
biopsies compared with healthy breast tissue and non-invasive breast tumours 
(Hardwick et al., 1999). Another study reported that higher TSPO expression 
correlated with aggressive breast cancer phenotype and worse DFS in patients with 
lymph-node negative invasive breast cancer (Galiègue et al., 2004). However, no 
significant differences were reported in TSPO mRNA expression between breast 
cancer and healthy breast tissue (Bhoola et al., 2018).  

In prostate cancer, both TSPO mRNA and TSPO protein expression was 
increased in prostate cancer compared with healthy tissue (Fafalios et al., 2009; 
Bhoola et al., 2018). Moreover, high TSPO expression was associated with worse 
survival and aggressive cancer phenotype (Fafalios et al., 2009).  

In colon cancer, increased levels of TSPO binding sites with [3H]PK11195 were 
observed compared with the normal colon (Katz et al., 1988, 1990), indicating higher 
TSPO levels in colon cancer. In addition, increased TSPO mRNA expression was 
detected in colon cancer compared with healthy tissue (Königsrainer et al., 2007). 
High TSPO expression is also associated with worse survival in stage Ⅲ colorectal 
cancer (Maaser et al., 2002). However, another study showed that TSPO mRNA 
expression was decreased in high-grade colon cancer compared with healthy tissue 
(Bhoola et al., 2018).  

Increased TSPO expression and ligand binding were observed in liver cancer 
compared with healthy tissue (Venturini et al., 1999); similarly, an association was 
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found between high TSPO expression and worse OS and PFS survival in 
hepatocellular carcinoma (Zhang et al. 2023).  

In oesophageal cancer, higher TSPO tumour expression was observed compared 
with normal tissue, and higher expression was associated with worse survival (Chen 
et al., 2017). Moreover, studies have reported increased TSPO expression in 
pancreatic (Cohen et al., 2020), specific thyroid (Klubo-Gwiezdzinska et al., 2012), 
and gastric cancers (Bhoola et al., 2018). However, TSPO expression was lower in 
lung cancer compared with healthy tissue (Bhoola et al., 2018).  

Results with patient samples propose an oncogenic role of TSPO in breast, 
prostate, colon, liver, oesophageal, pancreatic, and gastric cancers. In contrast, TSPO 
expression was reported to be lower in lung cancer, indicating a tumour suppressor 
role. However, some contradictory findings exist related to the mRNA expression 
between tumour and healthy tissues.  

2.2.5.3 TSPO in HNSCC 

Few studies have focused on the role of TSPO in HNSCC. Miyakawa et al. (1998) 
and Reis et al. (2002) showed that mutations in human chromosome 22q13 were 
associated with the development of oral cancer and disease progression. TSPO is 
located in chromosome 22q13; thus, these findings were the first possible indications 
of a tumour suppressor role of TSPO in oral cancer.  

The first publication of TSPO in HNSCC was by Nagler et al. in 2010, who 
reported that high TSPO levels analysed by IHC were associated with worse survival 
in a relatively small (n = 69) cohort of patients with oral cancer. In addition, TSPO 
binding capacity studied using [3H]PK11195 binding in cells showed lower TSPO 
binding after cigarette smoke exposure. Similar results were found for the cellular 
fraction of saliva from smoking patients compared with the non-smoking patients, 
and they also found lower TSPO binding in patients with oral cancer compared with 
healthy controls. Gavish et al. (2017) demonstrated that there are two distinct 
binding sites (high affinity and low affinity) for TSPO in oral cancer cells. 
Furthermore, exposure to cigarette smoke decreased the binding potential of the high 
affinity binding sites of TSPO. Nagler et al. (2010) and Gavish et al. (2017) proposed 
that these findings indicate that lower TSPO binding predisposes patients to oral 
cancer and that TSPO ligands help inhibit the reduced TSPO binding potential 
caused by cigarette smoke; thus, these findings could be used for improved therapy 
of oral cancers. However, no other studies have focused on the role of TSPO in 
HNSCC.  
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2.3 Positron emission tomography 
PET is a non-invasive imaging method that is used in a wide range of applications. 
It is based on the spontaneous positron emission of short-lived radionuclides in 
which the number of protons in the nucleus is higher than the number of neutrons. If 
an atom is uncharged, the number of protons and electrons in the atom is equal. An 
excessive number of protons or electrons causes the atom to be unstable and it 
undergoes radioactive decay (Cherry & Dahlbom, 2006). There are different ways 
of radioactive decay, and one of them is positron emission (β+ decay). Positron 
emission occurs when the stability of an atom is achieved by converting a proton 
into a neutron, and a neutrino is emitted: 

 
 11𝑝𝑝 → 𝑛𝑛01 + 𝑒𝑒10 + + 𝑣𝑣 

 
where p is a proton, n is a neutron, e+ is a positron, and v is a neutrino. The positron 
must lose its kinetic energy by interacting with surrounding matter before 
annihilation occurs (Cherry & Dahlbom, 2006). The flight length of a proton depends 
on its kinetic energy and the density of the environment (Granov et al., 2013). 
Eventually, the positron combines with the electron, annihilation occurs, and the 
energy is released as electromagnetic radiation of two same-energy (511 keV) γ-
photons emitted approximately 180° apart from each other (Cherry & Dahlbom, 
2006).  

 PET imaging takes advantage of positron emission and is used to detect the two 
emitted γ-photons and locate the point of annihilation (Figure 4). A PET scanner 
consists of a ring-shaped gantry with photon-detecting scintillation detectors 
consisting of inorganic crystals. Detectors opposite to each other detect the emitted 
photons, and the annihilation point can be located on the line (coincidence line) 
between these two detections. Annihilation does not always occur between these two 
detections, and PET uses coincidence windows (Granov et al., 2013). In addition to 
true coincidences, other coincidences need to be considered in PET imaging, such as 
random, scattered, and multiple coincidences. The detectors emit visible light when 
a photon is detected. After data collection and correction, images are constructed 
using mathematical algorithms (Cherry & Dahlbom, 2006). 
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Figure 4.  Principles of PET and PET imaging. Created with Biorender.com. 

2.3.1 PET imaging of HNSCC 
2-deoxy-2-[18F]fluoro-D-glucose ([18F]FDG) is the most used tracer in oncological 
PET imaging (combined with CT). [18F]FDG is a glucose analogue and its use in 
cancer imaging is based on the Warburg effect (Warburg, 1956), i.e. the increased 
glycolysis in tumours, even in the presence of oxygen. [18F]FDG differs from glucose 
by its chemical structure (the hydroxyl group at the C-2 position is replaced by 18F). 
[18F]FDG is taken into cells by glucose transporters but cannot be further 
metabolised in the glycolytic pathway after it is phosphorylated by hexokinase to 
[18F]FDG-6-phosphate; therefore, it is trapped in the cell (Basu et al., 2014). Thus, 
cells with a higher glycolytic rate accumulate more of the phosphorylated tracer, 
creating a contrast in tracer uptake between tumour and surrounding tissues 
(Couturier et al., 2004). However, inflammation and infection can increase the 
[18F]FDG uptake, leading to false-positive findings (Omami et al., 2014). [18F]FDG 
is mainly used to detect unknown primary tumours (Rusthoven et al., 2004) and 
nodal and distant metastases (Hohenstein et al., 2020). In addition, [18F]FDG is used 
to assess treatment response (Cacicedo et al., 2016; Hohenstein et al., 2020).  
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Several studies have focused on evaluating the use of [18F]FDG for treatment 
planning, especially in tumour delineation and dose optimisation in radiotherapy 
treatment planning (reviewed in Cacicedo et al., 2016), and [18F]FDG-PET imaging 
is increasingly used routinely or in experimental settings in HNSCC. [18F]FDG PET 
is often performed after radiotherapy to assess treatment response and detect residual 
tumour or cancer recurrence (Helsen et al., 2018).  

In addition to [18F]FDG, several other tracers have been evaluated in HNSCC, 
such as [11C]Methionine, [18F]Methionine, and a thymidine analogue [18F]FLT, 
which target amino acid metabolism and determine the proliferative status of the 
tumour (Wedman et al., 2013). Several tracers targeting tumour hypoxia have been 
evaluated in recent decades (reviewed in Mokoala & Sathekge, 2024), of which 
[18F]fluoromisonidazole (FMISO) is the most studied (Rasey et al., 1996). New 
tracers targeting the fibroblast activation protein have recently been evaluated in 
several cancers, including HNSCC, showing high sensitivity to and specificity 
against tumour cells (Giesel et al., 2019). 

2.3.2 PET imaging of TSPO 
TSPO expression is higher during neuroinflammation than during normal conditions 
(Werry et al., 2019). The expression of TSPO is high in activated microglia and is 
associated with microglial activation caused by brain injury or neural inflammation. 
Therefore, TSPO-PET imaging has mainly focused on imaging neuroinflammatory 
conditions (Zhang et al., 2021).  

2.3.2.1 TSPO-PET tracers  

The first TSPO-PET tracer, [11C]PK11195, was developed in 1984 by a French 
company (Charbonneau et al., 1986; Zhang et al., 2021). Later, it was shown that 
this tracer’s enantiomer, [11C](R)PK11195, has superior binding affinity (Shah et al., 
1994). Another first-generation tracer is [11C]Ro5-4864 (Watkins et al., 1988); 
however, it did not have increased uptake in areas with high levels of TSPO (Junck 
et al., 1989). In addition, these first-generation TSPO-PET tracers have several 
limitations, such as low specific binding, high lipophilicity, and short isotope half-
life (11C half-life t1/2 = 20.4 min) (Zhang et al., 2021; Singh et al., 2022).  

Several other TSPO-PET tracers with higher specific binding and lower 
lipophilicity have been developed, and these are called second-generation tracers 
(Schweitzer et al., 2010; Zhang et al., 2021). There are more than 50 second-
generation tracers (reviewed in Schweitzer et al., 2010; Zhang et al., 2021) and 
include [11C]DPA-713 and [18F]F-DPA. [18F]F-DPA is a fluorine-18 labelled (18F t1/2 
= 109.8 min) pyrazolopyrimidine radiotracer with high specificity, low lipophilicity, 
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and high stability (Keller et al., 2017). However, the problem with these radiotracers 
is their sensitivity to the single nucleotide polymorphism (SNP) rs6971, which 
causes an amino acid substitution from alanine to threonine (Ala147Thr) in the 
human TSPO gene, leading to decreased binding (Owen et al., 2011; Mizrahi et al., 
2012).  

To solve this problem, new third-generation TSPO-PET radiotracers have been 
developed. [18F]GE-180 is a well-studied tracer, showing promising results in 
preclinical imaging (Wadsworth et al., 2012; Dickens et al., 2014) and human studies 
(Fan et al., 2016; Feeney et al., 2016). However, it was reported that [18F]GE-180 
had low brain uptake in humans (Zanotti-Fregonara et al., 2018). Another new-
generation tracer, [11C]ER176, showed promising results in in vitro experiments and 
showed high binding affinity for all three rs6971 genotypes (Zanotti-Fregonara et 
al., 2018). However, in vivo studies showed sensitivity to the SNP (Ikawa et al., 
2017). 

Although [11C](R)PK11195 is a first generation TSPO-PET tracer, most studies 
have used this tracer (Viviano et al., 2022). In fact, several neurological disorders 
have been studied with this tracer, such as Alzheimer’s disease, Parkinson’s disease, 
Huntington’s disease, and epilepsy (Kreisl et al., 2020). 

2.3.2.2 TSPO-PET imaging of cancer 

The primary interest in studying TSPO-PET tracers in cancer has been gliomas, as 
TSPO is overexpressed in glioma cancer cells and its expression is associated with 
cancer aggressiveness (Ammer et al., 2020). Studies have focused on evaluating the 
correlation between TSPO-PET tracer uptake and tumour grade or survival in post-
recurrent cancer or have investigated the usefulness of TSPO-PET tracers compared 
with other imaging methods (Filippi et al., 2023). Su et al. (2015) showed that 
[11C](R)PK11195 tracer uptake was higher in aggressive gliomas than in lower-grade 
gliomas, whereas Quach et al. (2023) reported that [18F]GE180 uptake was 
associated with poor prognosis in an aggressive type of recurrent glioma. Albert et 
al. (2017) showed that TSPO-PET with [18F]GE180 had high tumour-to-background 
ratios and uptake in areas that were not visible with the MRI contrast agent. The 
same group (Albert et al., 2023) compared the association between [18F]GE180 
tracer uptake and survival in patients with isocitrate dehydrogenase-wild type 
glioblastoma. They reported that higher tracer uptake was associated with worse 
survival, indicating the possible prognostic potential of TSPO-PET imaging in 
glioblastoma. 

In addition to using TSPO-PET imaging for neuroinflammation and gliomas, 
some studies have focused on the use of TSPO-PET tracers in cancer imaging. TSPO 
expression is increased in breast cancer and has thus been one of the most studied 
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cancers of TSPO-PET tracers. The TSPO-PET tracer [18F]DPA-714 binds 
specifically to breast cancer xenografts ex vivo and exhibits higher uptake than 
muscle tissue (Zheng et al., 2011). However, another study focusing on the same 
tracer reported that the [18F]DPA-714 uptake in vivo was not significantly higher 
than that of muscle tissue in breast cancer xenografts (Zheng et al., 2016). Vasdev et 
al. (2013) showed that the TSPO-PET tracer [18F]FEPPA can be used to visualise 
breast cancer xenograft tumours, although the uptake was lower than that of nearby 
muscle tissue and was at the same level as that of blood circulation. In addition, they 
showed that the uptake was unspecific, as no reduction in tracer uptake was observed 
after blocking TSPO with non-labelled FEPPA. Another study showed that [11C](R)-
PK11195 tracer uptake was associated with tumour inflammation in mouse breast 
cancer models (de Souza et al., 2022). 

Few studies have evaluated the use of TSPO-PET tracers in lung, colorectal, and 
prostate cancers. One study showed that TSPO-PET tracer 18F-PBR06 uptake was 
low in lung tumour tissue but high in inflammatory areas of the body and could thus 
be used to differentiate between peripheral lung cancer and inflammation nodules 
(Zhang et al., 2019). The use of [18F]FEPPA, which was the same tracer that was 
studied in breast cancer, was also investigated in colorectal cancer. It was shown that 
the autoradiography uptake of [18F]FEPPA was higher in colorectal cancer than in 
healthy tissue and could thus be a potential tracer for colorectal cancer imaging 
(Berroterán-Infante et al., 2018). In prostate cancer mouse models, the uptake of 
[18F]VUIIS1008 had high tumour-to-background ratios (Tantawy et al., 2018).  

In addition to studying the use of TSPO-PET tracers to image tumours, there has 
been studies focusing on the imaging of inflammatory cells in tumours, e.g. the 
imaging of TAMs in pancreatic cancer (Lanfranca et al., 2018). 
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3 Aims 

Several promising biomarkers for HNSCC have been studied, but only HPV in 
oropharyngeal cancer and EBV in nasopharyngeal cancer are widely used in clinics. 
Furthermore, treatment resistance has remained a problem in HNSCC. TSPO has 
been suggested to participate in many cellular functions, which are also important 
factors in treatment resistance in HNSCC. Thus, the aim of this thesis was to evaluate 
the prognostic and functional role of TSPO in HNSCC. Moreover, the feasibility and 
specificity of TSPO-PET imaging in HNSCC were determined. 
 
The main aims of this thesis were: 
 
Aim 1:  

- To determine TSPO expression in different clinicopathological subgroups 
of HNSCC 

- To evaluate the potential of TSPO as a prognostic biomarker in HNSCC 

Aim 2: 

- To determine the association between TSPO tumour expression and survival 
in subgroups defined by treatment modality 

- To study the functional role of TSPO after radiotherapy and cisplatin 
treatment 

Aim 3: 

- To evaluate the specificity of [18F]F-DPA-PET imaging of TSPO in HNSCC 
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4 Materials and Methods 

TSPO protein and mRNA expression and its prognostic potential were evaluated in 
a population-based TMA and publicly available TCGA HNSCC patient cohorts (Ⅰ). 
The association between TSPO expression and survival in patient subgroups defined 
by treatment modality was determined (Ⅱ). The role of TSPO in DNA damage 
response and oxidative metabolism was investigated using HNSCC cells (Ⅱ). The 
specificity of [18F]F-DPA, a TSPO-PET tracer, was studied in HNSCC cells and 
xenografts (Ⅲ).The materials and methods used in the original publications (Ⅰ, Ⅲ) 
and the manuscript (Ⅱ) are listed in Table 4. 
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Table 4.  Materials and methods used in this thesis. 

MATERIAL/METHOD PURPOSE STUDIES USING 
THE METHOD 

[18F]F-DPA biodistribution 
in mice 

Study the [18F]F-DPA uptake into organs and 
tissues in mice III 

[18F]F-DPA uptake in cells Evaluate [18F]F-DPA uptake in cells III 
Cell lines and culture 
conditions TSPO in vitro studies II, III 

DNA damage response Study the role of TSPO in DNA damage 
response in vitro II 

Ex vivo tumour 
autoradiography 

Evaluate [18F]F-DPA uptake in HNSCC 
xenograft tumour sections III 

HNSCC-TMA cohort Study the prognostic role of TSPO in 
patients with HNSCC I, II 

Immunohistochemistry 
(IHC) 

Study the expression of different proteins in 
tumour sections I, II, III 

In silico analysis Study the prognostic and functional role of 
TSPO in patients with HNSCC I 

Irradiation of cells and 
xenografts 

Study the role of TSPO in radiotherapy 
response II, III 

Measurement of 
mitochondrial respiration 

Measure the mitochondrial respiration in 
HNSCC cells II 

OXPHOS measurement Study the role of TSPO in OXPHOS 
regulation in vitro II 

PET/CT imaging of 
xenografts 

Evaluate [18F]F-DPA and [18F]FDG uptake in 
xenografts III 

Proportion of monocytes 
and TAMs with flow 
cytometry 

Study the immune response in xenografts III 

Radiometabolite analysis Analyse the amount of radiometabolites and 
[18F]F-DPA III 

Radionuclide and tracer 
production 

Production of the PET tracers [18F]F-DPA 
and [18F]FDG III 

Real-time quantitative 
PCR (RT qPCR) Measure TSPO mRNA levels III 

TSPO silencing in cells 
Study the specificity of [18F]F-DPA in vitro 
and the functional role of TSPO in HNSCC 
cells 

II, III 

Western blot Study the expression of different proteins II, III 
Xenografts TSPO in vivo studies III 
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4.1 HNSCC-TMA cohort (I and II) 
The population-based HNSCC cohort collected during 2005–2015 included all 
patients diagnosed with new HNSCC and treated at the Southwest Finland regional 
referral centre of Turku University Hospital (Denissoff et al., 2022; Mylly et al., 
2022; Routila et al., 2022). In total, 1 033 patients were included, of which 611 
patients with available samples were included in TMA for IHC staining with an 
antibody against TSPO. IHC staining and analysis of p16 was performed previously 
(Mylly et al., 2022). 

OS was determined as the end-of-treatment to end-of-follow-up or death. DSS 
was determined as the end-of-treatment to end-of-follow-up or death from HNSCC. 
DFS was determined as the end-of-treatment to disease progression. Patients who 
had 0 survival days were excluded from the DFS analysis. 

4.2 In silico analysis (I) 
The databases used for the in silico analyses are shown in Figure 5. TSPO mRNA 
expression and clinical data of the TCGA patient cohort were acquired from the 
UCSC Xena database (Goldman et al., 2020). TSPO expression was available from 
520 primary tumour samples and 44 healthy tissue samples. OS, DSS, and 
progression-free interval were available from 519 patients, and disease-free interval 
was available from 133 patients. TSPO protein expression was available from the 
Clinical Proteomics Tumor Analysis Consortium (CPTAC) pan-cancer HNSCC 
cohort (Huang et al., 2021), and the data were acquired from the LinkedOmics 
database (Vasaikar et al., 2018). Both TSPO protein and mRNA expression were 
analysed in different clinicopathological groups.  

The TCGA HNSCC PanCancer Atlas patient cohort (Cancer Genome Atlas 
Network, 2015) was used to analyse the gene co-expression with cBioPortal (Cerami 
et al., 2012; Gao et al., 2013). Genes co-expressed with TSPO were available from 
488 patients. Gene overlap analyses with the top 100 negatively or positively co-
expressed genes were performed with the Molecular Signatures Database  (MSigDB, 
v7.0) (Subramanian et al., 2005; Liberzon et al., 2011, 2016). The Hallmark 
(Liberzon et al., 2016), Kyoto Encyclopedia of Genes and Genomes Canonical 
Pathways (CP:KEGG) (https://www.kegg.jp/kegg/), and Gene Ontology Biological 
Process (GO:BP) (http://geneontology.org/) gene sets were selected. 

The TISIDB database (Ru et al., 2019) was used to analyse the correlation 
between TSPO mRNA expression in the TCGA cohort and the abundance of immune 
cells in different cancer types (Charoentong et al., 2017).  
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Figure 5.  Databases used for in silico analyses.  

4.3 Cell lines and culture conditions (II and III) 
FaDu cells (originating from a hypopharyngeal tumour) used in study Ⅲ were 
obtained from ATCC (HTB-43). Cal33 (originating from an oral tongue tumour) and 
FaDu cells used in study Ⅱ were a kind gift from Prof. Anna Dubrovska (OncoRay–
National Center for Radiation Research in Oncology, Medizinische Fakultät 
Dresden, Germany). Cells were cultured in Dulbecco’s Modified Eagle Medium 
(DMEM) supplemented with 10% heat-inactivated Fetal Bovine Serum (FBS), 1× 
L-glutamine, 1× 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES), 1× 
Minimal Essential Medium (MEM) Non-Essential Amino Acids (NEAA), sodium 
pyruvate, and penicillin-streptomycin (all from Gibco Thermo Fisher). The 
purchased FaDu cells were identified using short tandem repeat (STR) profiling 
(Ⅲ). The gifted FaDu and Cal33 cells were previously genotyped using micro-
satellite polymorphism analysis (Ⅱ) (Kurth et al., 2015).  

4.4 TSPO silencing in cells (II and III) 
Cells were silenced using TSPO or non-targeting (NT) siRNA according to the 
manufacturer’s protocol (Accell siRNA, Dharmacon Horizon Discovery). Briefly, 
cells were plated on 6-well (Ⅱ) or 96-well (Ⅲ) plates in normal culture medium and 
allowed to attach overnight. The next day, the medium was replaced with serum-free 
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Accell siRNA Delivery Media, and NT or TSPO siRNA was added at a final 
concentration of 1 µM for 72 h. Silenced cells were further plated for other 
experiments. Successful silencing was confirmed using Western blotting (Ⅱ, Ⅲ) and 
qPCR (Ⅲ).  

4.5 Xenografts (III) 
Female nude mice (Hsd;athymic Nude-Foxn1nu, age 4–6 weeks, Envigo) were 
housed under controlled pathogen-free environmental conditions. Cells (1 × 106) 
were inoculated subcutaneously into the left or right hind limb of 34 mice. When the 
tumour diameter was 5–6 mm, mice were stratified into non-irradiated and irradiated 
groups.  

4.6 Irradiation of cells and xenografts (II and III) 
Cells and xenografts were irradiated using a Faxitron MultiRad 350 (Faxitron 
Bioptics) or linear TrueBeamSTx accelerator (Varian Medical Systems). Cells were 
plated on either 6-well or 96-well plates, depending on the experiment, and allowed 
to attach overnight. Irradiations were performed once with a single 5-Gy dose (6 MV 
flattened beam, source-to-phantom distance 100 cm, 5 Gy/min) (Ⅱ) or on five 
consecutive days (2 Gy/day) for a total dose of 10 Gy (320 kV X-rays, 10 mA 
current, Al 0.5 mm filter, source of surface distance 37.0 cm, 6 Gy/min) (Ⅲ).   

Xenograft-bearing mice were locally irradiated (Faxitron MultiRad 350) to the 
tumour area while protecting the rest of the body with a lead shield. Animals were 
kept anesthetised under 2.5% isoflurane while irradiating the tumours with a 5-Gy 
dose on two consecutive days for a total dose of 10 Gy (320 kV X-rays, 10 mA 
current, SnCuAl filter, source of surface distance 45.0 cm, 1 Gy/min).  

4.7 DNA damage response (II) 
Parental and siRNA-transfected cells were plated on 6-well plates and allowed to 
attach overnight. The next day, the fresh medium was changed and 10 µM of 
PK11195 (Sigma-Aldrich) was added prior to irradiation of a subset of parental cells. 
Control cells were treated with 0.1% dimethyl sulfoxide (DMSO). Cells were 
irradiated once with a 5-Gy dose. Control cells were not irradiated. At 1 h and 16 h 
after irradiation, cells were collected for Western blot analysis. 

In addition, parental and siRNA-transfected cells were plated on 6-well plates 
and allowed to attach overnight. The next day, 0, 0.5, 1, and 3 µM of cisplatin 
(AbMole) was added. In addition, a subset of parental cells was treated with 10 µM 
of PK11195, 3 µM of cisplatin, or a combination of PK11195 and cisplatin. Control 
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cells were treated with 0.1% DMSO. Protein samples were collected 24 h after 
treatment for Western blot analysis. 

4.8 Measurement of mitochondrial respiration (II) 
Cells were plated on XFe96 Cell Culture Microplates (Agilent Technologies) and 
allowed to attach overnight following irradiation with a 5-Gy dose. Control cells 
were not irradiated. The next day, a Seahorse XF Cell Mito Stress Kit (Agilent 
Technologies) experiment was conducted according to the manufacturer’s protocol. 
PK11195 (10 µM) was administered as an acute injection after basal measurements. 
Control cells were treated with 0.1% DMSO. The effect of PK11195 was measured 
5 times approximately every 6 to 7 min, following 5 µM oligomycin injection, 10 
µM FCCP injection, and 0.5 µM antimycin C/rotenone injection. Results were 
normalised to the amount of cellular DNA using CyQUANT™ Cell Proliferation 
Assay (Invitrogen) and the results were expressed as mean OCR (pmol/min) ± 
standard deviation (SD). 

4.9 OXPHOS measurement (II) 
The same samples prepared for DNA damage response experiments (see section 4.7) 
were used to study the role of TSPO in OXPHOS. The detected subunits of the 
OXPHOS complexes are listed in Table 5. 

Table 5.  Subunits of the OXPHOS complexes detected with Western blot. 

COMPLEX SUBUNIT FULL NAME 

I NDUFB8 NADH:ubiquinone oxidoreductase subunit B8 

II SDHB Succinate dehydrogenase complex iron sulfur subunit B 

III UQCRC2 Ubiquinol-cytochrome c reductase core protein 2 

IV COX II Cyclooxygenase II 

V ATP5A ATP synthase lipid-binding protein 

4.10 Radionuclide and tracer production (III) 
Two PET tracers were used in this thesis: [18F]FDG and [18F]F-DPA. Radionuclides 
and tracers were produced at the Radiopharmaceutical Chemistry Laboratory of 
Turku PET Centre. 

[18F]FDG was synthesised using the FASTlab synthesizer (GE Healthcare) as 
previously described (Hamacher et al., 1986). The radiochemical purity of [18F]FDG 
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exceeded 98% in all syntheses, and the molar activity (Am) at the end of synthesis 
(EOS) was > 100 GBq/μmol.  

N,N-Diethyl-2-(2-(4-[18F]fluorophenyl)-5,7-dimethylpyrazolo[1,5α]pyrimidine 
-3-yl)-acetamide ([18F]F-DPA) was synthesised via two different approaches 
resulting in low Am (10 GBq/ μmol at EOS) [18F]F-DPA (Keller et al., 2017) and 
high Am (360–900 GBq/μmol at EOS) [18F]F-DPA (Keller et al., 2020).  

4.11 [18F]F-DPA uptake in cells (III) 
The uptake of [18F]F-DPA in cells was measured approximately 5 h after the last 
irradiation. Cells were incubated in normal culture medium containing 0.5 MBq/mL 
[18F]F-DPA for 60 min at 37 °C (5% CO2). To block TSPO cells were first incubated 
with PK11195 (10 μM) for 30 min. After incubation, the medium was changed to 
one containing 0.5 MBq/ mL of [18F]F-DPA and 10 μM PK11195 and incubated for 
60 min. After incubation, cells were washed, collected, and the number of viable 
cells was counted (Cellometer auto 2000, Nexcelom). The 18F-radioactivity was 
measured using a gamma counter (2480 Wizard2, PerkinElmer), and the results were 
expressed as mean radioactivity/viable cells (Bq/cells) ± SD. 

4.12 PET/CT imaging of xenografts (III) 
PET/CT imaging of xenograft-bearing mice was performed at 1 or 2 weeks after 
irradiation. [18F]FDG or [18F]F-DPA was injected intravenously via a cannula 
inserted into the tail vein under 2.5% isoflurane anaesthesia. Imaging of FaDu 
tumours (Inveon, Siemens) was performed with [18F]FDG and [18F]F-DPA on two 
consecutive days. Cal33 xenografts were scanned only with [18F]F-DPA (x- and β-
cubes, Molecubes). Mice scanned with [18F]FDG were kept anaesthetised for 60 min 
before starting a 20-min static scan. The next day, a 20-min static [18F]F-DPA scan 
was performed 20 min after injection. The scanning time point of [18F]F-DPA was 
chosen based on dynamic imaging data. A 10-min long CT scan was performed prior 
to the PET scan for attenuation correction of the PET data and for anatomical 
reference of the PET images. 

Pre-treatment with PK11195 (1 mg, intraperitoneal administration) was 
performed in non-irradiated FaDu xenograft-bearing mice 30 min prior to [18F]F-
DPA injection to block [18F]F-DPA binding to TSPO.  

The imaging data were collected in list mode and reconstructed using the 
OSEM3D algorithm. Volume of interest (VOI) was drawn using both CT- and PET-
images and analysed using the Inveon Research Workplace Image Analysis 
(Siemens Medical Solutions). The uptake of 18F-radioactivity in tumours was 
calculated as a percentage of the injected dose per millilitre of tissue (% ID/mL), and 
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the data were corrected for the injected activity and decay. The results were 
expressed as mean ± SD. 

4.13 Ex vivo tumour autoradiography (III) 
To determine the intratumoural distribution of [18F]F-DPA, tumours  were removed 
from animals, frozen in chilled isopentane, cut into 20 μm sections using a 
cryomicrotome (Microm HM 500 OM), exposed to an imaging plate, and scanned 
using a Fuji Analyzer BAS5000 with a resolution of 25 µm (Fuji). The specificity of 
[18F]F-DPA for TSPO was evaluated by pre-incubating frozen tumour sections in 
Tris-NaCl for 5 min at 4 °C, followed by incubation with [18F]F-DPA (2 nmol/L) for 
1 h at room temperature. TSPO blocking was performed by co-incubating PK11195 
(1 000 nmol/L) with [18F]F-DPA. Brain sections from an APP/PS1-21 transgenic 
Alzheimer mouse were used as positive controls. The slides were then exposed to an 
imaging plate and scanned using a Fuji Analyzer BAS5000. The images were 
analysed using AIDA (v. 4.22, Raytest). 

4.14 [18F]F-DPA biodistribution in mice (III) 
[18F]F-DPA was allowed to accumulate for 40 min before the mice were sacrificed 
by cardiac puncture under deep anaesthesia (4% isoflurane). Blood and tissue 
samples were dissected, weighed, and measured for 18F-radioactivity with a gamma 
counter (2480 WIZARD2, PerkinElmer). The measured radioactivity was corrected 
for decay and background and expressed as percentage of the injected dose per 
gramme of tissue (% ID/g tissue) or as muscle-to-blood (M/B), tumour-to-plasma 
(T/P), and tumour-to-blood (T/B) ratios. The results were expressed as mean ± SD. 

4.15 Radiometabolite analysis (III) 
The proportion of unchanged [18F]F-DPA and amount of radioactive metabolites 
were analysed from blood, plasma, and tumour samples of non-irradiated, irradiated, 
and PK11195 pre-treated FaDu tumours 40 min after [18F]F-DPA injection. The 
blood samples were collected in Li-heparin tubes and plasma proteins were 
precipitated by adding 1.5 parts (v) of methanol. Tumour samples were homogenised 
with 1:1 (v/v) mixture of methanol and water. After centrifugation, the supernatant 
was spotted on a silica gel 60/Kieselguhr F254 thin-layer chromatographic (TLC) 
plate (Merck Millipore, art. no 1.05567). The TLC plates were developed using a 9:1 
(v/v) of dichloromethane and methanol for a distance of 6 cm. The plates were 
exposed onto an imaging plate (Fuji BAS Imaging Plate TR2025, Fuji Photo Film 
Co.) for approximately two half-lives of fluorine-18, followed by scanning of the 
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plates using a Fuji Analyzer BAS5000 with a resolution of 50 μm. The images were 
processed using AIDA (v. 4.22, Raytest) and the proportion (%) of intact tracer in 
the total 18F-radioactivity of samples was calculated. 

4.16 Proportion of monocytes and TAMs (III) 
Tumours were minced and digested in 3 mL Roswell Park Memorial Institute 
(RPMI) 1640 medium supplemented with 2% HEPES, 2% FBS, 0.5 mg/mL 
collagenase D and 0.1 mg/mL DNAse 1 at 37 °C on a shaker for 45 min (enzymes 
from Roche), followed by the addition of EDTA to stop the reaction. To obtain a 
single cell suspension, gentleMACS C tubes were used with a gentleMACS 
Dissociator and the suspension was filtered. BD’s FC-block was used to block the 
cells, followed by staining with directly conjugated antibodies and a viability dye 
(Table 6). Events were recorded on a LSR Fortessa flow-cytometer and analysed 
using Flowjo v10 (FlowJo LLC) and the results were expressed as percentage of total 
monocyte/macrophage population ± SD. 

Table 6.  Antibodies used for flow cytometry. 

ANTIBODY TARGET MANUFACTURER 

Fixable viability dye 
eFluor 780 Dead cells eBioscience (Cat. no. 

65-0865-14) 

CD11b FITC 
B cells, dendritic cells, granulocytes, 
macrophages, monocytes, neutrophils, NK 
cells, T cells, and Tregs 

BioLegend (Cat. no. 
101206) 

Ly-6G PerCP-Cy5.5 Bone marrow cells BD (Cat. no. 560602) 

F4/80 APC Mature macrophages eBiosicence (Cat. no. 
17-4801-82) 

MHCII PE B cells, dendritic cells, monocytes, 
macrophages, and activated T cells BD (Cat. no. 557000) 

Ly-6C-BV421 
Monocyte/macrophage populations, granulo-
cytes, endothelial cells, plasma cells, 
thymocytes, NK cells, and T-subsets 

BD (Cat. no. 562727) 

4.17 Immunohistochemistry (I–III) 
The primary antibodies used in the studies are listed in Table 7.  

TMA blocks (Ⅰ, Ⅱ) were made from formalin-fixed and paraffin-embedded 
tissue samples using TMA Grand Master (3DHISTECH) at Auria Biobank (Turku, 
Finland). IHC staining of TMAs against TSPO was performed using a Labvision 
autostainer (Thermo Fisher Scientific) at Histocore (University of Turku). Stained 
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sections were scanned with a Pannoramic P1000 (3DHISTECH Ltd.).  Cytoplasmic 
TSPO staining was independently scored based on staining intensity on a scale of 0–
3 by two researchers. In cases of inconsistency, an HNSCC oncology specialist was 
consulted to reach consensus. For statistical analyses, staining intensities were 
grouped as either low (scores 0 and 1) or high (scores 2 and 3). 

Formalin-fixed (10% neutral-buffered formalin) and paraffin-embedded 
xenograft tumours (Ⅲ) were cut into 6 µm sections. The sections were stained at 
Histocore using the following antibodies: TSPO, cleaved caspase-3, and phospho-
histone H3 (PHH3). The stained sections were scanned using a Pannoramic 250 
Flash (3DHISTECH Ltd.). All analyses were performed using scripts with QuPath 
(Bankhead et al., 2017). The percentage of cells from ROIs (700 μm radius) stained 
positively for PHH3 and cleaved caspase-3 were analysed. For TSPO, positively 
stained cells from the whole tumour area were analysed.  

Table 7.  Antibodies used for IHC. 

ANTIBODY DILUTION MANUFACTURER 

TSPO 1:5 000 (III), 1:50 000 (I, II) Abcam (Cat. no. ab109497) 

PHH3 1:100 Cell Signaling Technology (Cat. no. #9701) 

Cleaved Caspase-3 1:500 Cell Signaling Technology (Cat. no. #9964) 

4.18 Western blot (II and III) 
Cells and xenografts were lysed in RIPA buffer supplemented with protease and 
phosphatase inhibitors (all from Thermo Scientific). The protein concentration was 
measured using the bicinchoninic acid method (Pierce BCA Protein Assay Kit, 
Thermo Scientific) and equal amounts of protein were loaded and run on 4%–20% 
gradient gels (Mini-PROTEAN TGX Precast Protein Gels, Bio-Rad). Samples were 
transferred either to a PVDF (polyvinylidene difluoride) membrane (Ⅱ) or to a 
nitrocellulose membrane (Ⅲ) (all from Bio-Rad). Membranes were blocked with 
EveryBlot Blocking Buffer (Ⅱ, Bio-Rad) or 5% milk (Ⅲ) followed by overnight 
incubation with primary antibodies (4 °C). The primary antibodies can be found on 
Table 8. Fluorescent secondary antibody (1:2 000 in TBS-T or EveryBlot Blocking 
Buffer with 0.02% SDS, IRDye 800CW LI-COR Biosciences [Cat. no. 926-32213] 
or IRDye 680RD Secondary Antibody, LI-COR Biosciences [Cat. no. 926-68072]) 
was incubated for 1 h at room temperature protected from light. Protein bands were 
detected using an LI-COR Odyssey CLx (LI-COR Biosciences) and results analysed 
with Image Studio Lite v5.2 (LI-COR Biosciences). Protein expression was 
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calculated as fold-change relative to nontreated and/or non-irradiated parental or NT 
siRNA cells. The results were expressed as mean ± SD. 

Table 8.  Antibodies used for Western blot. 

ANTIBODY DILUTION MANUFACTURER 

Akt 1:500 Cell Signaling Technologies (Cat. no. #2920) 

Phospho-Akt (pAkt) 1:1 000 Cell Signaling Technologies (Cat. no. #9271) 

Chk1 1:500 Cell Signaling Technologies (Cat. no. #2360) 

Phospho-Chk1 (pChk1) 1:500 Abcam (Cat. no. ab283261) 

Cleaved PARP1 (cPARP1) 1:1 000 Abcam (Cat. no. ab32064) 

Total OXPHOS human WB 
antibody cocktail 1:1 000 Abcam (Cat. no. ab110411) 

TSPO 1:1 000 Abcam (Cat. no. ab109497) 

Vinculin 1:1 000 Sigma-Aldrich (Cat. no. V9131) 

γH2Ax 1:500 Abcam (Cat. no. ab22551) 

4.19 Real-time quantitative PCR (III) 
Cells were lysed in 1:1 (v/v) RLT buffer (Qiagen) and 96% ethanol. Total RNA was 
isolated using the RNeasy Plus Mini Kit (Qiagen) according to the manufacturer’s 
instructions. The isolated total RNA was converted into cDNA using Oligo-d(T) 18 
mRNA Primer (New England Biolabs), dNTP Mix, RiboLock RNAse Inhibitor, RT 
Buffer, and Maxima Reverse Transcriptase (all from Thermo Scientific). For RT-
qPCR, 30 ng of cDNA was used with SsoAdvanced Universal SYBR Green 
Supermix (Bio-Rad). The primers used were hTSPO, hTBP, and hRPLP0 (Table 9).  

The data analysis was performed using Ct values normalised to house-keeping 
genes (TBP and RPLP0). Results are shown as average fold-change expression ± SD 
relative to non-irradiated parental or NT siRNA cells (delta-delta Ct method).  
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Table 9.  Primers. 

PRIMER SEQUENCE REFERENCE MANUFACTURER 

hTSPO N/A N/A (commercial primer) Bio-Rad 

hTBP (forward) 5'-GAA TAT AAT CCC 
AAG CGG TTT G-3' 

Menschikowski et al., 
2012 Oligomer 

hTBP (reverse) 5'-ACT TCA CAT CAC 
AGC TCC CC-3' 

Menschikowski et al., 
2012 Oligomer 

hRPLP0 
(forward) 

5'-ACC TCC TTT TTC 
CAG GCT TT-3' Favre et al., 2011 Oligomer 

hRPLP0 
(reverse) 

5'-CCC ACT TTG TCT 
CCA GTC TTG-3' Favre et al., 2011 Oligomer 

4.20 Ethical aspects (I–III) 
The use of human tissue samples was approved by the Institutional Review Board of 
the Finnish National Authority for Medicolegal Affairs (V/39706/2019), the 
Regional Ethics Committee of the University of Turku (51/1803/2017), and the 
Auria Biobank Scientific Board (AB19-6863). The authors affirm that the study was 
conducted following the rules of the 1975 Declaration of Helsinki, which was revised 
in 2013. Informed consent was waived due to the retrospective design of the study 
according to the Finnish Act on Secondary Use of Social and Health Data, which 
was effective from April 2019 (Act 552/2019). All data were collected, stored, and 
handled in a manner that meets the regulations of GDPR and the Secondary Use Act 
552/2019. 

Animals were cared for in accordance with Directives 2012/707/EU and 
2014/11/EU and the European Parliament and Council for the Care and Use of 
Laboratory Animals. Ethical approvals (ESAVI/2329/04.10.07/2017 and 
ESAVI/7015/2020) for the studies were obtained from the ethics committee 
(Regional State Administrative Agencies in Finland). 

4.21 Statistical analysis (I–III) 
IBM SPSS Statistics for Windows version 28 (IBM Corp.) was used in studies Ⅰ and 
Ⅱ, GraphPad Prism version 10.1.2 was used in study Ⅱ, and SAS System version 
9.4 for Windows (SAS Institute Inc.) was used for statistical analyses in study Ⅲ. 
p-values less than 0.05 (two-tailed) were considered statistically significant. p-values 
above 0.05 but less than 0.1 (two-tailed) were considered indicatively significant. 

The Cox’s proportional hazard model was used for Kaplan–Meier survival and 
hazard ratio (HR) with 95% confidence interval (CI) analyses, and the chi-square 
test of independence was used to determine the differences in the frequencies in 
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HNSCC subgroups (Ⅰ). p-values from the hypergeometric distribution and false 
discovery rate q-values for gene overlap analyses were acquired from MSigDB (Ⅰ). 
TISIDB was used to analyse the correlation (Spearman's rank correlation coefficient) 
between TSPO expression and immune cell abundance in different cancers (Ⅰ). 

Student’s t-test or Welch’s t-test was used to compare differences between two 
groups (I–Ⅲ). One-way analysis of variance (ANOVA) followed by Šídák's or 
Bonferroni post hoc tests was used to compare differences between multiple groups 
(I–Ⅲ). Two-way ANOVA followed by uncorrected Fisher’s least significant 
difference (LSD) post hoc tests was performed to determine differences between 
groups with two factors (e.g. siRNA transfection and irradiation) (Ⅱ, Ⅲ). The 
normality assumption was checked using the Shapiro–Wilk test (Ⅱ) or studentised 
residuals (Ⅲ) when applicable.  
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5 Results 

5.1 TSPO expression in patient cohorts 
Representative images of TSPO IHC staining scored according to TMA cohort 
staining intensity are shown in Figure 6. Higher TSPO expression was associated 
with lower T-status (p = 0.015), tumour grade (p < 0.001), stage (p = 0.002), and no 
lymph-node metastases (p = 0.005) (original publication Ⅰ, Table 1). Both TSPO 
mRNA (p < 0.001, original publication Ⅰ, Figure 6B) and protein (p < 0.001, original 
publication Ⅰ, Figure 6C) expression levels were lower in tumours compared with 
healthy tissue in the TCGA and CPTAC pan-cancer HNSCC cohorts. Furthermore, 
lower TSPO mRNA expression was associated with higher tumour stage (original 
publication Ⅰ, Supplementary Figure S4). 

 
Figure 6.  Representative images of TSPO IHC in the HNSCC TMA cohort. Sections were scored 

according to staining intensity (0–3). Scale bar 100 µm.  

5.2 Association between TSPO and survival  
Higher TSPO tumour expression was associated with better OS (HR: 0.678, 95% CI: 
0.537–0.857, p = 0.001) and DSS (HR: 0.569, 95% CI: 0.429–0.756, p < 0.001), and 
an indicatively significant association (HR: 0.769, 95% CI: 0.569–1.041, p = 0.089) 
was observed between better DFS and high TSPO expression (original publication 
Ⅰ, Table 2). In addition, TSPO was an independent prognostic marker for DSS (HR: 
0.713, 95% CI: 0.524–0.968, p = 0.030) in all patients with HNSCC.  

Site-specific survival analyses showed an indicatively significant (HR: 0.732, 
95% CI: 0.512–1.048, p = 0.089) association between better OS and high TSPO 
expression in tumours originating from the oral cavity (original publication Ⅰ, Figure 

Score 0 Score 1 Score 2 Score 3



Results 

 61 

2A). A statistically significant (HR: 0.564, 95% CI: 0.341–0.872, p = 0.011) 
association was observed between OS and TSPO tumour expression in the 
oropharynx (original publication Ⅰ, Figure 2B). Better DSS associated (HR: 0.488, 
95% CI: 0.314–0.759, p = 0.001) with higher TSPO tumour expression in the oral 
cavity, and an indicatively significant (HR: 0.494, 95% CI: 0.218–1.120, p = 0.091) 
association was seen in laryngeal cancer (Ⅰ, Figure 7). However, no such association 
was found in patients with oropharyngeal and other cancers. Moreover, no clear 
association was found between TSPO tumour expression and DFS in any of the 
tumour sites, except in laryngeal cancer where an indicatively significant (HR: 
0.548, 95% CI: 0.270–1.113, p = 0.096) association was observed between higher 
TSPO tumour expression and better DFS (original publication Ⅰ, Figure 4C).  

 
Figure 7.  Site-specific prognostic trends according to HR (95% CI) for 5-year DSS divided into 

low and high TSPO tumour expression. Statistical significance was calculated using 
Cox’s proportional hazard model. p-values < 0.05 were considered statistically 
significant.  
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Interestingly, no association was observed between survival and TSPO tumour 
expression in p16-negative oropharyngeal cancer, whereas high TSPO expression was 
associated with better OS (HR: 0.249, 95% CI: 0.111–0.563, p < 0.001, original 
publication Ⅰ, Figure 5A) and DSS (HR: 0.263, 95% CI: 0.105–0.654, p = 0.004) in 
p16-positive oropharyngeal cancer (Ⅰ, Figure 8A). No differences in DFS were found 
in either group. Furthermore, an indicatively significant (HR: 0.516, 95% CI: 0.259–
1.030, p = 0.061) association between TSPO tumour expression and OS was observed 
in patients treated with radiotherapy alone (original publication Ⅱ, Figure 1A). 
Statistical significance (HR: 0.373, 95% CI: 0.156–0.890, p = 0.026) was reached for 
DSS (Ⅰ, Figure 8B). Such an association was not observed in patients treated with 
chemoradiotherapy, surgery, or a combination of surgery and radiotherapy with or 
without chemotherapy (original publication Ⅱ, Supplementary Figure S1).  

 
Figure 8.  Prognostic trends with HR (95% CI) for 5-year DSS in (A) patients with p16-positive or 

p16-negative oropharyngeal cancer and (B) patients treated with radiotherapy alone or 
chemoradiotherapy divided into low and high TSPO tumour expression. Statistical 
significance was calculated using Cox’s proportional hazard model. p-values < 0.05 
were considered statistically significant. 
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TCGA HNSCC cohort analyses showed an association (HR: 0.708, 95% CI: 
0.528–0.948, p = 0.021) between high TSPO expression and better OS at 3 years of 
follow-up, but this association was not found towards the 5-year endpoint (original 
publication Ⅰ, Figure 6A). Site-specific survival analyses showed better OS (HR: 
0.445, 95% CI: 0.234–0.845, p = 0.013) in patients with high TSPO-expressing 
laryngeal tumours compared with lower TSPO expression (original publication Ⅰ, 
Supplementary Figure S5E). No differences were found in other tumour sites.  

5.3 TSPO gene overlap analyses 
Pathway gene overlap analyses were performed for genes strongly co-expressed 
(either negatively or positively) with TSPO (original publication Ⅰ, Figure 7). For 
positively co-expressed genes, OXPHOS had the highest statistical significance (Ⅰ, 
Figure 9A). In addition, pathways related to oxidative metabolism were associated 
with genes positively co-expressed with TSPO. Genes either positively or negatively 
co-expressed with TSPO were associated with DNA damage response pathways. 
Negatively co-expressed genes were also associated with the G2/M checkpoint. The 
genes associated with OXPHOS, DNA damage response, and the G2/M checkpoint 
are shown in Table 10. 

Table 10.  Genes associated with OXPHOS, DNA damage response, and the G2/M checkpoint. 

PATHWAY GENES 

OXPHOS 
ATP5F1D, COX6A1, COX7A2, COX8A, COX4I1, NDUFA6, 
NDUFA7, NDUFA11, NDUFA13, NDUFB7, NDUFS7, POLR2F, 
SCO2, UQCR10, UQCR11, and UQCRQ 

DNA damage response 
ATRX, ATF2, CBL, EDF1, ERCC4, ERCC6L2, FAM168A, GUK1, 
NME3, POLR2F, PRKDC, PTPN1, REV3L, RIF1, SHPRH, SMG1, 
TAF1, TAOK1, TP53BP1, and VPS28 

G2/M checkpoint ATRX, CASP8AP2, CCNT1, and CDC27 

 
In addition to pathway overlap analyses, the correlation between TSPO 

expression and immune cell abundance in different cancers was studied using 
publicly available databases (original publication Ⅰ, Figure 8). Correlations between 
TSPO expression and immune cell abundances were significant in many immune 
cell types in HNSCC. However, these correlations were clearly more prominent in 
other cancers, such as glioblastoma, lower grade glioma, and testicular germ cell 
tumours (Ⅰ, Figure 9B). The clearest correlation between TSPO expression and 
immune cell abundance was found in activated CD8 T cells, CD56dim, and CD56bright 
natural killer cells, whereas the most significant negative associations were observed 
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in memory B cells, type 2 T helper cells, and effector memory CD4 T cells (original 
publication Ⅰ, Supplementary Figure S6). 

 
Figure 9.  (A) Gene Ontology: Biological Processes (GO:BP) gene set pathway overlap analysis 

for the top 100 genes positively (red) or negatively (blue) co-expressed with TSPO. (B) 
Correlation between TSPO expression and immune cell abundance in HNSCC, 
glioblastoma multiforme (GBM), lower-grade glioma (LGG), and testicular germ cell 
tumours (TGCT). 
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5.4 TSPO in DNA damage response 
An overview of DNA damage response after irradiation and cisplatin treatment is 
represented in Figure 10. 

 
Figure 10. (A) Radiotherapy-reduced decrease in DNA damage response in TSPO-silenced FaDu 

cells. (B) No such a difference was observed after cisplatin treatment. Created with 
BioRender.com. 

5.4.1 DNA damage after irradiation 
TSPO expression decreased significantly (0.65 ± 0.18, p = 0.0017) 1 h after 
irradiation and increased (1.67 ± 0.31, p = 0.0009) 16 h after irradiation in NT siRNA 
FaDu cells (original publication Ⅱ, Figure 2C). Higher γH2Ax expression was 
observed after irradiation in both NT and TSPO siRNA-transfected cells and was 
significantly (4.39 ± 2.08, p = 0.0066) higher 1 h after irradiation in NT siRNA cells. 
An indicatively significant (p = 0.069) increase in γH2Ax expression was observed 
in irradiated (2.61 ± 0.92) TSPO siRNA cells compared with non-irradiated (0.66 ± 
0.13) cells. Moreover, an indicatively significant (p = 0.093) decrease in γH2Ax 
expression was observed in TSPO siRNA cells compared with NT siRNA cells. 
γH2Ax expression was increased in NT siRNA cells even 16 h after irradiation, 
whereas no difference was seen in TSPO siRNA cells. pChk1 expression was 
similarly higher 1 h after irradiation in both NT (3.57 ± 0.48, p = 0.0005) and TSPO 
siRNA (3.02 ± 0.69, p = 0.0063) FaDu cells compared with non-irradiated NT 
siRNA and TSPO siRNA (1.33 ± 0.75) cells, and it remained elevated 16 h after 
irradiation, although no significance was reached. 

In Cal33 cells, TSPO expression remained stable after irradiation regardless of 
TSPO silencing (original publication Ⅱ, Figure 2D). No clear changes were 
observed in γH2Ax expression after irradiation. However, pChk1 expression tended 
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to increase in both NT (2.93 ± 1.50, p = 0.053) and TSPO (3.06 ± 1.30, p = 0.076) 
siRNA cells 1 h after irradiation compared with non-irradiated NT siRNA and TSPO 
siRNA (1.33 ± 0.63) cells and remained higher 16 h after irradiation, although no 
statistical significances were reached.  

PK11195 treatment had no effect on TSPO expression in parental FaDu cells 
(original publication Ⅱ, Figure 3C). Again, γH2Ax expression increased after 
irradiation but was significantly (5.15 ± 3.59, p = 0.035) higher only in non-treated 
cells 1 h after irradiation. Similarly, PK11195 treatment had no clear effect on TSPO 
expression in Cal33 cells (original publication Ⅱ, Figure 3D). The expression of 
γH2Ax and pChk1 increased after irradiation. Furthermore, a significant (2.58 ± 
1.48, p = 0.038) increase in pChk1 expression was observed in non-treated cells 1 h 
after irradiation, which remained increased (2.76 ± 1.86, p = 0.053) 16 h after 
irradiation. 

5.4.2 DNA damage after cisplatin treatment 
Due to high variation, an indicatively significant decrease in TSPO expression was 
observed in NT siRNA-transfected FaDu cells after 1 µM (0.69 ± 0.012, p = 0.083) 
and 3 µM (0.69 ± 0.28, p = 0.084) cisplatin treatment compared with 0.5 µM 
treatment (2.30 ± 2.14, original publication Ⅱ, Figure 6B). Both γH2Ax and pChk1 
tended to increase in a dose-dependent manner. A significant increase in γH2Ax 
expression was observed after 3 µM cisplatin treatment (5.76 ± 1.29) compared with 
nontreated (p = 0.001) and 0.5 µM cisplatin-treated (1.90 ± 0.32, p = 0.0065) NT 
siRNA cells. Furthermore, γH2Ax expression increased significantly (5.79 ± 2.63, p 
= 0.0016) after 3 µM cisplatin treatment in TSPO siRNA cells compared with that 
in nontreated cells (1.23 ± 0.42).  

In Cal33 cells, cisplatin treatment did not affect TSPO expression in NT and 
TSPO siRNA cells (original publication Ⅱ, Figure 6D). pChk1 expression increased 
significantly after 3 µM cisplatin treatment in both NT (3.45 ± 1.73, p = 0.0088) and 
TSPO (3.60 ± 0.53, p = 0.010) siRNA cells compared with that in nontreated NT 
siRNA and TSPO siRNA (1.21 ± 0.29) cells. Moreover, pChk1 expression increased 
significantly after 0.5 µM cisplatin treatment (3.35 ± 1.20) in TSPO siRNA cells 
compared with nontreated TSPO siRNA cells (p = 0.023) and NT siRNA cells (1.69 
± 0.37, p = 0.022) treated with the same dose.  

PK11195 treatment did not affect the expression of TSPO, γH2Ax, pChk1, 
cPARP1, and pAkt in FaDu cells (original publication Ⅱ, Figure 7B). Again, γH2Ax 
increased significantly after cisplatin treatment (4.14 ± 0.88) and combination 
treatment with cisplatin and PK11195 (5.89 ± 1.33) compared with nontreated (p = 
0.0055 and p = 0.0005, respectively) and PK11195-treated (0.70 ± 0.55, p = 0.0042 
and p = 0.0004, respectively) cells. 
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In Cal33 cells, PK11195 alone had no effect on TSPO, γH2Ax, pChk1, cPARP1, 
and pAkt expression (original publication Ⅱ, Figure 7C). pChk1 expression 
increased after cisplatin treatment and was significantly higher after combination 
treatment (8.14 ± 2.70) compared with the nontreated (p = 0.0086) and PK11195-
treated (1.80 ± 0.79, p = 0.017) cells.  

5.5 Oxidative phosphorylation 
OCRs were measured after irradiation in NT and TSPO siRNA-transfected cells, as 
well as in parental cells with or without acute PK11195 injection. In addition, the 
expression subunits of OXPHOS complexes were analysed after irradiation in NT 
and TSPO siRNA FaDu and Cal33 cells. Moreover, a subset of parental cells was 
treated with PK11195.  

5.5.1 Mitochondrial respiration in cells 
Basal respiration (65.06 ± 8.31, p = 0.0009), maximal respiration (105.25 ± 19.31, p 
= 0.0039), and ATP production (50.48 ± 5.80, p = 0.0007) were significantly lower 
in TSPO-silenced FaDu cells compared with NT siRNA (89.39 ± 7.83, 146.20 ± 
10.57, and 69.76 ± 4.86, respectively) cells (original publication Ⅱ, Figure 4A). 
Basal respiration levels were significantly (76.21 ± 21.63, p = 0.038) lower in 
irradiated TSPO siRNA cells compared with NT siRNA cells (90.37 ± 8.99). 
Maximal respiration (124.74 ± 42.79, p = 0.064) and ATP production (59.68 ± 17.91, 
p = 0.055) also trended towards lower levels after irradiation in TSPO siRNA cells 
compared with NT siRNA cells (149.85 ± 19.78 and 69.84 ± 5.80, respectively). 
PK11195 alone had no effect on OCRs in either NT siRNA or TSPO siRNA FaDu 
cells (original publication Ⅱ, Figure 5B). However, a significant (p = 0.020) 
difference in acute response was observed after irradiation in PK11195-treated  
(-5.62 ± 2.16 non-irradiated vs. -11.13 ± 5.05 irradiated) cells (original publication 
Ⅱ, Figure 5A). Significantly higher basal respiration (115.84 ± 33.33, p = 0.0034) 
and ATP production (82.20 ± 28.46, p = 0.020) and significantly lower maximal 
respiration (108.44 ± 23.58, p = 0.003) were observed after irradiation in PK11195-
treated cells compared with nontreated and non-irradiated cells (90.08 ± 9.40, 70.46 
± 9.26, and 150.12 ± 24.48, respectively).  

TSPO silencing and irradiation did not affect the OCRs of Cal33 cells (original 
publication Ⅱ, Figure 4B). However, a significant (-4.90 ± 1.31 non-irradiated vs.  
-8.71 ± 4.39 irradiated, p = 0.015) acute response was observed after irradiation in 
PK11195-treated cells (original publication Ⅱ, Figure 5A). Significantly lower basal 
respiration (62.54 ± 7.22, p = 0.0009) and ATP production (53.94 ± 10.82, p = 
0.0002) were measured in nonirradiated Cal33 cells after PK11195 treatment 
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compared with nontreated (82.04 ± 11.78 and 67.24 ± 9.83, respectively) cells 
(original publication Ⅱ, Figure 5B).  

5.5.2 OXPHOS in HNSCC cells 
No effect of TSPO silencing was seen on the expression of OXPHOS complex 
subunits in FaDu cells (original publication Ⅱ, Supplementary Figure S5B). A 
significant decrease in the expression of SDHB (0.76 ± 0.13, p = 0.027) and ATP5A 
(0.79 ± 0.16, p = 0.033) was observed 1 h after irradiation in NT siRNA-transfected 
FaDu cells. ATP5A expression was also decreased in irradiated TSPO siRNA-
transfected cells (0.69 ± 0.056) compared with non-irradiated cells (1.04 ± 0.11, p = 
0.0031). PK11195 had no effect on subunit expression (original publication Ⅱ, 
Supplementary Figure S6B). However, a slight (0.72 ± 0.27, p = 0.061) decrease 
in SHDB expression was observed 1 h after irradiation in nontreated cells, which 
reached significance (1.12 ± 0.26 non-irradiated vs. 0.82 ± 0.095 irradiated, p = 
0.048) in PK11195-treated cells. A significant decrease in ATP5A expression was 
also found in nontreated (0.78 ± 0.12, p = 0.035) cells 1 h after irradiation. Moreover, 
ATP5A expression decreased in irradiated and PK11195-treated (0.82 ± 0.22, p = 
0.042) cells compared with non-irradiated cells (1.03 ± 0.10). NDUFB8 expression 
decreased slightly (0.67 ± 0.21, p = 0.058) in nontreated cells 16 h after irradiation. 

In Cal33 cells, no clear effect of irradiation was observed on subunit expression 
either 1 or 16 h after irradiation (original publication Ⅱ, Supplementary Figure 
S5D). Only an indicatively significant (p = 0.076) decrease in ATP5A expression 
(0.74 ± 0.042) was observed 1 h after irradiation in TSPO siRNA cells compared 
with non-irradiated TSPO siRNA cells (0.94 ± 0.24). Nevertheless, a slight decrease 
(0.75 ± 0.19, p = 0.064) in SDHB and a significant decrease (0.75 ± 0.18, p = 0.020) 
in COX Ⅱ expression were observed in non-irradiated TSPO siRNA cells compared 
with NT siRNA cells. PK11195 treatment had no effect on subunit expression in 
non-irradiated cells (original publication Ⅱ, Supplementary Figure S6D). 
NDUFB8 expression increased (1.24 ± 0.20, p = 0.034) in PK11195-treated cells 
compared with nontreated (0.94 ± 0.24) cells 16 h after irradiation. Moreover, 
irradiation increased (1.12 ± 0.078, p = 0.050) UQCRC2 expression in PK11195-
treated cells compared with nontreated cells (0.96 ± 0.056) 16 h after irradiation. 
COX Ⅱ expression decreased (0.72 ± 0.14, p = 0.024) in nontreated cells 16 h after 
irradiation and was significantly (1.05 ± 0.16, p = 0.011) higher in PK11195-treated 
cells compared with nontreated cells. 
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5.6 TSPO mRNA and protein expression after 
irradiation in HNSCC cells and xenografts 

TSPO mRNA levels were slightly increased in fractionally irradiated FaDu cells 
compared with non-irradiated cells (original publication Ⅲ, Figure 7D). However, 
no statistical differences were seen. An indicatively significant increase was 
observed in protein levels (1.80 ± 1.51, p = 0.078) after fractionated irradiation 
compared with non-irradiated cells (1.00 ± 0.46, original publication Ⅲ, Figure 
7C).  

TSPO protein expression in FaDu tumours had large variations after irradiation 
compared to non-irradiated tumours (original publication Ⅲ, Figure 3B). The mean 
TSPO protein expression was ~3.0 folds (3.02 ± 2.27) higher 1 week after irradiation 
and ~6.6 folds (6.64 ± 6.99) higher 2 weeks after irradiation, but no statistical 
significance was reached.  

TSPO expression was also analysed immunohistochemically from mouse 
xenografts. No difference in TSPO expression was found between irradiated and 
non-irradiated FaDu tumours (original publication Ⅲ, Supplementary Figure 3A).  

5.7 [18F]F-DPA uptake by HNSCC cells and 
xenografts 

5.7.1 Uptake in cells 
The [18F]F-DPA uptake was significantly (0.020 ± 0.0089, p = 0.0087) higher in 
irradiated FaDu cells than in non-irradiated (0.013 ± 0.0039) cells (Ⅲ, Figure 11A). 
Tracer uptake was 88% and 78% lower in non-irradiated and irradiated cells, 
respectively, after PK11195 pre-treatment. TSPO silencing decreased tracer uptake 
by 37% in non-irradiated (0.0042 ± 0.0015, p = 0.044) and 48% in irradiated (0.0042 
± 0.0010, p = 0.0007) FaDu cells compared with the corresponding control-silenced 
(0.0066 ± 0.0019 and 0.0081 ± 0.0019, respectively) cells (Ⅲ, Figure 11B). 
However, no significant increase in tracer uptake was observed after irradiation. 
Successful TSPO silencing was analysed with Western blot (Ⅲ, Figure 11C) and 
qPCR (original publication Ⅲ, Figure 8C). 
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Figure 11. (A) [18F]F-DPA uptake in non-irradiated (Ctrl) and irradiated (RT) non-treated and 

PK11195 pre-treated FaDu cells. (B) [18F]F-DPA uptake by Ctrl and RT control-silenced 
(NT siRNA) and TSPO-silenced (TSPO siRNA) FaDu cells. Statistical significance was 
calculated using two-way ANOVA. (C) TSPO protein expression in Ctrl and RT control 
NT siRNA and TSPO siRNA FaDu cells. GAPDH was used as a loading control. Two-
tailed Student’s t-test was used to compare the uptake between Ctrl and RT nontreated 
cells, and two-way ANOVA was used to compare the uptake or TSPO expression in 
siRNA cells. p-values < 0.05 were considered statistically significant. *p < 0.05, **p < 
0.01, ***p < 0.001. 

5.7.2 Uptake in animals (in vivo and ex vivo) 
Irradiation significantly increased in vivo [18F]F-DPA uptake in the FaDu xenografts  
after both 1 (1.51 ± 0.60, p = 0.033) and 2 weeks (1.12 ± 0.17, p = 0.0024) after 
irradiation compared with non-irradiated (0.73 ± 0.31 and 0.64 ± 0.18, respectively) 
xenografts (Ⅲ, Figure 12A). A similar increase, although not statistically 
significant (1.47 ± 0.31, p = 0.063), was observed in irradiated Cal33 xenografts 
compared with non-irradiated (0.91 ± 0.22) xenografts (original publication Ⅲ, 
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Figure 2D). In contrast, [18F]FDG uptake was not increased in FaDu xenografts 1 
week after irradiation, but was significantly (1.78 ± 0.45 non-irradiated vs. 0.91 ± 
0.14 irradiated, p = 0.0025) lower after 2 weeks (original publication Ⅲ, Figure 
2B). The [18F]F-DPA uptake into tumours was fast and reached a plateau 
approximately 15 min after tracer injection (original publication Ⅲ, Figure 3A).  

In addition, ex vivo counting of 18F-radioactivity was higher (3.26 ± 1.01, p = 
0.0015) in irradiated FaDu tumours compared with non-irradiated (1.20 ± 0.70) 
tumours (Ⅲ, Figure 12B). T/B ratios showed increased (p = 0.012) 18F-radioactivity 
in irradiated FaDu tumours (7.40 ± 2.29) compared with non-irradiated (3.07 ± 2.08) 
tumours (Ⅲ, Figure 13A).  

Figure 12. (A) [18F]F-DPA uptake in non-irradiated (Ctrl) and irradiated (RT) FaDu xenografts. (B) 
Ex vivo 18F-radioactivity counting of non-irradiated (Ctrl) and irradiated (RT) FaDu 
xenografts. Two-tailed Student’s t-test was used for statistical analyses. p-values < 0.05 
were considered statistically significant. *p < 0.05, **p < 0.01. 

5.7.3 Blocking of TSPO 
Significantly higher 18F-radioactivity was observed in the blood (2.73 ± 0.72, p < 
0.0001), plasma (4.03 ± 1.13, p < 0.0001), erythrocytes (1.88 ± 0.56, p = 0.0002), 
and muscle (2.06 ± 0.51, p = 0.039) of non-irradiated and PK11195 pre-treated FaDu 
xenografts compared with nontreated (0.47 ± 0.094, 0.19 ± 0.089, 0.67 ± 0.068, and 
1.45 ± 0.56, respectively) xenografts (original publication Ⅲ, Figure 4B). An 
indicatively significant (2.64 ± 0.54, p = 0.075) increase in [18F]F-DPA uptake was 
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seen in PK11195 pre-treated tumours compared with nontreated tumours (1.55 ± 
0.56). 

PK11195 pre-treated and non-irradiated tumours had significantly lower T/B 
ratios (1.00 ± 0.26) compared with nontreated tumours (7.00 ± 2.47, p = 0.0003) and 
non-irradiated and nontreated tumours (3.65 ± 1.71, p = 0.0022) (Ⅲ, Figure 13A).  

Ex vivo autoradiography showed higher tracer uptake in FaDu tumours after 
irradiation (Ⅲ, Figure 13B). Furthermore, tracer uptake was observed in in vitro 
autoradiography after [18F]F-DPA incubation. Pre-treatment with PK11195 
completely blocked the in vitro [18F]F-DPA uptake. 

Figure 13. (A) T/B ratios of the 18F-radioactivity in non-irradiated (Ctrl), irradiated (RT), and non-
irradiated and PK11195 pre-treated FaDu tumours. (B) Ex vivo and in vitro 
autoradiography of Ctrl and RT FaDu tumours. PK11195 pre-treatment was performed 
by co-incubation with [18F]F-DPA. One-way ANOVA was used for statistical analysis. p-
values < 0.05 were considered statistically significant. *p < 0.05, **p < 0.01, ***p < 0.001. 

5.7.4 Biodistribution of [18F]F-DPA 
Significantly higher 18F-radioactivity accumulation was found in the adrenal glands 
(p = 0.028) and kidneys (p = 0.023) in the whole-body biodistribution of [18F]F-DPA 
in mice with FaDu tumours that were locally irradiated (112.51 ± 8.00 and 41.78 ± 
7.62, respectively) compared with non-irradiated mice (64.30 ± 23.34 and 25.06 ± 
1.28, respectively) (original publication Ⅲ, Figure 4A). High tracer uptake was 
observed in brown adipose tissue (56.60 ± 35.91) and (38.74 ± 17.94). Intermediate 

FaDu

0

5

10

15

T/
B

up
ta

ke
ra

tio

73%

Ex vivo

In vitro

Ctrl RT

In vitro
PK1195

1.0 0.0

Max

Min

A B

✱
✱✱✱

✱✱



Results 

 73 

uptake was observed in the lungs (22.57 ± 4.53), spleen (18.25 ± 4.30), liver (13.50 
± 0.51), and salivary glands (10.30 ± 6.00).  

5.7.5 Radiometabolite analyses and autoradiography of 
[18F]F-DPA 

Five different radiometabolites were visible in plasma 40 min after [18F]F-DPA 
injection, and these accounted, on average, for 34%, 40%, and 50% of the total 
radioactivity in non-irradiated, irradiated and PK11195 pre-treated mice, 
respectively (original publication Ⅲ, Figure 5A). The same radiometabolites were 
found in tumours, but accounted for only 5% of the activity, and 95% of the activity 
originated from the unchanged tracer.  

5.8 Proportion of monocytes and TAMs in 
xenografts 

The number of monocytes increased slightly, although not statistically, in irradiated 
tumours compared with non-irradiated tumours (original publication Ⅲ, Figure 
6A). A significant (23.2 ± 5.61 non-irradiated vs. 37.75 ± 6.63 irradiated, p = 0.029) 
increase in the percentage of migratory monocytes/macrophages was observed after 
irradiation. The percentage of M1 (26.68 ± 6.62 non-irradiated vs. 12.95 ± 4.43 
irradiated, p = 0.029) and M2 (24.38 ± 6.71 non-irradiated vs. 13.25 ± 6.51 irradiated, 
p = 0.011) macrophages decreased after irradiation.  
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6 Discussion 

6.1 Prognostic role of TSPO  
The prognostic role of TSPO has been previously studied in several cancers 
(Venturini et al., 1999; Maaser et al., 2002; Han et al., 2003; Königsrainer et al., 
2007; Chen et al., 2017), showing an association between poor survival and high 
TSPO tumour expression. However, only one study had been published at the 
beginning of this thesis, reporting that high TSPO tumour expression was associated 
with poor survival in a small cohort (n = 69) of patients with oral cancer (Nagler et 
al., 2010). As HNSCC is a heterogeneous cancer, one of the aims of this thesis was 
to evaluate the prognostic role of TSPO in HNSCC in a large patient cohort, 
consisting of HNSCCs originating from different sites. Surprisingly, the results in 
study Ⅰ were opposite to those of a previous study by Nagler et al. (2010), which 
showed an association between low TSPO tumour expression and poor survival in 
patients with HNSCC. This association was most prominent in patients with p16-
positive oropharyngeal carcinoma. This is an important finding, as p16-positive 
tumours are often poorly differentiated (Fakhry et al., 2008), although they respond 
better to radiotherapy (Tawk et al., 2021). Furthermore, our in silico analyses 
revealed that genes co-expressed with TSPO participate in OXPHOS and DNA 
damage response, indicating a possible connection between TSPO, p16, and 
radiotherapy response in HNSCC.  

Several studies have proposed different mechanisms by which p16 regulates 
radiotherapy response (Wang et al., 2020). One suggested mechanism is that p16 
increases the number of DNA DSBs in irradiated cells by impairing the homologous 
recombination repair pathway (Rieckmann et al., 2013) by reducing the expression 
of cyclin D1 expression, thereby decreasing the recruitment of RAD51 to the DNA 
damage site (Dok et al., 2014). Studies have also reported that p16-positive cells 
cannot proceed from the G2/M phase of the cell cycle after irradiation, leading to 
dysregulated cell cycle and increased apoptosis  (Rieckmann et al., 2013; Arenz et 
al., 2014). In silico analyses in study Ⅰ indicated that some genes (i.e. CDC27 and 
CCNT1) co-expressed negatively with TSPO regulate the G2/M checkpoint. CDC27 
is part of the anaphase-promoting complex/cyclosome (APC/C) and regulates G2/M 
transition by interacting with CDC20 and promoting protein proteolysis, which leads 
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to chromosome segregation. It has been hypothesised to have either a tumour 
suppressive or an oncogenic role in different cancers (Kazemi-Sefat et al., 2021). 
CCNT1 is part of protein kinase complex P-TEFb that phosphorylates RNA 
polymerase Ⅱ and promotes transcriptional elongation (Ramakrishnan et al., 2012). 
P-TEFb has been suggested to mediate DNA damage response after radiotherapy by 
regulating DNA repair and cell cycle in glioma; hence, inhibition of this complex 
would lead to a better radiotherapy response (Walker et al., 2024). Thus, a possible 
hypothesis is that decreased TSPO expression increases the expression of these G2 
checkpoint regulating-proteins, which help cancer cells proceed to the M phase of 
the cell cycle, leading to increased cell proliferation and tumour expansion. 
However, it is not known how p16 regulates the G2 phase after irradiation and how 
TSPO is connected in this process; thus, more studies are needed. In contrast, another 
negatively co-expressed gene (ATRX) may inhibit G2/M checkpoint progression. 
ATRX belongs to the switch/sucrose non-fermentable (SWI/SNF) family, also 
known as BRG1/BRM-associated factor (BAF) complexes, which remodel 
chromatin and regulate gene expression. Several studies have proposed a tumour 
suppressor role for ATRX, which is often mutated in cancers (reviewed in Pang et 
al., 2023). ATRX has also been suggested to regulate Chk1, which inhibits transition 
from the G2/M checkpoint (Qin et al., 2022). Thus, no clear conclusions between 
TSPO and cell cycle regulation can be reached based on in silico data alone. 

The results of the TMA and TCGA patient cohorts showed that the association 
between TSPO expression and survival differed between tumour sites. In addition to 
p16-positive oropharyngeal cancer, poor DSS was significantly associated with low 
TSPO tumour protein expression in patients with oral cancer. However, this 
association was not found in the TCGA cohort. However, a trend towards an 
association between low TSPO tumour expression and 5-year and 3-year DSS was 
observed in laryngeal cancer in the TMA and TCGA cohort, respectively. 
Furthermore, a trend towards an association between low TSPO expression and DFS 
in the TMA cohort and a significant association between 3-year PFS survival and 
low TSPO tumour expression in the TCGA cohort in laryngeal cancer was seen. 
These findings indicate a distinctive role for TSPO in laryngeal cancer, especially in 
terms of treatment response. This is important because the treatment approach for 
laryngeal cancer requires extreme consideration to preserve the larynx, while 
achieving the best chance of cure (Obid et al., 2019). No differences were found at 
other tumour sites (hypopharynx, nasopharynx, sinonasal, and unknown) that were 
combined in the TMA cohort. These results indicate that the association between 
TSPO expression and survival differs among HNSCC subsites. In particular, the 
possible association between TSPO expression and DFS and PFS survival in patients 
with laryngeal cancer indicates a distinct role for TSPO that is observed in other 
HNSCC sites. However, studies with patients and cell lines originating from 
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different tumour sites, especially the larynx, are needed to draw conclusions from 
these findings. 

Our in silico gene overlap analyses in study Ⅰ using three different databases 
indicated a clear role for TSPO in OXPHOS in HNSCC. The role of TSPO in 
oxidative metabolism has been widely studied, with reports of an association 
between increased oxidative metabolism and higher TSPO expression in cells and 
mice (Liu et al., 2017; Milenkovic et al., 2019; Fu et al., 2020). However, 
contradicting results regarding the association between OXPHOS and survival in 
HNSCC have been reported. Frederick et al. (2020) found that higher expression of 
genes involved in OXPHOS was associated with better survival in HNSCC. Another 
study showed that mediator complex subunit 30 (MED30)-mediated OXPHOS was 
associated with poor survival in HNSCC (Noh et al., 2023). In addition, HPV-
negative tumours rely more on glycolysis as their metabolic pathway than HPV-
positive tumours (Fleming et al., 2019), which rely more on OXPHOS (Jung et al., 
2017; Cruz-Gregorio et al., 2019; Prusinkiewicz et al., 2020). However, HPV-
positive HNSCC is also reported to have low levels of OXPHOS (Li et al., 2023). In 
addition, recurrent HPV-positive HNSCC with enriched nuclear factor erythroid 2-
related factor 2 (NRF2) and OXPHOS signalling were associated with worse 
survival (Vyas et al., 2021). Furthermore, NRF2 overexpressing HPV-positive cells 
were sensitive to OXPHOS inhibitors. NRF2 participates in many cellular functions, 
such as metabolic reprogramming (He et al., 2020). These results indicate that higher 
OXPHOS is associated with worse survival in recurrent HPV-positive HNSCC. 
Nevertheless, a higher glycolytic metabolism may explain the increased 
radioresistance of HPV-negative HNSCC (Mims et al., 2015). Our findings 
indirectly support this, as low TSPO tumour expression is associated with worse 
DSS in patients with p16-positive oropharyngeal cancer. Lower TSPO levels may 
reduce oxidative metabolism in these tumours; thus, making them rely more on 
glycolysis, which in turn leads to worse radiotherapy response.  

6.2 Role of TSPO in DNA damage response 
The functional role of TSPO has been studied for decades, but its role in cells remains 
unclear (Bonsack & Sukumari-Ramesh, 2018; Betlazar et al., 2020). Moreover, no 
previous studies have investigated whether there is an association between TSPO 
and DNA damage response. In study Ⅱ, we found an association between worse DSS 
and low TSPO tumour expression in patients treated with radiotherapy alone. Such 
a difference in survival was not observed in patients treated with chemoradiotherapy, 
surgery, or combination treatment. These findings indicate that TSPO is related to 
radiotherapy response in HNSCC. Despite only a trend towards lower DNA damage 
levels quantified by γH2Ax expression was observed in TSPO-silenced FaDu cells 



Discussion 

 77 

compared with control-silenced cells after irradiation in our in vitro studies (study 
Ⅱ), these results suggest that TSPO may indeed have a role in the DNA damage 
response. This response was not related to changes in TSPO expression after 
irradiation, as we found a decrease in TSPO expression 1 h after irradiation in NT 
siRNA cells and an increase 16 h after irradiation. Thus, irradiation may cause 
functional changes in TSPO, which promote DNA damage response in a 
proapoptotic manner.  

In contrast, no differences were found in γH2Ax expression after irradiation 
between NT and TSPO siRNA-transfected Cal33 cells, indicating different DNA 
response pathways between Cal33 and FaDu cells. Differences in the DNA damage 
response after irradiation between these cell lines were also indicated in a previous 
study by Kurth et al. (2015) in which they established radioresistant subclones from 
these cell lines. Only a slightly more radioresistant subclone was generated from 
FaDu cells with a higher surviving fraction after 2-Gy dose irradiation, whereas a 
significantly more radioresistant subclone was generated from Cal33 cells.  

One possible reason for not reaching statistical significance in DNA damage 
response between NT and TSPO siRNA FaDu cells could be the selected time points 
(1 and 16 h after irradiation) when the DNA damage response was measured. The 
first responses to DNA damage occur within seconds after irradiation, and depending 
on the DNA damage repair pathway, the damage can be repaired within a couple of 
hours or several hours (Penninckx et al., 2021). There is a chance that we could have 
observed a more prominent difference in the DNA damage response between control 
and TSPO-silenced cells if we had done measurements between the selected time 
points. Nevertheless, our in vitro findings support our TMA patient cohort results in 
which low TSPO tumour expression is associated with worse survival. Thus, further 
studies should be conducted to find the exact regulatory role of TSPO in DNA 
damage response. 

We did not observe any differences in DNA damage response between TSPO-
silenced and control FaDu and Cal33 cells after cisplatin treatment, indicating that 
TSPO does not participate in DNA damage response caused by chemotherapy. This 
was also supported by our findings in the TMA data in study Ⅱ, which showed no 
association between TSPO tumour expression and survival in patients treated with 
chemoradiotherapy. 

In study Ⅰ, we found negative co-expression between TSPO and ATRX, and 
between TSPO and TP53BP1. ATRX and TP53BP1 participate in DNA damage 
response. In section 6.1, the role of ARTX in cell cycle regulation was discussed. In 
addition, ATRX may participate in DNA repair. Although ATRX has been reported 
to play a tumour suppressor role in cancer, patients with ATRX-negative 
nasopharyngeal cancer have better OS than those with ATRX-positive cancer (Xie 
et al., 2021). TP53BP1, also known as 53BP1, is a tumour suppressor gene that 
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participates in DNA DSB repair and promotes non-homologous end-joining during 
the G1 phase of the cell cycle (Panier & Boulton, 2014). It is mutated in many 
cancers (Zhang et al., 2021), but it also plays a protective role after radiotherapy in 
glioblastoma (Squatrito et al., 2012) and after fractionated radiotherapy in different 
types of cancer cells (Eke et al., 2020). Based on these studies and their co-
expression with TSPO, low TSPO expression in HNSCC could lead to increased 
ATRX and TP53BP1 expression, leading to increased DNA repair after 
radiotherapy, thereby promoting cancer cell survival. 

Our results in study Ⅱ did not indicate that TSPO regulates apoptosis (cPARP1) 
and proliferation (pAkt) after irradiation. However, previous in vitro studies have 
suggested that TSPO may play either an antiapoptotic or proapoptotic role, 
depending on the cancer. A proapoptotic role of TSPO has been reported in 
colorectal cancer (Shoukrun et al., 2008), Leydig tumour cells (Weisinger et al., 
2004), glioma (Levin et al., 2005; Fu et al., 2020), and glioblastoma (Bode et al., 
2012), whereas an antiapoptotic role has been proposed for breast cancer (Li et al., 
2007), glioma (Rechichi et al., 2008; Bader et al., 2019), and T cell leukaemia (Liu 
et al., 2017). Furthermore, a study by Lin et al. (2014) found that TSPO inhibition 
reduced apoptosis in Drosophila induced by γ-radiation. However, Stoebner et al. 
(2001) reported increased survival in TSPO-transfected Jurkat cells after UVB 
exposure. As we studied apoptosis and proliferation in a relatively short time (1 and 
16 h) after irradiation, it is possible that we were not able to detect long-term changes 
in apoptosis and proliferation caused by TSPO deficiency. In addition, we irradiated 
the cells with one dose (5 Gy) only, which may also explain why we did not observe 
any differences in apoptosis and proliferation.  

6.3 Role of TSPO in OXPHOS 
As discussed in the previous section (section 6.1), the results in study Ⅰ indicate that 
TSPO participates in OXPHOS. In study Ⅱ, we measured OCRs after irradiation and 
acute PK11195 injection and found significantly lower respiration levels in TSPO-
silenced FaDu cells, indicating a regulatory role of TSPO in mitochondrial 
respiration. Our results are in line with several other studies showing a positive 
regulatory role for TSPO in oxidative metabolism (Banati et al., 2014; Zhao et al., 
2016; Liu et al., 2017; Bader et al., 2019; Milenkovic et al., 2019; Fairley et al., 
2023). Typically, OXPHOS is reduced in cancer cells, leading to reduced ROS levels 
and increased cancer cell survival (Arfin et al., 2021). Furthermore, several studies 
have suggested that TSPO regulates ROS homeostasis, although both positive and 
negative regulatory mechanisms have been proposed (Carayon et al., 1996; Stoebner 
et al., 2001; Jayakumar et al., 2002; Zeno et al., 2009; Choi et al., 2011; Joo et al., 
2012; Gatliff et al., 2014; Joo et al., 2015; Tu et al., 2016; Fu et al., 2020). ROS 
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production is induced after radiotherapy, causing oxidative stress and leading to 
excessive ROS levels, which promotes apoptosis (Kim et al., 2019). Based on our in 
silico findings, indicating a positive regulatory role for TSPO in OXPHOS, lower 
TSPO expression may induce ROS production due to reduced OXPHOS levels. This 
may lead to worse radiotherapy response and induced cancer cell proliferation, as a 
slight increase in ROS levels promotes immunosuppression in the tumour 
microenvironment (Greene et al., 2022).  

In Cal33 cells, we did not observe such a decrease in oxidative metabolism. This 
was most likely due to siRNA transfection, which can be stressful for the cells. Cal33 
cells are likely more sensitive to such methods because we observed decreased 
respiration levels also in control-silenced cells.  

We also studied the effects of acute PK11195 addition on mitochondrial 
respiration. PK11195 treatment alone did not affect mitochondrial respiration in 
FaDu cells. However, after radiotherapy, increased basal respiration and ATP 
production and decreased maximal respiration were observed in PK11195-treated 
cells. In Cal33 cells, PK11195 treatment decreased basal respiration and ATP 
production. These results indicate differences in the responses of these cell lines. 
PK11195 inhibits ATPase and decrease ATP synthesis (Cleary et al., 2007). These 
findings agree with our results in Cal33 cells, further supporting a regulatory role of 
TSPO in oxidative metabolism.  

In addition to measuring mitochondrial respiration, we studied changes in the 
expression of specific subunits of OXPHOS complexes. Our results did not show 
that TSPO regulates OXPHOS, as no significant changes were observed. However, 
because these experiments were performed by quantifying the expression of specific 
subunits in the OXPHOS complexes, we do not know whether there were changes 
in the expression of other subunits. 

6.4 [18F]F-DPA uptake by HNSCC xenografts and 
cells 

The use of TSPO-PET tracers in peripheral cancers has not been widely studied, but 
few preclinical studies have focused on TSPO imaging in cancers other than gliomas 
(Zheng et al., 2011; Vasdev et al., 2013; Zheng et al., 2016; Berroterán-Infante et al., 
2018; Lanfranca et al., 2018; Tantawy et al., 2018; Zhang et al., 2019; de Souza et 
al., 2022). However, none of these studies were performed in HNSCC. Thus, our 
study was the first to evaluate the feasibility of TSPO-PET imaging in HNSCC. We 
demonstrated that [18F]F-DPA specifically binds to TSPO in HNSCC and that 
irradiation increases tracer uptake. Importantly, these results show that TSPO-PET 
imaging is feasible for HNSCC. Two weeks after irradiation, we still detected 
increased [18F]F-DPA uptake into tumours. In contrast, we observed no difference 
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in [18F]FDG uptake 1 week after irradiation. However, a significant decrease in tracer 
uptake was observed 2 weeks after irradiation. [18F]FDG imaging is used in HNSCC, 
reflecting glucose metabolism in tumours. Therefore, the reduction in tracer uptake 
2 weeks after radiotherapy in our study indicates decreased glucose metabolism in 
tumours due to decrease in tumour size. In contrast, increased [18F]F-DPA uptake 
two weeks after radiotherapy indicates a radiation-induced functional role of TSPO. 
The regulatory mechanism behind this increased uptake remains to be solved. 
Consequently, the usability of TSPO-PET imaging for estimating radiotherapy 
response should be further investigated.  

Surprisingly, we did not find a significant correlation between [18F]F-DPA 
uptake and TSPO expression in HNSCC cells. An increase in TSPO protein 
expression was observed in the xenografts after radiotherapy, whereas only a slight 
non-significant increase was observed in the cells. Thus, higher TSPO expression in 
the xenografts may indicate that an interaction between tumour cells and tumour 
microenvironment is required for TSPO activation. Non-tumorigenic cells present in 
the tumour microenvironment might also upregulate TSPO expression; thus, 
contributing to increased tracer uptake. Indeed, Zheng et al. (2011) reported that 
TSPO expression in breast cancer xenografts is affected by several cell types. 
Increased [18F]F-DPA uptake in cells may also be affected by other changes in TSPO 
function. One possible hypothesis is the tracer binding capability of TSPO. TSPO 
functions as a monomer, dimer, and polymer (Hinsen et al., 2015; Jaipuria et al., 
2017). Perhaps different forms of TSPO affect the binding potential of the tracer. It 
has been reported that photoirradiation increases the binding potential of PK11195 
in Leydig cells (Delavoie et al., 2003); therefore, irradiation (X-ray) may change the 
tracer’s binding potential. However, it should be noted that different TSPO-PET 
tracers bind to different parts of the protein, and do not necessarily work in the same 
manner. Thus, using different TSPO-PET tracers may not yield results similar to 
those we reported for [18F]F-DPA. 

Pre-treatment with PK11195 inhibited the [18F]F-DPA T/B uptake ratio into 
tumours up to 73%, proving the tracer to be specific for TSPO. After PK11195 
treatment, a significant increase in tracer uptake was found in the blood due to the 
successful blockade of TSPO in tissues. Successful blocking of [18F]F-DPA uptake 
was also detected by ex vivo and in vitro autoradiography from tumour sections after 
PK11195 pre-treatment. 

Moreover, only a small percentage (~5%) of radioactive metabolites was 
detected in non-irradiated and irradiated tumours, demonstrating that the uptake was 
mostly unchanged [18F]F-DPA. The percentage of radioactive metabolites in the 
tumour increased (~30%) after PK11195 pre-treatment, being in line with the higher 
amount detected in plasma (~50%).  
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Whole-body biodistribution in study Ⅲ showed surprising increases after local 
tumour irradiation in the adrenal glands and kidneys of mice with FaDu tumours. In 
addition to the possible immunological response discussed in original publication Ⅲ, 
a long-range non-targeted response could explain the increase in tracer uptake. 
Radiation-induced non-targeted effects are a relatively new finding, indicating the 
effect of radiation on surrounding tissues and cells outside the irradiated area. This can 
mean either an effect on surrounding cells within a few millimetres range (bystander 
effect) or an effect on farther tissues and organs (abscopal effect). In addition, the 
heterogeneous effect between cells in the irradiated area might lead to a cohort effect, 
in which cells that received high-dose irradiation affect low-dose irradiated cells and 
vice versa (Daguenet et al., 2020). The bystander effect has been studied more 
extensively than the abscopal and cohort effects. One study showed that irradiation of 
the thyroid affected other organs as well (Langen et al., 2016). We speculate that 
tumour irradiation in our study had such abscopal effects on the kidneys and adrenal 
glands, leading to higher tracer uptake. However, as the cancer cells were inoculated 
into the hind limbs, the tumours formed relatively close to these organs. Thus, it is 
possible that some of the irradiation was also directed to these organs.  

6.5 Study limitations 

6.5.1 HNSCC patient cohort and in silico analysis 
The main study limitations, such as the retrospective study design and the low 
number of patients in some of the subgroups, in study Ⅰ have been discussed in the 
original publication. Additionally, in study Ⅱ, due to the low number of patients 
treated with radiotherapy alone, we could not investigate the prognostic role of TSPO 
at each site separately. As it was also stated in study Ⅰ, there was only one publicly 
available patient cohort (TCGA) that could be used to study the functional and 
prognostic role of TSPO in HNSCC. These public patient cohort data are based on 
mRNA expression rather than protein expression. Protein expression should be 
associated with the functional role of TSPO because mRNA can be degraded before 
protein synthesis and does not reflect tumour protein levels. However, having both 
mRNA and protein data can provide information from several aspects and can be 
considered an advantage instead of a limitation. 

6.5.2 TSPO function in HNSCC 
One limitation of the functional studies was the cell lines that were used. As 
discussed in section 6.2, the FaDu and Cal33 cell lines may exhibit different DNA 
damage responses. However, we selected these cell lines as radioresistant subclones 



Sanni Tuominen 

 82 

have been generated (see section 6.2), and our future studies will focus on identifying 
the connection between radioresistance and TSPO.  

Another limitation was the use of siRNAs for TSPO silencing (also discussed in 
section 6.3). Silencing itself is a relatively stressful method for cells because siRNA 
can be toxic to cells and the medium used for transfection usually lacks FBS and 
other nutrients that are conventionally added to culture medium for cell survival and 
growth.  

Additionally, when studying DNA damage response, we focused on only two 
DNA damage markers. Because DNA damage response is regulated via different 
signalling pathways, there is a chance of overlooking important findings when only 
selected DNA damage markers are analysed. However, studying every possible 
DNA damage marker is laborious and costly. As no previous studies have 
investigated the role of TSPO in DNA damage response, there were no indications 
on which DNA damage markers should be studied.  

TSPO has been suggested to participate in cell cycle regulation and apoptosis in 
cancer cells. Again, we only studied changes in cPARP1 and activated Akt 
expression. Perhaps investigating other proteins involved in cell cycle regulation and 
apoptosis would have provided clearer results. In addition, studying apoptosis and 
proliferation at several time points and for a longer duration may also have shown 
changes that we were not able to detect with the selected time points. Nevertheless, 
there is evidence that TSPO regulates the DNA damage response after radiotherapy, 
although the exact mechanism remains unclear.  

We studied the role of TSPO in OXPHOS regulation by measuring the protein 
levels of the subunits of the five OXPHOS complexes using Western blotting. This 
method is relatively limited, as Complex Ⅰ consists of 45, Complex Ⅱ of 4, Complex 
Ⅲ of 10, Complex Ⅳ of 13 or 14, and Complex Ⅴ of 17 subunits (Signes & 
Fernandez-Vizarra, 2018). Thus, measuring the protein levels of one subunit in each 
complex does not necessarily reflect functional changes in the complexes. However, 
this method was relatively straightforward, cost-efficient, and fast, providing reliable 
preliminary results that could be further studied. Another limitation was the use of 
cell lines instead of e.g. animal models. Our co-expression studies were conducted 
using publicly available patient cohort data. Moreover, cells are lacking the 
surrounding tissues and vascularisation, which affect the tumour. Thus, it is 
important to further study OXPHOS using other methods that include the effect of 
surrounding tissues. 

6.5.3 [18F]F-DPA uptake studies 
A limitation of our PET studies was the use of immunodeficient mice because they 
have an abnormal immune system that does not reflect the immune system of 
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humans. As discussed in the original publication Ⅲ, another limitation was the low 
number of mice used in some experimental setups. Although we found interesting 
changes in tracer uptake in the adrenal glands and kidneys after radiotherapy, we 
cannot draw any conclusions based on these findings due to the low sample (n = 3) 
number. On a final note, we could not study the role of p16 in these mouse models 
and cell lines. However, our findings in study Ⅰ indicate an association between 
TSPO and p16 in patients with oropharyngeal cancer, which is an interesting finding 
that should be further studied. 

6.6 Future aspects 

6.6.1 Studying radioresistance in patients with HNSCC 
As our results indicated that [18F]F-DPA bound specifically to TSPO in HNSCC 
cells and xenografts, it is feasible to further evaluate the use of a TSPO-PET tracer 
in patients with HNSCC. It should be noted that experimental studies using mouse 
models, and especially cells, do not necessarily reflect a clinical setting. Thus, 
findings from preclinical studies cannot always be repeated in patient studies. 
Furthermore, in this thesis, I used HNSCC cell lines originating from the 
hypopharynx and tongue. It is important to evaluate tracer uptake at other HNSCC 
sites, particularly in laryngeal and p16-positive oropharyngeal cancers, in which we 
saw the clearest association between TSPO tumour expression and survival.  

PET imaging can be performed before and several weeks after starting treatment. 
Novel information about TSPO expression in HNSCC is obtained with PET imaging 
at baseline and after starting radiotherapy. This information may help in estimating 
radiotherapy outcome and therefore would be of clinical significance.  

6.6.2 Studying the biological functions of TSPO in HNSCC 
Cells, animal models, or tumour tissues can be used to further study the functional 
role of TSPO in HNSCC. In general, using cell lines is the easiest and most-
affordable way to continue studying the role of TSPO in HNSCC. Moreover, 
studying the oxidative metabolism of the tumour tissues could be performed using 
Agilent Seahorse, for example, by modifying the methods used in other studies 
(Underwood et al., 2020; Kluza et al., 2021; Wang et al., 2024).   

We investigated the role of TSPO in OXPHOS and DNA damage response using 
TSPO-silenced cells transfected with siRNAs. This silencing method is often 
stressful for cells and can affect their function. Thus, using other methods to produce 
TSPO-deficient cells could reduce the risk of transfection itself affecting cell 
function. One option would be to develop TSPO-knockout cell lines with e.g. 
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CRISPR-Cas9 method. Furthermore, because knockout cell lines are stably 
transfected, longer-duration experiments, such as in vivo experiments, would be 
easier to perform. Another option would be to use cell lines that have naturally high 
or low TSPO expression. However, in HNSCC, it should be noted that the tumour 
sites can differ according to their properties. Therefore, cells with naturally different 
TSPO levels should be from the same site. 

As another consideration, because TSPO is mainly located in mitochondria, 
studying only the mitochondrial fraction may be useful. Using this approach, the 
possible effects of other parts of the cell on, for example, protein quantification by 
Western blotting, are avoided, which could otherwise hide or mask the changes in 
mitochondria. However, studying only the mitochondrial fraction may also yield 
misleading results, as changes in the mitochondrial fraction do not necessarily reflect 
changes in the entire cell. 

Our research group is currently performing spatial transcriptomics on selected 
samples from the TMA cohort. We selected samples that originated from the larynx 
or oropharynx and have different p16 status and TSPO tumour expression. 
Furthermore, we will combine these analyses with proteomics data to measure the 
immune markers in these sections. As a result, we will gain information about the 
role of TSPO in our TMA cohort and possibly identify important genes that are co-
expressed with TSPO. In addition, we will determine whether there are immune 
markers that show differences between low- and high TSPO-expressing tumours. 
These results could provide more insight into the results found in study Ⅰ.  

6.6.3 Studying the molecular background in [18F]F-DPA 
uptake 

We will further evaluate the association between [18F]F-DPA uptake and 
radioresistance using FaDu and Cal33 cell lines, which have different levels of 
radioresistance compared with parental cells (Kurth et al., 2015). 

The possibility of increased tracer uptake due to TSPO multimerisation could be 
studied by blue native electrophoresis (Schägger & von Jagow, 1991) combined with 
Western blot. This method is based on the use of mild detergents and Coomassie 
blue to separate proteins without denaturing them, as in SDS-PAGE. Thus, this 
method can easily provide information about the multimerisation in HNSCC cells. 
Mass spectrometry (Richards et al., 2021) or mass photometry (Liebthal et al., 2021) 
can also be used to study protein–protein interactions.  
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7 Conclusions 

In summary: 

I. TSPO is a potential independent prognostic factor of HNSCC. Low TSPO 
tumour expression is associated with poor survival, particularly in patients 
with p16-positive oropharyngeal cancer. Lower TSPO expression associated 
with advanced disease. Genes co-expressed with TSPO indicate a possible 
role of TSPO in OXPHOS regulation and DNA damage response. 

II. TSPO modulates DNA damage response after radiotherapy. Low TSPO 
tumour expression is associated with poor survival in patients treated with 
radiotherapy. DNA damage response is lower after irradiation in TSPO-
silenced HNSCC cells. This difference was not observed after cisplatin 
treatment. Mitochondrial respiration is lower in TSPO-silenced HNSCC 
cells. 

III. TSPO-PET imaging with [18F]F-DPA is suitable for TSPO imaging in 
HNSCC. Tracer uptake increased after radiotherapy, which was not caused 
by inflammatory responses.  

In conclusion, these findings indicate that low TSPO tumour expression leads to 
worse survival in HNSCC, which may be due to changes in the DNA damage 
response after radiotherapy. After irradiation, HNSCC cells with normal or high 
TSPO expression produce excessive ROS, resulting to increased DNA damage and 
cell death (Figure 14). When TSPO is absent in cancer cells, OXPHOS levels are 
lower. This, in turn, leads to reduced ROS levels and DNA damage after 
radiotherapy, resulting in increased cancer cell survival. Therefore, TSPO-PET 
imaging could be used as an indicator of TSPO activation; low TSPO tracer uptake 
would indicate patients without active TSPO in the tumour and a reduced response 
to radiotherapy.  
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Figure 14. Hypothesised role of TSPO in HNSCC. Created with BioRender.com.
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