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1 INTRODUCTION

1.1 Human papillomavirus — HPV

Nobel Prize in Medicine 2008 was awarded to prof. Harald zur Hausen for his discovery to
human papillomaviruses (HPVs) causing cervical cancer. He reviewed a detailed historical
timeline of HPV identification as a separate risk factor in human cancers in 2009 (Harald zur
Hausen 2009). Briefly, HPV was first considered as possible carcinogenic in 1934, when
studies revealed that rabbit papillomavirus (PV) is capable of transforming rabbit epithelial
cells (Rous and Beard 1935), while experiments trying to establish a relationship between
HPV infections and cervical cancer were initiated in 1972 (zur Hausen 1977). In 1976, Meisels
and Fortin postulated that koilocytes found in cervical smears of patients with lesions
represent the cytopathogenic change of a HPV infection (Meisels and Fortin 1976). For a long
time, HPV was considered responsible for cancer of anogenital area exclusively, until 1983,
when demonstration of HPV antigens in premalignant lesions of the oropharynx provided the
first hints for a possible role of HPV infections in oral squamous cell carcinomas (Syrjanen et
al. 1983). Thus, the first reports of specific HPV types in tongue and other oropharyngeal
carcinomas appeared in 1985 (Loning et al. 1985; de Villiers et al. 1985). All those studies
indicated that some members of the PV family are important human carcinogens, which

warranted increased studies on HPV role in human malignancies.

HPVs are small non-enveloped DNA viruses with circular double-stranded genome of
approximately 8 kb contained in a protein capsid. Viral particles are icosahedral with
diameter of approximately 55 nm (Figure 1), and the capsid is composed of 72 pentameric
capsomers (IARC 2012). Up to date, more than 200 HPV types have been identified, of which
around 60 types infect the anogenital tract (Bernard et al. 2010).

Figure 1. HPV viral components.

Adapted from www.dochandal.com/hpv-oral-cancer/.
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All PVs belong to the Papillomaviridae family with 16 different genera (Figure 2), of which the
Alpha genus contains HPVs associated with infection in the mucosal (non-keratinized), while
beta and gamma are associated with infection specifically in the cutaneous (keratinized)
stratified squamous epithelia (IARC 2007).

HPV types are phylogenetically classified based on pairwise nucleotide sequence identity
within the highly conserved L1 gene, and distinct types are defined by differences of at least
10% at the nucleotide level (de Villiers et al. 2004). Based on the ability of transforming
infected cells into malignant, HPVs are further classified as (i) carcinogenic to humans (Group
1), (ii) probably carcinogenic to humans (Group 2A), (iii) possibly carcinogenic to humans
(Group 2B), (iii) not classifiable as to its carcinogenicity to humans (Group 3), and (iv)
probably not carcinogenic to humans (Group 4) (IARC 2018). However, the primary
epidemiological classification sorted HPV types into low- and high-risk HPV types (Ir- and
hr-HPV, respectively) based on how often a particular type was found in cancer, with Ir-HPV
types found sporadically, and hr-HPV found often in cancers (Jacobs et al. 1995; de Villiers et
al. 2004; Bernard et al. 2010). For simplicity, in this study, this classification will be used to
differentiate HPV types.

The structure of the HPV genome (Figure 3) consists of 3 regions; upstream regulatory region
(URR; often called long control region; LCR), the early (E) and the late (L) regions. The E and L
regions refer to the phase in the viral life cycle where the genes are usually expressed
(Riemer et al. 2010; IARC 2012). The HPV genome, depending on the viral type, encodes
approximately eight open-reading frames (ORFs) that are all transcribed from a single DNA
strand. The early region encodes proteins E1, E2, E4, E5, E6 and E7, while the late region
encodes already mentioned L1 and L2 proteins. The major L1 capsid protein represents 80%
of total capsid proteins and is necessary for attachment to the host cell. On the other side,
the minor L2 capsid protein is crucial for the efficient transfer of HPV DNA to infected cells.
When overexpressed, L1 can form virus-like particles (VLPs) alone, or together with L2
protein. Therefore, these properties of capsid proteins have been used as the basis to create
vaccines against HPV infections (Zheng and Baker 2006; Schiffman et al. 2016).

Viral transcription and replication is completely dependent of the host epithelial cell
differentiation from the basal to the upper squamous layer (Figure 4). The viral genome
replication begins in the lower epithelial layers, where cells are in the S-phase but ceases
once the cells lose their ability to express the S-phase proteins (Doorbar 2005). The viral
cycle may present a productive and a non-productive infection; the first is characterized by
the production of virions, while the second only by the expression of viral E6 and E7

oncoproeteins, feature generally found in precancerous and cancer cells (Doorbar 2005).
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Figure 2. Classification of Papillomaviruses according to genotype and genera. Adapted from Bernard et al. 2010.
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Figure 3. HPV-16 genome. Adapted from Riemer et al. 2010.
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Figure 4. Stratified squamous epithelium. Adapted from Essentials of Human
Anatomy Body Tissues, www.slideplayer.com/slide/5108744/.

In recent years, there have been a lot of studies investigating HPV proteins (Venuti et al. 2011;
Bellanger et al. 2011; Egawa et al. 2012; McBride 2013; Doorbar et al. 2015; de Freitas et al.
2017), which often thoroughly describe their function. Briefly, of all HPV proteins, the most
important are certainly the three oncoproteins, E5, E6 and E7, and of the three, E6 and E7

have been investigated thoroughly.

The oncoproteins E6 and E7 cooperate in order to provide an environment suitable for viral
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DNA replication, mainly by overcoming cellular apoptotic processes (Yim and Park 2005;
Tomaié 2016; Taberna et al. 2017). E6 and E7 bind to two very important tumor suppressors,
p53 and pRB, respectively. Binding of E6 to p53 leads to p53 degradation, alteration of cell
cycle regulation, apoptosis resistance, and chromosomal instability. Simultaneously, E7 binds
to pRB leading to pRB degradation, re-entry into S-phase of the cell cycle, p16 (also known as
p16'N*42) overexpression, and also chromosomal instability. Finally, the synergistic effect of E6
and E7 leads to cell immortalization. The third HPV oncoprotein, E5 has been linked with the

regulation of cell proliferation, growth-factor signaling pathways, as well as immune escape.

The regulation of HPV gene expression is controlled by cellular and viral transcription factors,
different promoters, differential splicing, differential transcription termination signals and
the stability of different viral mRNAs (Bernard 2002). Most of the regulatory mechanisms are
controlled by protein factors that are bound to cis-responsive elements in the URR of the
virus. The URRs of most mucosal HPVs range in size from 800 to 900 bp and have a similar

organization of cis-responsive elements (IARC 2007).

The E1 protein possess DNA helicase activity, hence its binding to the viral origin of
replication is necessary for recruiting the cellular DNA-replication machinery and driving viral
replication. The E2 protein possess three major functions: (i) to regulate the expression levels
of other viral genes, (ii) to recruit E1 to the viral origin, and (iii) to partition viral genomes
into daughter cells during mitosis of infected cell. Although the function of the E4 protein is
still obscure, it is the most abundantly expressed viral protein, and has been associated with

crucial processes such as aiding viral DNA replication and viral release (IARC 2012).

1.1.1 Epidemiology of HPV infection

HPV infection in humans can cause benign and malignant proliferations (Figure 5); depending
on the type of virus infecting the skin or oral and genital mucosa. Thus, Ir-HPV-6 and -11
(Alpha-PV 10 species) show significantly different tissue tropism, HPV-6 being more common
in genital warts, HPV-11 more common in laryngeal papillomas. The hr-HPV16, and related
“strains”, HPV-31 and -35 (Alpha-PV 9 species) are associated with cervical cancer, although
the association between HPV-16 and cancer is significantly stronger than that between
either HPV-31 or HPV-35 (Munoz et al. 2003). Moreover, HPV-16 was characterized as HPV
type with uniquely powerful carcinogenicity and uniquely associated with tumors of the
oropharyngeal region (Munoz et al. 2003; IARC 2007).

As previously pointed, it is known that HPV behavior is strongly correlated with taxonomic
categories (IARC 1995, 2007; Chen et al. 2011). Moreover, HPV carcinogenicity has been
studied most thoroughly for cervical cancer (CC), and so will be described in detail in this
section. HPVs have been found in cervical cancer in 99.7% of cases (Walboomers et al. 1999),

as well to low-grade squamous intraepithelial lesions (LSIL) and high-grade squamous



intraepithelial lesions (HSIL), which are precancerous lesions of the cervix (Bosch et al. 2002).

Figure 5. Clinical feature of skin (A, B) and mucosa (C-F) and HPV-associated lesions. Healthy

tissue: C) healthy cervix. Benign proliferation: A) skin wart located on the finger, B) genital wart
(condyloma acuminatum) located on the penis glans, and E) oral papilloma located on the base of
tongue. Malignant proliferation: D) cancer of the cervix, and F) oropharyngeal cancer. (Pictures
provided by the courtesy of Dr Magdalena Grce and Dr Ruth Tachezy)

The HPV infection is common worldwide (Figure 6; Crow 2012), and is mainly transmitted
through sexual contact. Most people are infected with HPV shortly after the exposure.
According to the WHO data (Cutts et al. 2007), at least half of all sexually active individuals
will acquire HPV at some point in their lives, whereas at least 80% of women will acquire an
HPV infection by age 50, and some may be repeatedly infected (CDC 2018; Cutts et al. 2007).
In 1997, in western countries, such as United States, it was estimated that 10% of the
population had an active HPV infection, 4% had an infection that has caused cytological

abnormalities, and an additional 1% had infection causing genital warts (Koutsky 1997).
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Figure 6. Worldwide HPV distribution by regions. Adopted from Crow 2012.

Besides HPV infection in anogenital area, HPV infection is also frequent in head and neck
region, mostly in oral and oropharyngeal area (IARC 2012). For instance, in 2014, CDC reports
that the prevalence of any oral HPV-type was the highest among Caucasian male adults aged
18-69 years, while the prevalence of any genital hr-HPV for adults aged 18 to 59 years was
45.2% and 25.1% in men, and 39.9% and 20.4% in women, respectively (CDC 2017).

In the epidemiological study on Croatian women (Sabol et al. 2017), 4.432 fresh cervical
specimens and 35 archival formalin-fixed, paraffin embedded (FFPE) tissue of cervical cancer
specimens were tested for the presence of HPV-DNA. The highest age-specific
HPV-prevalence was in the group 18-24 years, which decreased continuously with age
regardless of the cytological diagnosis. The prevalence of hr-HPV types significantly increased
with the severity of cervical lesions, where HPV-16 was the most commonly type found with
a prevalence (with or without another HPV-type) of 6.9% in normal cytology, 15.5% in
atypical squamous cells of undetermined significance (ASCUS), 14.4% in LSIL, 33.3% in HSIL,
and 60.9% in cervical cancer specimens. Particularly, worldwide HPV type distribution in
cervical cancer is shown in Table 1 (de Sanjose et al. 2010), and highlighted are the most

common HPV-types associated with cervical cancer in Croatia.

In the study of Grahovac et al. (Grahovac et al. 2012) on 581 men attending the clinic for
sexually transmitted diseases (STDs), HPV DNA was detected in 27,4% cases. The study
showed that external genitals are more likely to be HPV-positive (25.3%) than the urethra

(9.8%), indicating a high risk transmission of oncogenic HPV type between sexual partners.



However, the study of Giuliano et al. (Giuliano et al. 2015) shows that women transmit HPV

more often to male partners than vice versa.

When the infection is caused by mucosal Ir-HPV types, of which HPV-6 and -11 are the most
prevalent, there is a great probability for the development of genital warts, mostly on the
cervix, vagina, vulva and anus in women, and on the penis, scrotum and anus in men (Lacey,
Lowndes, and Shah 2006; Cutts et al. 2007; IARC 2007). They also cause epithelial growths
over the vocal cords of children and adults (juvenile respiratory papillomatosis or recurrent

respiratory papillomatosis) that require recurrent surgical intervention.

Most HPV infections of the cervix are asymptomatic and more than 90% are cleared within 2
years (Moscicki et al. 2006). Nevertheless, the degree of protection and duration of
immunity after the infection, although occurring in a limited number of people, are still not
well understood (Beachler et al. 2016). The most prominent problem regarding HPV infection,
is that hr-HPVs cause a heavy burden of cancer with more than 600,000 cancers attributed to
HPVs worldwide in 2008 of which 236,000 deaths are estimated to be caused by cervical
cancer alone each year (GBD 2015).

Infections with Ir-HPV genotypes can cause benign genital warts (condyloma acuminata) or
common warts, depending on the type of the Ir-HPV. If the infection occurs with cutaneous
Ir-HPVs, most notably with HPV-1, -2, -3 and -4, infection can lead to the development of
common warts, in general on palms (palmer warts, papillomas) and feet (plantar warts),

which are very common among children (Cutts et al. 2007; Egawa and Doorbar 2017).



Table 1. HPV type distribution in cervical cancer by region. From de Sanjose et al. 2010

Central
R - o
n=160 n=3404
HPV-6 10 (<1%) 3 (<1%) - 3 (<1%) - 1(<1%) 3(2%)
HPV-11 2 (<1%) - - 1(<1%) - 1(<1%) -
HPV-16 (56‘;?,:) éﬁ:’ 115 (72%) 2015 (59%) 259 (48%) 1597 (60%) 100 (59%)
HPV-18  918(10%) 150 (7%)  11(7%) 309 (9%) 123 (23%) 295 (11%) 34 (20%)
HPV-26 31(<1%) 3 (<1%) - 17 (<1%) - 11 (<1%) -
HPV-30 31(<1%) 5 (<1%) - 14 (<1%) 3 (<1%) 9 (<1%) -
HPV-31 335(4%) 69 (3%) 5 (3%) 166 (5%) 10 (2%) 80 (3%) 1(<1%)
HPV-33 345 (4%) 117 (6%) 5 (3%) 119 (3%) 8 (1%) 92 (3%) 3 (2%)
HPV-34 6 (<1%) 1(<1%) 1(<1%) 3 (<1%) - 1(<1%) -
HPV-35 175 (2%) 46 (2%) - 72 (2%) 27 (5%) 27 (1%) 4 (2%)
HPV-39 143 (2%) 27 (1%) 2 (1%) 76 (2%) 3 (1%) 31 (1%) 3(2%)
HPV-39* 3 (<1%) 1 (<1%) - 1 (<1%) 1 (<1%) - -
HPV-42 3 (<1%) 3 (<1%) - - - - -
HPV-44 1(<1%) 1(<1%) - - - - -
HPV-45 528 (6%) 80 (4%) 9 (6%) 230 (7%) 54 (10%) 146 (6%) 9 (5%)
HPV-51 114 (1%) 28 (1%) 2 (1%) 53 (2%) 13 (2%) 19 (<1%) -
HPV-52 253 (3%) 40 (2%) 5 (3%) 91 (3%) 14 (3%) 101 (4%) 1(<1%)
HPV-53 24 (<1%) 10 (<1%)  1(<1%) 9 (<1%) - 1(<1%) 3 (2%)
HPV-56 75 (<1%)  32(2%) 1 (<1%) 20 (<1%) 4 (<1%) 18 (<1%) -
HPV-58 203 (2%) 27 (1%) 3 (2%) 67 (2%) 4 (<1%) 102 (4%) -
HPV-59 95 (1%) 15 (<1%) - 42 (1%) 1(<1%) 36 (1%) -
HPV-61 1(<1%) - - 1(<1%) - - -
HPV-66 7 (<1%) 2 (<1%) - 2 (<1%) 2 (<1%) 1 (<1%) -
HPV-67 26 (<1%) 3 (<1%) - 13 (<1%) - 10 (<1%) -
HPV-68 58 (<1%) 13 (<1%) - 20 (<1%) 1(<1%) 25 (<1%) -
HPV-68**  31(<1%) 4 (<1%) - 17 (<1%) 1(<1%) 3 (<1%) 6 (4%)
HPV-69 7 (<1%) - - 6 (<1%) 1(<1%) - -
HPV-70 9 (<1%) 1 - 3 (<1%) - 5 (<1%) -
HPV-73 43 (<1%) 16 (<1%) - 14 (<1%) 1(<1%) 12 (<1%) -
HPV'*M** 2 (<1%) - - - - 1 (<1%) -
HPV-82 6 (<1%) - - 4 (<1%) - 2 (<1%) -
HPV-91 1(<1%) 1 - - - - -
HPV-X# 52 (<1%) 10 (<1%) 0 15 (<1%) 13 (2%) 12 (<1%) 2 (1%)

N (%) data are based on the upper estimate attribution of multiple HPV types. *HPV type 39, 68, or 73. **HPV type 68 or 73.
***0One case in the total attributable to infection with multiple HPV types, and no case with exclusively HPV 74. *HPV
undetermined



1.1.2 HPV life cycle

HPVs are highly epitheliotropic, meaning they establish productive infections only within
stratified epithelia of the skin, the anogenital tract and head and neck area (de Villiers et al.
2004; Conway and Meyers 2009). Many hr-HPV types have been found in cancer, while
Ir-HPVs are found rarely, or not at all (Doorbar et al. 2015; Egawa and Doorbar 2017). HPV
tends to escape immune response in order to maintain in the host cell and complete the life
cycle. As long as HPV continues to replicate its genome in low copy number, oncogenes E6
and E7 will express, and maintain suitable environment for the continuous cell replication.
Once HPV starts to over-express only E6 and E7, HPV life cycle gets terminated, while overly
expressed oncoproteins E6 and E7 become enough for the development of cancer in situ and
maintaining of the cancer. If cancer cells cross the basement membrane, cancer becomes
metastatic (Bissell and Radisky 2001; NCI 2018). The viral life cycle is linked to the
differentiation of the infected stratified epithelia (Figure 7) and is thought to be initiated by
the infection of basal epithelial cells, preferably at the site of epithelial injury (Doorbar et al.
2012).
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Figure 7. HPV life cycle and cancer development. Adopted from Tomai¢ 2016.

Basal cells are in fact multipotent stem cells that have high proliferative potential, enabling
HPV to successfully replicate and establish its genome in a low copy number (Kajitani et al.
2012; Moody 2017). The ability of HPVs to establish their genome in basal cells depends on
the E1 (Egawa et al. 2012), E2 (Longworth and Laimins 2004), E6 (Mlinger et al. 2004) and in
some cases E7 (Thomas et al. 1999) proteins. In normal conditions, when basal cells undergo
division, the daughter cell loses contact with the basement membrane and migrates into the
suprabasal compartment, withdraws from the cell cycle and initiates differentiation process

(Figure 7). However, in HPV-positive human keratinocytes and cervical epithelial cells, the
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suprabasal cells continue to express markers for cell proliferation (Tomai¢ 2016). Moreover,
HPV-16 E7 oncoprotein has been shown to be necessary and sufficient to induce suprabasal
DNA synthesis; this is possible due to degradation of pRB via E7, while E6-mediated p53
degradation prevents cells to enter apoptosis (Tomai¢ 2016). In addition, the E5
oncoprotein contributes quantitatively to this property, while also contributing to immune
evasion (Venuti et al. 2011; IARC 2012; de Freitas et al. 2017). Within this suprabasal
compartment, cells support the amplification of the viral genome, expression of capsid genes
and assembly of progeny virus (IARC 2012; Tommasino 2014; Tomai¢ 2016). The E4 protein,
which is detected preferentially in the differentiated compartment of infected tissue, is
required for viral DNA amplification and expression of the L1 capsid gene (Doorbar 2013).
Finally, encapsidation of HPV DNA within capsids to generate progeny viruses within the
terminally differentiated cell compartment is quantitatively dependent on L2 protein
(Holmgren et al. 2005). The L2 protein is also required for the infectivity of HPV-16 (Yang et al.
2003) and HPV-31 (Holmgren et al. 2005) virions. It is worth mentioning that HPV can
establish its genome and finish life cycle successfully only in cases when it exists in the
nucleus as an episome. Once HPV genome integrates into the host genome, it loses parts of
its genomic material, and often it is unable to express all proteins necessary for propagation.
The only two proteins that continue to aberrantly express are E6 and E7 oncoproteins.
Therefore, viral life cycle is replication defective, but E6 and E7 continue to drive and
maintain transformation of the cell (Figure 8), which finally leads to cancer development
(Grce, Sabol, and Milutin Gasperov 2012b; Hu et al. 2015; Morgan, DiNardo, and Windle
2017). Manipulation of E6 and E7 on both transcriptional and translational levels finally lead
to senescence and/or apoptosis of the infected cells (Tomai¢ 2016). The integration process
and the differences between cancer with integrated and episomal HPV genome will be

described in more details in the following chapter.
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Figure 8. Cell transformation via HPV oncoproteins E6, E7 and E5.
Adopted from Grce, Sabol, and Milutin GaSperov 2012b
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1.1.3 Malignancies associated with HPV infection

Table 2 shows the burden of hr-HPV related diseases in Croatia (Grce, Sabol, and Milutin
Gasperov 2012a). It is obvious that cervical cancer is the most important HPV-related disease
although other HPV-related cancers and benign proliferation (genital warts and laryngeal
papillomatosis) represent a significant public health burden. Highlighted is HPV-16, which

accounts for the majority of HPV-associated malignancies.

Table 2. Burden of hr-HPV related diseases. Adapted from Grce, Sabol, and Milutin Gasperov
2012a.

Most common
HPV types

Croatian annual HPV
estimate in 2008 contribution

Disease World annual
(IcD) estimates in 2008

HPV-16 (61%)

Cervical cancer

529,000 cases
(WASR 15.2 per

360 cases

HPV-18 (10%)
HPV-31 (4%)

(C53) 100,000) (15.6 per 100,000) 85% HPV-33 (4%)
2(\7/\‘/‘/&‘;‘;07“;““5 HPV-35 (2%)
.0 per _ 0
100,000) HPV-45 (6%)
HPV-52(3%)
HPV-58 (2%)
HPV-16 (62%)
sccC ~90% of all C53 cases 87% HPV-18 (8%)
HPV-45 (5%)
HPV-16 (50%)
Adenocarcinoma ~ 10% of all C53 cases 62% HPV-18 (32%)
HPV-45 (12%)
Vulvar cancer 30,000 cases 61 cases 40% HPV-16 (32%)
(c51) (2.7 per 100,000) HPV-18 (4%)
Vaginal cancer 15,000 cases 16 cases 70% HPV-16 (54%)
(C52) (0.7 per 100,000) HPV-18 (8%)
30,400 cases 19 cases HPV-16 (75%)
Anal cancer (C21) (15,900 women & (10 women & 9 men; 97% HPV-18 (3%)
14,500 men) 0.4 per 100,000)
Penile cancer 28 cases HPV-16 (60%)
(C60) 26,300 cases (1.3 per 100,000) 45% HPV-18 (13%
HPV-6/11 (8%)
61,500 cases 147 cases 47% in OP HPV-16 (90%) in OP
Oropharyngeal (12,600 women & (127 men & 20 carcinomas carcinomas;
48,900 men) women) and 11% in HPV-16 (96%) in
cancers ) . ;
(01, €09, C10) (1.3 per 100,000; oral cavity oral carcinomas
’ ’ 2.1 & 0.6 per 100,000 carcinomas;
in men & women, 64% in female
respectively) and 42% in
male cases

ICD diagnosis code (NIH 2018): C01 base of tongue, C09 tonsils, C10 oropharynx, C21 anus anal canal, C51
vulva, C52 vagina, C53 cervix, C60 penis; WASR = world age standardized rate; SCC = squamous cell carcinoma;

OP = oropharyngeal
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All HPV genotypes that are known to be involved in cervical cancer development belong to
the alpha genus. HPV-16 and HPV-18 have been classified as cervical carcinogens since 1995
(IARC 1995). HPV-31 and HPV-33 were categorized as probably carcinogenic, and in 2005, the
group of cervical carcinogens was expanded to include 13 hr-HPV types: HPV-16, -18, -31, -33,
-35, -39, -45, -51, -52, -56, -58, -59 and HPV-68 (IARC 2007; Bouvard et al. 2009). The main
epidemiological criteria used for the classification of an HPV type as a carcinogen is finding
the HPV genotype as a single infection in a cervical scrape or biopsy specimen in a woman
with cervical cancer. Unfortunately, this might sometimes be misleading, since colposcopic
biopsies can fail to sample the critical cells. Furthermore, the contamination of scrapes and
biopsies from precancerous stages of cervical cancer, lower-grade lesions that often

surround cancers, can lead to the detection of types other than the causal one (IARC 2012).

HPV-16 is by far the most prevalent carcinogenic HPV type (Table 2), associated with
approximately 50% of all cervical cancers, the majority of other HPV-related anogenital
cancers (60%), and for more than 80% of HPV-associated head and neck squamous cell
carcinoma (HNSCC) (de Sanjose et al. 2010; Ndiaye et al. 2013; Serrano et al. 2015; Taylor et
al. 2016). Recent advances in high-throughput next-generation sequencing have led to new
discoveries in HPV genomic research (Cullen et al. 2015; K. Liu et al. 2017). These findings
provide opportunities for further investigation at the intersection of molecular biology and
epidemiology that could enhance our molecular understanding of HPV-related
carcinogenesis. It is now well known that persistent HPV infection is highly necessary in order
to establish malignant transformation in cervical epithelium and it is considered as the main
risk factor in HPV-associated cancerogenesis (IARC 2012). In the context of HPV-associated
cervical cancer, malignancy is established in the following ways: first the progressive
histopathological changes of cervical epithelium include the loss of terminal differentiation,
which leads to a cellular state that cannot support the full viral life cycle, and second, the
circular HPV genome, which normally resides in nucleus as an episome, often becomes
integrated into the host genome, which becomes disrupted and its replication defective
(IARC 2012; Tomai¢ 2016). Analysis from The Cancer Genome Atlas study shows that HPV
integration occurs in >80% of HPV-positive cervical cancers (TCGA 2017). Of these, 76% of
HPV-16 positive samples have integrated HPV, whereas integration is evident in all HPV-18
positive samples. In HPV-positive oropharyngeal SCC, the incidence of viral integration is
lower, and many tumors have either episomal or mixed episomal and integrated viral DNA
(Matovina et al. 2009; Parfenov et al. 2014; Vojtechova et al. 2015). The rate of HPV
integration in other anogenital cancers is not as well documented, but one study reports that
almost 80% of anal carcinomas contain integrated HPV; however, the vast majority of these
samples also contained episomal genomes (Valmary-Degano et al. 2013). Whether the virus
itself drives this integration event or whether it reflects random recombination events is still
not completely clear (IARC 2012; Liu et al. 2015; Holmes et al. 2016). Nevertheless, the two
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consequences of the HPV integration are supporting malignant transformation via
constitutive upregulation of E6 and E7 and it creates selective growth advantage over cells

that harbor the viral genome as an episome (Herdman et al. 2006).

Integration events that are found in cervical cancer lead to the selective overexpression of E6
and E7 (Jeon, Allen-Hoffmann, and Lambert 1995; Jeon and Lambert 1995), which is a
hallmark of cervical cancers. In a recent review by Oyervides-Mufioz et al. (Oyervides-Mufioz
et al. 2018), new oncogenic mechanisms have been explained, suggesting that there are
evidence that HPV integration is not random, and that it often affects preferably those genes
that are being constantly expressed during DNA transcription, DNA repair factors and
transcription regulation factors, to establish carcinogenesis (Liu et al 2016). Furthermore,
they emphasized that the progression to cancer could be explained by the viral DNA
integration into tumor suppressor genes, which inactivates those genes and it would lead to
an uncontrolled growth (Zhao et al. 2016). Evidence suggests that HPV has specific
integration points, in or close to fragile sites or hot spots, where it could alter expression
patterns of the affected genes (Matovina et al. 2009; Liu et al. 2015). Finally, HPV could be
involved in transcription mechanisms or hyperactive epigenetic spots, which could facilitate
its integration in those active genes. Therefore, HPV integration is proposed as a driver
mutation for cervical cancer progression, while overexpression of E6/E7 certainly contribute

to the induction of cell malignancy.

In addition, cervical cancer typically follows age of infection by decades (Schiffman and
Wentzensen 2013). HPV DNA and RNA transmitted at young ages usually become
undetectable, with no sensitive serological assay existing to measure HPV exposure (Gravitt
and Winer 2017). About 10-30% of women with detectable HPV DNA exhibit definite
cytological abnormalities, depending on the HPV type, and DNA test (Kovacic et al. 2006).
Most HPV infections clear within 1-2 years, however, estimates of duration of infection for
individual HPV types vary from study to study, and depend not only on the statistical
methods used, but also on the accuracy of the HPV DNA detection methods (IARC 2012).
Persistent HPV infection is a prerequisite for the development of high-grade precancerous
lesions (cervical intraepithelial neoplasia grade 3, CIN3) and cervical cancer, but for
epidemiological purposes there is no consensus on the definition of persistent infection
(IARC 2012; Hosaka et al. 2013; Sudenga and Shrestha 2013). In some cases CIN3 can
develop very quickly, within 2—3 years following the HPV exposure, especially in young
women which reproductive tract is still immature (Saslow et al. 2012). The most abundant
carcinogenic genotypes, HPV-16 and HPV-18 are more common among cervical squamous
carcinomas than cytologically normal women or even in LSIL, with HPV-18 being more
common in adenocarcinomas (Bulk et al. 2006; Lin, Franceschi, and Clifford 2018). The less
abundant, but still with high carcinogenic potential, are six additional types HPV-45, -31, -33,
-35, - 52, and -58, which have some regional variation in the etiology of cervical cancer (de

Sanjose et al. 2010). For example, HPV-52 and -58 are relatively more prevalent in Asia than
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in other regions, HPV-33 is most clearly prevalent in Europe, while HPV-45 in Africa (Table 1).

Regarding cervical cancer, it is apparent that trends in Croatia follow trends in most European
countries (Figure 9); the world age-standardized incidence and mortality rates (per 100,000
women-years) of cervical cancer in Croatia from 1968 to 2014 have been slowly declining
(CNCR 2016).
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Figure 9. World age-standardized incidence and mortality rates (per 100,000 women-years)
of cervical cancer in Croatia. Adopted from CNCR 2016.

In our recent epidemiological study on genital HPV infection (Sabol et al. 2017) the highest
age-specific HPV-prevalence in Croatia was in the group 18-24 years, which decreased
continuously with age regardless of the cytological diagnosis. The prevalence of hr-HPV types
significantly increased with the severity of cervical lesions, while HPV-16 was the most
common type found with a prevalence of 6.9% in normal cytology, 15.5% in atypical
squamous cells of undetermined significance, 14.4% in LSIL, 33.3% in HSIL, and 60.9% in
cervical cancer specimens. Moreover, the most common types associated with cervical
cancer after the HPV-16 (60.9%) were found to be HPV-33 and -45 (10.9% in both cases),
followed by HPV-18 (8.7%), -31 and -58, which were found in 2.2% of cervical cancers.

Besides cervical cancer, HPV has been associated with 80% of other mucosal anogenital and
50-60% of head and neck cancers (Cutts et al. 2007; Taberna et al. 2017), with HPV-16
accounting for the majority of cases (Table 2). The worldwide age-standardized incidence
rates (per 100,000) of cervical and other anogenital cancer that are attributed to HPV in 2012
are presented in Figure 10 (Globocan 2012).
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Figure 10. Worldwide age-standardized incidence rates of anogenital cancer attributable to
HPV in 2012. A) Cervical cancer, women. B) Anogenital (vulvar, vaginal, anal and penile)
cancer, both genders. Adopted from Globocan 2012.

Studies by de Martel et al., IARC, and the HPV Centre give a detailed epidemiological
overview of HPV related malignancies, and in the following paragraphs key findings are
summarized (de Martel et al. 2012; IARC 2012; HPV Centre 2017).

Briefly, cancer of the vulva is rare among women worldwide, while about 60% of all cases
occur in more developed countries. One third of tumors is more common in younger women,
and often associated with HPV DNA detection. These tumors appear to share the
epidemiological factors of cervical cancer. Cancer of the vagina is also a rare cancer, and can
be of different cell origin: epithelial, mesenchymal or lymphoid. Epithelial tumors are the
most common and strongly related to HPV, with HPV-16 being associated in more than 50%
of the cases.

Cancer of the anus is a relatively rare disease in the general population, but increasing
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incidence is being reported in men and women in western countries over a period of 20
years (van der Zee et al. 2013). Women have higher incidences of anal cancer than men.
Penile cancer incidence rates strongly correlate with those of cervical cancer. It is rare and
most commonly affects men aged 50-70 years, while incidence rates are higher in less
developed countries, accounting for up to 10% of male cancers in some parts of Africa, South

America and Asia.

Besides anogenital cancers, the fraction of head and neck cancers, HNSCC associated with
HPV infection specifically, varies between different studies according to (i) the accuracy in the
determining anatomical site of tumor origin, (ii) the competing effect of tobacco smoking
and alcohol intake, and (iii) the quality of tissue biopsies and HPV-testing protocols used
(IARC 2012). As head and neck cancer is the main model for this study, this type of HPV

related malignancy will be presented in greater detail in the next section.

Moreover, a number of cutaneous HPVs have been discovered in skin cancers in patients who
have epidermodysplasia verruciformis (EV), such as HPV-5 and HPV-8, and these types are
also found in both non-melanoma skin cancers and normal skin (IARC 2007). Moreover, both
HPV-5 and HPV-8 are considered as cofactors for HPV-induced cancer of the skin, but only in
the presence of ultraviolet (UV) damage (IARC 2007). In addition, in vitro analyses have
shown that HPV-38 E6 bind to p53, similar to mucosal hr-HPV types, but in contrast to those
types, they appear to stabilize p53 and not degrade it (Tomaic¢ 2016). This could indicate that
cutaneous HPV type might also be classified as Ir-HPV and hr-HPV types, but prior to that,
more studies are necessary for the better understanding of the viral mechanism. In addition,
Human Papillomavirus and Related Diseases Report from 2017 (HPV Centre 2017) provides
key information on HPV-related statistics for Croatia on: cervical cancer, other anogenital
cancers and head and neck cancers. According to the report, the incidence rates (per
100,000) of HPV related malignancies in Croatia (2003-2007) was as follows: 7.3 for
squamous cervical carcinoma, 0.3 for both male and female anal cancer, 1.2 for vulvar cancer,
0.3 for vaginal cancer, 0.7 for penile cancer, 6 for male head and neck cancer and 0.8 for
female head and neck cancer.

In conclusion, HPV-associated cancers represent a higher burden in less developed countries
than in developed countries, where they have successfully implemented primary cancer
prevention measures through HPV vaccination, and secondary cancer prevention measures
through population-based screening (mostly cervical cytology). Those preventive measures
significantly decreased the incidence of cervical cancer in many developed countries (IARC
2005). HPV testing as a primary screening test followed by cytology triage have been
considered and implemented in several western countries, although HPV testing has been
widely used as a secondary test for triage of borderline cytology and as a follow-up test after
treatment of severe cervical lesions, which is an addition to conventional cytological
screening (Grce and Davies 2008; Grce 2009). However, in HNSCC the situation is quite

different because no effective screening strategy has been identified (Dixit et al. 2015). There
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is also compelling evidence of retrospective studies suggesting that HPV-related head and
neck cancers (HNCs) are more frequently cured than those caused by tobacco (Vatca et al.
2014). Furthermore, using FFPE tumor samples in retrospective studies creates the
possibility of increasing sample size available for studies and including samples during a

longer time period.
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1.2 Head and neck cancer

HNC is the sixth most common malignancy worldwide, predominantly arising within the
mucosal linings of the upper aerodigestive tract (Argiris et al. 2008), which holds important
functional roles for respiration, speech and swallowing. Most HNC develop from squamous
cell epithelia (HNSCC), which accounts for 95% of head and neck carcinoma (Vigneswaran
and Williams 2014). HNSCC often gets diagnosed in the late phase, when it is difficult to treat
the tumor, while both surgical and non-surgical treatment modalities achieve a cure for only
50% of HNSCC patients within a 5-year period (Fakhry et al. 2014; Leemans, Snijders, and
Brakenhoff 2018). The main risk factors for HNSCC development are smoking and excessive
alcohol consumption. In recent years, however, the role of HPV has emerged, particularly in
oropharyngeal cancer (Albers et al. 2017; Taberna et al. 2017). HNSCCs are characterized
according to their primary site of origin, with most common sites being the oral cavity, the
oropharynx, the hypopharynx, the larynx, and the sinonasal tract (Yan et al. 2010; R. Lj,
Agrawal, and Fakhry 2015). The identification of the accurate site of tumor origin is of high
importance, as misclassification can have serious implications on not only the prognosis, but
also the choice of treatment modality and subsequently survival (Li, Agrawal, and Fakhry
2015).

In 2015, The Cancer Genome Atlas (TCGA) consortium published a comprehensive molecular
catalogue on HNSCC (TCGA 2015). The TCGA study revealed that HNSCC lacked predominant
gain-of-function mutations in oncogenes, whereas an essential role for epigenetics in
oncogenesis has become apparent. Furthermore, study by Masuda et al. (2016) emphasizes
that HNSCC seems to be an epigenetic disease (Masuda, Wakasaki, and Toh 2016), rather
than genetic. Moreover, it is known that the immune system plays a key role in the
development, establishment and progression of HNSCC (Ferris 2015). So, the HNSCC is
considered as an immunosupressive disease, since HNSCC evade the immune system
through different mechanisms. Ferris (2015) reports some of these mechanisms, such as
manipulation of tumor immunogenicity, production of immunosupressive mediators, and
promotion of immunomodulatory cell types (Ferris 2015). Also, it seems like through these
mechanisms, HNSCC can influence the microenvironment and exploit immune system to
enable angiogenesis, metastasis and tumor growth. Interestingly, HPV-positive and
HPV-negative HNSCC use different mechanisms in the immune escape. Certainly, a greater
understanding on mechanisms of immune escape in HNSCC provide the basis for the

improvement of therapy and patients outcome.

1.2.1 Epidemiology of head and neck cancer

Globally, HNC accounts for approximately 550,000 cases per year (Keck et al. 2015). The

worldwide age-standardized incidence rates (per 100,000) of head and neck cancer
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(oropharynx, oral cavity and larynx) that are attributed to HPV in 2012 are presented in
Figure 11 (Globocan 2012). In Croatia, 896 new cases of HNC were estimated in 2015 (CNCR
2016), while oropharyngeal cancer (C01, C09, C10) alone was estimated to 1.3 per 100,000,
of which 2.1 per 100,000 was in men and 0.6 per 100,000 was in women (Table 2) (Grce,
Sabol, and Milutin Gasperov 2012a). Smoking and alcohol consumption have been presumed
as the main risk factors for developing oral and oropharyngeal tumors (Argiris et al. 2008;
Keck et al. 2015). Recent estimates of tobacco usage by the Centers for Disease Control (CDC
2011) reported that 45.3 million adults in the USA are currently cigarette smokers,
comprising 19.3% of the adult population (CDC 2011), while in Croatia, the percentage gets
up to 30% of the population (Padjen et al. 2012). However, even though HPV has for a long
time been considered responsible for exclusively anogenital cancers, for the first time in
1983, the presence of hr-HPV was demonstrated in HNCs (Syrjanen et al. 1983). In the late
‘90s of the 20" century, investigating the role of HPV in carcinogenesis became increasingly

important (Taberna et al. 2017).

In western countries, tobacco and alcohol consumption-induced HNCs, such as cancer of the
oral cavity, hypopharynx and larynx are declining for the past twenty years, mainly due to
reduction in smoking. In contrary, tongue and oropharyngeal cancers are becoming more
prevalent, especially in younger individuals (Albers et al. 2017; Taberna et al. 2017), which is
in line with the increasing incidence of the hr-HPV in oral/oropharyngeal sites (Keck et al.
2015).
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Figure 11. Worldwide age-standardized incidence rates of head and neck cancer
(oropharynx, oral cavity and larynx) attributable to HPV in 2012, both genders.
Adopted from Globocan 2012.
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1.2.2 Clinical classification of head and neck squamous cell carcinoma — HNSCC

HNSCC are classified according to the anatomical site of origin, TNM staging and grade of the
disease. Anatomical site classifies HNSCC to tumors of oral cavity, pharynx (nasopharynx,

oropharynx, hypopharynx) and larynx (IARC 2012).

The nasopharynx, according to ICD diagnosis (NIH 2018) code C11.9, is the extension to the
oropharynx (C10.9). The border between these two anatomical spaces is a horizontal plane

drawn through the soft palate.

There are eight sites of the oral cavity, which are potential sites for the origin of HNSCC (IARC
2012) and include the following: the upper (C00.0) and the lower (C00.1) vermillion lips; the
buccal mucosa (C06.0); the lower alveolar ridge (C03.1); the upper alveolar ridge (C03.0); the
retromolar trigone mucosa (C06.2); the floor of mouth mucosa (C04.9), and also lining the
undersurface of the tongue (C02.1); the hard palate mucosa (C05.0); and the oral tongue
(C02.9) (Li, Agrawal, and Fakhry 2015). Taking into account the oral cavity regions is critical
when assigning a tumor to an oral cavity or oropharyngeal origin, as the posterior limit of
many oral cavity regions continues with the oropharyngeal site.

The seven primary sites of the oropharynx include: the palatine tonsils (ICD C09.0); the base
of tongue (C01.9); the oral surface of the soft palate and uvula (C05.2); the posterior
pharyngeal wall (C10.3); the lateral pharyngeal walls (C10.2); the mucosa of the anterior and
posterior tonsillar pillars (C09.1); and the glossotonsillar sulcus (C09.9). HPV-associated
cancer of the oropharynx originates mostly in the lymphoid tissue of the tonsils and base of
tongue (Li, Agrawal, and Fakhry 2015; Taberna et al. 2017).

Four sites of the hypopharynx include: the pyriform sinuses (C12.9); the lateral pharyngeal
walls (C13.8); the posterior pharyngeal wall (C13.2); and the postcricoid region (C13.0) (IARC
2012; Li, Agrawal, and Fakhry 2015).

The larynx is a complex structure that can be broadly divided into glottic (C32.0), supraglottic
(C32.1) and subglottic (C32.2) regions. Tumors of the base of tongue may invade the
laryngeal region, potentially rendering anatomical classification of tumor origins inaccurate
(Li, Agrawal, and Fakhry 2015).

According to the HPV Information Centre report (HPV Centre 2017) and the study of the
Croatian HNC survey (Znaor et al. 2013), the most prevalent cancer type in Croatia was
pharyngeal cancer, including C09-10 and C12-14 with the age-standardized incidence rate
(per 100,000 patients) estimated to 6.0 for male and 0.8 for women. The age-standardized
mortality rate (per 100,000 patients) for men was 4.7, and 0.3 for women. For pharyngeal
cancer incidence in Southern Europe, rates (per 100,000 patients) were as follows: 3.4 for
men and 0.5 for women, while the mortality rate for men was 1.8 and 0.3 for women. In
addition, the incidence rate (per 100,000 patients) for the base of tongue, tonsil and other

oropharyngeal sites for males in Croatia were 1.7, 1.8, 1.4, and for women 0.2, 0.2 and 0.1,
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respectively.

Besides anatomical site, the most commonly used model for the classification of the severity
of HNC malignancy is the TNM staging model. This model assigns a numerical status
regarding tumor size and location (T1, -2, -3, -4), degree of lymph node involvement (NO, -1,
-2, -3), and the presence (M-1) or absence of distant metastasis (M0). The 8" Edition of the
American Joint Committee on Cancer (AJCC) staging manual includes the major changes
in staging of the oropharyngeal cancer (AJCC 2018), which is in contrast to the 7' Edition of
the AJCC guideline, where staging of tumor is more severe. The study of Cramer et al. (2018)
evaluated the new staging system in order to validate this shift in classification (Cramer et al.
2018); they concluded that the 8" Edition of the AJCC guideline have profoundly
improved staging of HPV-positive oropharyngeal cancer, and seem to demonstrate survival
discrimination. In our study, we have also evaluated survival analysis based on both the 7t
and 8" Editions of the AJCC guideline.

The grade of the disease (lat. gradus) will provide information on how different the cancer
cells are from those of the normal cells. The cancer is graded on a scale from 1 to 3. Grade 1
(or low grade) contains well differentiated cancer cells, that are slightly different from the
normal cells. In grade 1, cancer cells do not proliferate as much as in grade 2, which is also
known as moderately differentiated, and in grade 3, known as poorly differentiated, with
highest rates of proliferation in disorganized and unbalanced pattern (Singhi et al. 2015;
Maley et al. 2017). More broaden classification of HNSCC is certainly according to the HPV
positivity, which distinguish HPV-positive from etiologically different HPV-negative HNSCC.
Clinically, HPV is detected by in situ hybridization (ISH) of p16 immunohistochemistry used as
a surrogate marker for HPV. The protein p16 (p16'**) is a tumor suppressor protein, that in
humans is encoded by the CDKN2A (cyclin-dependent kinase inhibitor 2A) gene, and if more
than 70% of cells express p16 protein, the sample is considered HPV-positive (Li, Agrawal,
and Fakhry 2015). For the HPV testing, it is now known that p16 staining is not a sufficient
biomarker, since the presence of pl6 has been detected even in HPV-negative HNSCC
(Stephen et al. 2013; Albers et al. 2017). Interestingly, it was found that p16 positive, but
HPV-negative HNSCC have some common characteristics with HPV-positive HNSCC with
favorable prognosis (Albers et al. 2017). Hence, having data on pl6 positivity should
definitely be of interest. For more accurate HPV diagnosis, and for distinguishing HPV driven
tumors from HPV passenger in HNSCC, it is necessary to perform HPV DNA together with
HPV RNA testing (Monsonego et al. 2011; Mehanna et al. 2013; Maura L. Gillison et al. 2015).

1.2.3 Characterization of HPV associated and HPV-negative HNSCC

The HPV-16 is now established as crucial carcinogenic in a subset of HNSCC in numerous
geographic regions around the world (Maura L. Gillison et al. 2015; Taberna et al. 2017).
HPV-positive HNSCCs have genetic alterations that are indicative of HPV E6 and E7
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oncoprotein function (Maura L. Gillison 2004), hence they are characterized by wild-type p53
(Gillison et al. 2000; Harriet C. Hafkamp et al. 2003), wild-type p16, and infrequent
amplification of cyclin D (Ragin et al. 2006), whereas the opposite is correlated for
HPV-negative HNSCC (Taberna et al. 2017). Moreover, p53 mutations in HPV-negative HNSCC
are associated with tobacco and alcohol use (Urashima et al. 2013). HPV-positive HNSCCs
also differ from HPV-negative HNSCCs in their genetic patterns (TCGA 2015). These
observations provide support for at least two separate pathways for the multistage
carcinogenesis of HNSCC: one driven primarily by the mutagenic effects of tobacco and
alcohol (HPV-negative), and the other driven by HPV-mediated transformation (HPV-positive
HNSCC). Although the clinical and molecular-genetic characteristics of HPV-positive HNSCC
and HPV-negative HNSCC clearly differ, it has been unclear whether the risk factors for
HPV-positive HNSCC are similar to those risk factors for HPV-negative cancers (Gillison et al.
2008).

Oral and oropharyngeal HPV is usually found in younger population, and related with higher
oral sex practice (Gillison et al. 2015). HPV-positive HNSCC are often of oropharyngeal origin,
with better prognosis and rare p53 mutations, usually with low levels of tobacco smoking
and alcohol consumption (Gillison et al. 2015). Unlike HPV-positive HNSCC, HPV-negative
tumors are found in elderly population and often with worse prognosis, without preferable
origin, with frequent p53 mutations and having long history of tobacco and alcohol
consumption. It is known that the incidence of HPV-negative HNSCC in the United States has
been declining (Osazuwa-Peters et al. 2017), presumably due to a reduced prevalence of
tobacco smoking (IARC 2012; Li, Agrawal, and Fakhry 2015). However, over the past few
decades, there has been a rise in HPV-positive oropharyngeal cancers (Mehanna et al. 2013).
The proportion of oropharyngeal cancers that are HPV-related in the developing countries is
now approximately 70%, which is a substantial increase from previous incidence rates
(Gillison et al. 2015; Osazuwa-Peters et al. 2017; Taberna et al. 2017). Even though these two
groups are etiologically different, the treatment remains the same (Dok and Nuyts 2016).
However, the treatment could be optimized to each group of patients.

As already mentioned, the main treatment modalities for HNSCC are surgical excision,
chemo- and radiotherapy, and these treatment regimens can indispose patients, both
functionally and cosmetically, while deteriorating their quality of life (IARC 2012; Li, Agrawal,
and Fakhry 2015; Taberna et al. 2017). Hence, identifying more specific biomarkers could
overcome limitations in understanding the disease mechanism, as well as improving
treatment for each group of patients (Taberna et al. 2017; IARC 2012; Boscolo-Rizzo, Pawlita,
and Holzinger 2016).
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1.3 Epigenetic modifications regulating gene expression

Epigenetic modifications play a major role in diverse biological processes, such as cell cycle,
cell signaling, differentiation, stemness, etc. (Ozkul and Galderisi 2016; Kelly and Gatie 2017).
The modifications occur at the level of chromatin structure and organization (Liyanage et al.
2014). The DNA is tightly packaged in the nucleus in higher-order chromatin structures, with
the basic repeating unit being the nucleosome, in which the DNA molecule is wrapped
around a core of the histone proteins (Annunziato 2008). The histone core contains histones
H2A, H2B, H3 and H4 (Marifio-Ramirez et al. 2005). The epigenetic modification regulating
gene expression can affect histones and DNA itself. Chemical modifications of histones
include enzymatic methylation, acetylation, phosphorylation, ubiquitination, and
sumoylation (Hashimoto, Vertino, and Cheng 2010), while DNA is affected with methylation.
These marks function as signals during various chromatin-based events, and play crucial role
such as platforms for the recruitment, assembly or retention of chromatin-associated factors

(Rossetto, Avvakumov, and Coté 2012).

The addition of an acetyl group (—CH3CO) on a histone is performed by lysine
acetyltransferases, whereas its removal is performed by histone deacetylases. Acetylation of
histones generally allows for an active state of chromatin (termed euchromatin), exposing
DNA and allowing transcription to occur, while the methylation of histones may be either an
activating or a silencing mark, depending on the specific amino acid affected (Liyanage et al.
2014).

Methylation is a process of adding the methyl group (— CH3) to a specific site in the histone,
or the DNA. There is a continuous “cross-talk” among the histone post-translational
modifications and DNA methylation/demethylation machinery. Histone H3 trimethylated at
lysine 4 is most known as an active mark (H3K4me3), which is located at the 5' end of genes
(Liyanage et al. 2014).

All four histone tails can be phosphorylated by addition of a phosphate group (POs™) via
number of protein kinases, and dephosphorylated by phosphatases (Rossetto, Avvakumov,
and Coté 2012). Phosphorylation of H2A(X) is the best known histone modification that plays
a major role in DNA damage response (Rossetto et al. 2010). Furthermore, histone
phosphorylation is not only important in DNA repair, but also plays a crucial role in

transcription and chromatin compaction during cell division and apoptosis.

Histone ubiquitination is also an important modification with histones H2A and H2B been the
two most abundant ubiquitinated proteins in the nucleus (Cao and Yan 2012). This
modification plays critical roles in many processes in the nucleus, including transcription,

maintenance of chromatin structure, and DNA repair.

Histone H4 can be modified by small ubiquitin-related modifier (SUMO) family proteins (Shiio

and Eisenman 2003). Studies are suggesting that histone sumoylation mediates gene
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silencing through recruitment of histone deacetylase and heterochromatin protein 1 (Shiio
and Eisenman 2003; Nathan, Sterner, and Berger 2003).

In differentiated mammalian cells, the principal epigenetic tag found in DNA is the covalent
attachment of a methyl group to the 5™ carbon atom in DNA bases within the repetitive
cytosine and guanine bases. However, recent findings suggest that non-CpG sites can also be
methylated, depending on the main function of the targeted genes (Jin, Li, and Robertson
2011). DNA methylation can be also mediated via small non-coding miRNA molecules,
regulating gene expression in miRNA-dependent manner (Hu et al. 2014).

1.3.1 DNA methylation

DNA methylation is a process of adding the methyl group (Figure 12A) at C5 position (Dricu
et al. 2012), mainly of cytosine residues in CpG dinucleotide sequences (referred to as CpG
islands), and is carried out by a family of enzymes called DNA methyltransferases (DNMTs)
(Lister et al. 2009; Jin and Robertson 2013). There are at least three DNMTs, DNMT1,
DNMT3a and DNMT3b, which are required for the establishment and maintenance of DNA
methylation patterns. In human DNA, 5-methylcytosine is found in approximately 1.5% of
genomic DNA (Lister et al. 2009), and in somatic cells it occurs almost exclusively in the
context of paired symmetrical methylation of a CpG site. An exception to this is seen in
embryonic stem (ES) cells, where a substantial amount of 5-methylcytosine is observed in
non-CpG islands (Ramsahoye et al. 2000). In the bulk of genomic DNA, most CpG sites are
heavily methylated, while CpG islands in germ-line tissues that are located near gene
promoters remain unmethylated, thus, allowing gene expression to occur (Lister et al.
2009). When a CpG island in the promoter region of a gene is methylated, expression of the

gene is repressed (Figure 13).

DNA demethylation, the removal of a methyl group is equally important as DNA methylation.
The demethylation process is necessary for epigenetic reprogramming of genes and is also
directly involved in many important disease mechanisms including tumor progression (Kim
and Costello 2017). Decrease in global DNA methylation, also referred as DNA
hypomethylation is caused by demethylation due to a variety abnormal states and has been
proposed as a molecular marker in multiple biological processes such as cancer (Ehrlich 2009;
Milutin Gasperov et al. 2014). Moreover, increase in global DNA methylation, also known as
DNA hypermethlyation is well studied and described both in normal and aberrant conditions.
In a normal conditions, it serves as a major event in silencing mobile transposable elements
in the human genome, hence protecting the genome from chromosomal instability (Wilson,
Power, and Molloy 2007), while in cancer, hypermethylation is often affecting promoters of
tumor suppressor genes, which is associated with final inactivation of those genes. Knowing
that hypermethylation of tumor suppressors (Frigola et al. 2005; Estécio and Issa 2011) and

hypomethylation of transposons induce genomic instability and cell transformation, DNA
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methylation seems to be promising in putative translational studies. Moreover, epigenetically
deregulated genes may serve as potential biomarkers, hence, decoding the human

epigenome is valuable and highly informative.
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Figure 12. DNA methylation and cancer development. A) Structure of 5’-methyl cytosine; B)
Role of the DNA hypo- and hypermethylation in the cancer development.
Adopted from Dricu et al. 2012.

To date, most commonly used methods for DNA methylation analysis are high-throughput
technologies such as high performance liquid chromatography-ultraviolet (HPLC-UV), liquid
chromatography coupled with tandem mass spectrometry (LC-MS/MS), enzyme-linked
immunosorbent assay (ELISA) based methods, next generation sequencing, LINE elements
pyrosequencing, and methylation arrays. Among low-throughput methods for DNA
methylation analysis are methyl specific polymerase chain reaction (MS-PCR, MSP), bisulfite
sequencing and pyrosequencing of the specific genes.

The DNA methylation array method is based on hybridization of the sample DNA to the
specific oligonucleotide probes in the microarray chip, covering more than 850,000 CpG sites
in human genome in the most recent version of the commercially available assays. On the
other hand, pyrosequencing interrogates many CpG sites within a single PCR amplicon and
gives detailed information on the quantity and the site of methylation in the human genome.
Regardless of the throughput of the method, all methods for analyzing methylation depend
on detection of single-nucleotide polymorphisms (SNPs), which are artificially created at CpG
sites through sodium bisulfite (NaHSOs) modification. The principle of bisulfite modification
(Delaney, Garg, and Yung 2015) is presented in Figure 13. After deamination, treating

genomic DNA with sodium bisulfite selectively converts cytosine to uracil. However,
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5-methylcytosine is protected from deamination, so cytosine cannot be converted to uracil,
and the CG sequence is preserved in downstream reactions (Delaney, Garg, and Yung 2015; Li
and Tollefsbol 2011). Bisulfite conversion is the mandatory step for most of the methods that

are used for detection and investigation of DNA methylation.
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ACTTGCGGAAAAAC =3 AUTTGUGGAAAAAU ——> ATTTGTGGAAAAAT

Figure 13. Principle of the bisulfite conversion. A) Deamination of cytosine to uracil is
prevented by methylation of the 5-carbon position of cytosine, while cytosine without
methyl group is successfully converted to uracil. B) Methylated (above) and unmethylated
(below) CpG-containing DNA undergoes bisulfite conversion; methylated cytosines (*C) are
unchanged while unmethylated cytosines are converted to uracil. Following PCR, the
cytosine is retained, while uracil is converted to thymine. Pyrimidines involved in bisulfite

conversion are in bold. Adopted from Delaney, Garg, and Yung 2015.

Pyrosequencing is based on the "sequencing by synthesis" principle (Figure 14A-C), in which
the sequencing is performed by detecting the nucleotide incorporated by a DNA polymerase.
The reaction relies on the light detection after pyrophosphate is released (Delaney, Garg, and

Yung 2015). Detailed principle of pyrosequencing method is as follows.

Firstly, a segment of bisulfite converted DNA segment is amplified in a PCR reaction with
reverse primer being biotinylated (Figure 14A). The strand with incorporated biotin serves as
the pyrosequencing template. Therefore, after the denaturation step, the biotinylated
single-stranded PCR amplicon is isolated and allowed to hybridize with a sequencing primer.
The hybridized primer and single-stranded biotinylated template are further incubated with
the enzymes DNA polymerase, ATP sulfurylase, luciferase, and apyrase, as well as the
substrates adenosine 5' phosphosulfate (APS) and luciferin. After the first
deoxyribonucleotide triphosphate (dNTP) is added to the reaction, DNA polymerase

catalyzes addition of the dNTP to the sequencing primer, when it is complementary to the
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base in the template strand. Each incorporation event is accompanied by the release of
pyrophosphate (PPi) in an equal quantity to the amount of incorporated nucleotide. After
the PPi is released, ATP sulfurylase converts PPi to ATP (Figure 14B) in the presence of
adenosine 5' phosphosulfate (APS), and the ATP drives the luciferase-mediated conversion of
luciferin to oxyluciferin which generates visible light in amounts that are proportional to the
amount of ATP. The light produced in this reaction is detected by a charge coupled device
(CCD) camera and is seen as a peak in the raw data output, which is called pyrogram. The
height of each peak represents the light signal and is proportional to the number of
incorporated nucleotides. Apyrase, which is a nucleotide-degrading enzyme, continuously
degrades unincorporated nucleotides and ATP (Figure 14C). When degradation is complete,
another nucleotide is added. Hence the addition of dNTPs is performed sequentially. As the
process continues, the complementary DNA strand is built up and the nucleotide sequence is
determined from the signal peaks in the pyrogram. Final analysis gives information on the
total methylation percentage in investigated CpG island. Therefore, this principle makes
pyrosequencing very informative, valuable and a quantitative method for investigating DNA
methylation.

Besides pyrosequencing, MSP is a method of assessing the methylation status of virtually any
group of CpG sites within a CpG island. It can detect if the investigated region of the gene is
methylated or unmethylated, but unlike in pyrosequencing, the information of the
methylation quantity is lacking (Herman et al. 1996). Furthermore, MSP is not a reaction
analyzed in a “real time” manner, but is still sensitive, specific and informative. The principle
of MSP is based on amplifying a bisulfite converted DNA in a PCR reaction using specific
primers designed to bind to methylated, or unmethylated CpG sites. The presence of the PCR
amplicon is then visualized under UV illumination and DNA intercalating dyes after gel

electrophoresis.

In this study, we used DNA methylation array as the high-throughput method, and
pyrosequencing as the validation method, while MS-PCR was used as the quality control for
bisulfite conversion, necessary for the DNA methylation array and pyrosequencing.
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1.3.2 Expression of miRNAs

Apart from DNA methylation, alterations in DNA promoter regions, repetitive DNA sequences,
and regulation of DNA expression is also mediated via the small non-coding RNAs such as
microRNAs (miRNAs; miR). The miRNAs are highly conserved, single-stranded and about 22
nucleotides long molecules known to play an important role in a variety of biological
processes, including development, cell proliferation, and differentiation (Wang, Wang, and
Huang 2015), as well as in tumor suppression (Suzuki et al. 2012). Prediction indicates that
miRNA account for 1-5% of the human genome and regulate at least 30% of protein-coding
genes (Macfarlane and Murphy 2010). The miRNA can bind both DNA and mRNA, but their
main function is binding target mRNA to prevent protein production by one of two distinct
mechanisms (Macfarlane and Murphy 2010; Orang, Safaralizadeh, and Kazemzadeh-Bavili
2014): cleavage of target mRNA with subsequent degradation or inhibition of translation. To
date, more than 2000 distinct miRNAs molecules have been identified within the human
genome (Hammond 2015). Although little is currently known about the miRNA specific
targets, it is evident that miRNA plays a crucial role in the regulation of gene expression,
controlling diverse cellular and metabolic pathways (MacFarlane). Mature miRNA is
generated (Figure 15) through two-step cleavage of primary miRNA (pri-miRNA), which
incorporates into the effector complex RNA-induced silencing complex (RISC) (Winter et al.
2009). The miRNA functions by base-pairing with target mRNA to negatively regulate its
expression. The level of complementarity between the miRNA and mRNA target determines
which silencing mechanism will be employed; cleavage of target messenger RNA (mRNA)
with subsequent degradation or inhibition of translation (Fukaya and Tomari 2012; Peng and
Croce 2016).
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Figure 15. Biogenesis of miRNA. Adopted from Winter et al. 2009.

Many studies have demonstrated strong correlation between dysregulation of miRNA
expression and cancer development through various mechanisms, including amplification or
deletion of mIiRNA genes, abnormal transcriptional control of miRNAs, dysregulated
epigenetic changes and defects in the miRNA biogenesis machinery (Peng and Croce 2016). It
is also noted that miRNAs may function as either oncogenes or tumor suppressors (Figure 16)
under certain conditions (Costa and Pedroso de Lima 2013). Moreover, dysregulated miRNAs
have been shown to affect the hallmarks of cancer, including sustaining proliferative signaling,
evading growth suppressors, resisting cell death, promoting metastasis and inducing
angiogenesis. Compelling number of studies have identified miRNAs as potential biomarkers
for human cancer diagnosis, prognosis and therapeutic targets or tools, which still needs
further investigation and validation (Lan et al. 2015). It has also been noted that miRNAs play
a significant role in HNSCC, while some changes are highly specific to the underlying risk
factor (John et al. 2013). Thus, investigating pathways that are deregulated in cancer via miRs

might certainly help understand the development and progression of cancer.

31



\\ Nucleus l e _ Nucleus
Cytoplasm ,r/\—“; Cytoplasm J/‘J«\/J/
Mature 1
miRNA —

mRNA
target / Oncogene ‘/7
MGpppG —"_ AAAAA  MGpppG —"—‘.'—
ORF FERA

ORF . .
U mRNA
Blocks translation AAA mRNA
AAA

mRNA §
w bssone wcppps —JAI——— man
T

S
Oncoprotein MGpppG — (I II———— AaasA
n . B g @

. . . ORF
AL

Figure 16. Biological roles of miRNA in A) normal tissue; B) as tumor suppressors, and C) as

oncogene. The last scenario can lead to cancer development.
Adapted from Costa and Pedroso de Lima 2013.
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1.3.3 Epigenetic changes in cancer development

Access to DNA by various cellular machineries is granted by a series of epigenetic
modifications that change the high-order structure of chromatin. These epigenetic processes
often entail dynamic chemical modifications to DNA or to the histones (Bannister and
Kouzarides 2011; Liyanage et al. 2014). It is apparent that dysregulation of epigenetic
modification can lead to malignant transformation and cancer development. In many cancers
there has been noted epigenetic deregulation in tumor suppressors and oncogenes, where
tumor suppressors get silenced via epigenetic modifications, while many oncogenes get
activated (Sharma, Kelly, and Jones 2010). Furthermore, genetic material such as mobile
transposons, that are normally silenced via epigenetics, become activated in cancer,
enhancing genomic instability and promoting the cancer (Barros and Offenbacher 2009;
Sharma, Kelly, and Jones 2010). Also, there have been studies on epigenetic deregulation in
many genes that regulates the cell cycle, leading to aberrant DNA synthesis and malignant
development (Herceg and Hainaut 2007). In addition, it is well established that some types of
cancers, such as HNSCC are considered to be significantly driven by epigenetic deregulation
(Masuda, Wakasaki, and Toh 2016), emphasizing the crucial role of epigenetic

reprogramming in cancer development.
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2 AIMS OF THE STUDY

Until now, numerous studies have tried to identify specific and more sensitive genetic and

epigenetic biomarkers, which could contribute to a better understanding of the mechanisms

of HPV-positive and HPV-negative HNSCCs to improve diagnostic and therapeutic treatment

methods. However, a consensus on specific biomarkers has not yet been achieved. An

integrative analysis of different epigenetic mechanisms is imperative, as it could help

enlighten the process of HNSCC development, which could consequently improve treatment

options for at least HPV-positive patients.

Therefore, the specific aims of this study are:

1.
2.

To evaluate the prevalence of the HPV types in archival HNSCC samples.

To establish the prevalence HPV types in fresh and prospectively collected control and
HNSCC samples.

To determine HPV activity by evaluating E6 mRNA expression in HPV-positive fresh and
archival HNSCC samples.

To evaluate the quantitative changes in the methylome (methylation profiling) and the
miRnome (MiRNA profiling) in fresh HNSCC samples in comparison to control samples.
To ascertain the statistical significance of possible changes in the miRnome in all
samples considering the HPV presence.

To ascertain the statistical significance of possible changes in the methylome in all
samples considering the HPV presence.

To identify the signaling pathways and the genes that have been epigenetically changed
in HNSCC.

8. To integrate together data on methylome and miRnome considering key target genes.

9. To propose the most plausible epigenetic biomarkers identifying HPV-positive HNSCC.
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3 PATIENTS, MATERIAL AND METHODS

3.1 Study population

Fresh samples from adult men and women, age 18-75 years were included in the study (n =
73). Sample groups consisted of volunteering healthy specimens (control group; n = 9) and
patients (n = 61) that have been diagnosed with oral/oropharyngeal cancer in Croatian
population with additional oropharyngeal cancer samples (n = 3) provided from Charles
University, Vestec, Czech Republic. In order to participate in the study participants had to
give their Informed consent. In addition, in order to get a clearer picture on HNSCC
development, archival FFPE HNSCC samples (n = 115) over the 13-years period have been
included in the study for the retrospective analysis of HNSCC incidence, HPV association, HPV
activity and survival data on a Croatian population. Fresh tumor samples, collected from
2015 until 2018 were used for the miRnome (n = 16) and methylome (n = 10) screening of
the population, and compared to a control group (n = 3 in miRnome, and n = 6 in methylome
analysis). The study was approved by Bioethical Board of the Ruder Boskovic¢ Institute (IRB
BEP-3748/2-2014), Ethical Board of the Clinical Hospital Centre Zagreb (EP KBCZ 8.1-14/47-2,
02/21-JG) and Ethical Board of the Clinical Hospital Dubrava (EP KBD 10.06.2014).

3.1.1 Archival samples

FFPE tumor tissue from 115 patients with oral and oropharyngeal cancer have been included
in this study (Table 5). Patients have been treated at the University Hospital Centre Zagreb
between 2002 and 2015. The University Hospital Centre Zagreb is the largest hospital center
in Croatia, treating patients from the whole country, which is important, since the study
covered population from different geographical areas. Classification of the tumors were as
follows; tumors of the tongue were categorized in the oral group, while those found on the
base of tongue, soft palate, lateral wall of oropharynx, posterior pharyngeal wall and tonsils
were classified as oropharyngeal tumors, according to ICD-O-3 code (NIH 2018). Furthermore,
the study is in line with the Helsinki Declaration of 1975 as revised in 1983. For survival data
purposes, available medical records and patients’ vital status, including previous p16 staining
were obtained from the hospital information system and the Croatian National Cancer
Registry located at the Croatian Institute of Public Health (CNCR 2016). Malignancies were
clinically staged according to the 7™ Edition of the American Joint Committee on
Cancer (AJCC) and the Union for International Cancer Control (UICC) TNM Classification of
Malignant tumors (Edge and Compton 2010). The pathologic classification was considered
more accurate and was therefore used, except in cases were the data on pathological TNM

have been missing, so the clinical classification was used instead. For survival analysis, both
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7th and 8th editions (Lydiatt et al. 2017) have been used and compared. Patients’ survival
time in months was calculated from the date of earliest diagnosis to registered time of death
(all causes of death) or December 31st, 2017. Survival analysis was analyzed in MedCalc (v
11.4.2) using Kaplan-Meier survival curves. Logrank test was used to compare survival curves
and provide information on statistical significance. The FFPE blocks had previously
undergone routine pathological diagnosis and have been tested for p16 prior the HPV testing,

using appropriate PCR primers (Table 3).

3.1.2 Fresh samples

For this study, fresh buccal swabs of healthy oral mucosa (n = 6), fresh tissue of
non-malignant tonsils (n = 3) and fresh HNSCC tissue (n = 61) have been collected for the
nucleic acid extraction purposes. Tables 6 and 7 contain all relevant biological (for the
patients and the control group, respectively) and all clinical and histopathological patient
characteristics. For the analysis of specific miRs in HNSCC samples (Table 7) as well as
methylome analysis, HNSCC patients with primary oral (n = 9) and oropharyngeal (n = 10)
tumors treated at the Clinic of maxillofacial surgery of the Clinical Hospital Dubrava between
2015 and 2018, were enrolled. Survival analysis was also assessed on this group of samples
(n = 53), however, since the total time period post treatment is less than 5 years, the overall
five-year survival could not be calculated. For this reason, patients’ survival time in months
was calculated from the date of earliest diagnosis to registered time of death (all causes of
death) or last registered follow-up. Available medical records on patients’ vital status, tumor
information and life style habits were obtained from the hospital information system.
Malignancies were clinically staged according to the 7" Edition of the AJCC and the UICC
TNM Classification of Malignant tumors (Edge and Compton 2010). The pathologic
classification was used, except in cases for patients that have not been qualified for surgery
and have been treated with radiotherapy (n = 5), so the clinical classification was used
instead. Medical records on the complete patient therapy was not obtained, hence, the
overall survival based on type of therapy was not assessed. Survival analysis was analyzed in
MedCalc (v 11.4.2) using Kaplan-Meier survival curves. Logrank test was used to compare

survival curves and provide information on statistical significance.

3.1.2.1 Control samples

Fresh control samples were consisted of two differently collected biological material, based
on the study purposes. For the miRnome analysis, RNA from 3 non-malignant tonsils, which
was provided by the collaborating group led by dr. Ruth Tachezy (Department of Genetics
and Microbiology, Faculty of Science, Charles University, Vestec, Czech Republic) was

considered adequate, while for the methylome analysis, buccal swabs from 6 healthy adult
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men and women, age 27-58 was used. All control participants (n = 9) had no record of HPV
infection in the oral mucosa and preferably no/low level of tobacco and alcohol intake, with
only 2 that have been active smokers at the time of sample collection. Fresh oral swab
samples (n = 6) have been collected at Ruder Boskovi¢ Institute and processed for further

nucleic acid analysis.

3.1.2.2 HNSCC tissue

A total of 65 adult men and women, with diagnosed oral and oropharyngeal cancer (Table 6)
have been enrolled in the miRnome analysis, of which 10 (Table 9) have been also included
in the whole-genome methylation (WGM) analysis. In the microRNA analysis, four patients
were excluded because 2 tumors were recurrent and 2 were not planocellular carcinoma,
thus making the total of 61 patients included in the study. Three additional fresh
HPV-positive (HPV+) tonsil carcinoma, which have been kindly provided by the courtesy of dr.
Ruth Tachezy, were included in the study, and their miRNA profile analyzed together with
controls (n = 3) and fresh samples (n = 16) from the University Clinical Center Zagreb.

3.2 Nucleic acid isolation
3.2.1 DNA isolation

DNA was isolated from all sample groups for purposes of HPV genotyping and methylation
analyses, preferably immediately, or within 2 weeks upon sampling. The method of DNA

extraction depended on the sample properties (FFPE vs. fresh).

3.2.1.1 DNA isolation from FFPE samples

The FFPE blocks containing HNSCC samples have been cut on the microtome (Figure 17).
Serial sections of 10 um were obtained into two separate 2 mL tubes (Eppendorf, Germany).
Depending on the tissue size, approximately 5 to 7 sections from each FFPE block have been
collected for an adequate nucleic acid isolation. DNA was isolated with NucleoSpin® Tissue
kit (Machery-Nagel, Germany), according to the respective manufacturer’s protocol. Each
cube was cut with a clean scalpel and the microtome was cleaned using 70% ethanol after
each sample in order to avoid cross contamination. Extracted DNA was quantified using a

NanoPhotometer (Implen, Germany).
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Figure 17. Archival cancer sample; A) FFPE HNSCC sample, and B) microtome used for
cutting the tissue.

3.2.1.2 DNA isolation from fresh samples

Control swabs have been collected using a cytobrush (Ri. Mos, Italy) and incubated overnight
in 700 pL of DNA extraction TEX media (1M Tris-HCI, 0.1M EDTA, 10% SDS) at 37°C, while
shaking (600 rpm). Samples have been processed the next day, and the DNA was isolated
using an in-house DNA salting method (Grce et al. 2000). Extracted DNA was quantified using
NanoPhotometer (Implen, Germany).

Approximately 60-80 mg of fresh tumor tissue has been taken immediately upon surgical
excision performed in Clinical Hospital Dubrava and preserved in 2 mL tubes (Eppendorf,
Germany), each containing 700 mL of G2 lysis buffer (Qiagen, USA). Samples were stored at
+4°C and delivered to the laboratory at the end of the day. In the laboratory, samples were
stored at -20°C for up to 2 weeks before DNA isolation. Prior DNA isolation, approximately
10-30 mg of tumor have been cut into smaller pieces using a sterile scissor in order to
facilitate DNA isolation from cells. DNA was isolated with an EZ1 Biorobot using EZ1 DNA
tissue kit (Qiagen, USA) following the manufacturer’s protocol. Extracted DNA was also

quantified using NanoPhotometer (Implen, Germany).

3.2.2 RNA isolation

Total RNA was isolated from all samples using the appropriate kit. The method depended
upon sample properties (FFPE vs. fresh) and further experiments. RNA from FFPE samples
was used for identifying viral activity of HPV (E6*| mRNA detection), while total RNA from
fresh samples was used for both viral activity analysis and miRNA profiling. Furthermore,

precautions to avoid cross-contamination were taken.
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3.2.2.1 RNA isolation from FFPE samples

Approximately 5-7 10 um serial sections of each tissue block were obtained for RNA isolation.
RNeasy FFPE Kit (Qiagen, USA) was used for RNA isolation from 45 HPV+ samples, according
to the manufacturer’s instructions. Extracted RNA was quantified using a NanoPhotometer
(Implen, Germany). One sample contained only small portions of the tumor tissue which was
not adequate for RNA isolation, hence the RNA concentration was very low. Low tumor
material limited quality and the quantity of RNA necessary for reverse transcription

experiment.

3.2.2.2 RNA isolation from fresh samples

As with the DNA, fresh tumor tissue has been taken immediately upon surgical excision and
preserved in 2 mL microcentrifuge tubes (Eppendorf, Germany) containing RNA later
(Ambion, USA) solutions for preserving RNAs. Samples were stored at +4°C and delivered to
the laboratory at the end of the day. In the laboratory, samples were stored at -20°C for up to
2 weeks before RNA isolation. Total RNA was isolated using miRNeasy mini kit (Qiagen, USA)
following the manufacturer’s instructions. Total RNA quality and quantity were analyzed on a
NanoPhotometer (Implen, Germany). Prior to further experiments, RNA was ran on a 1%
agarose (Sigma Aldrich, USA) gel electrophoresis using appropriate apparatus (BioRad
Laboratories, USA), stained with MidoriGreen (Nippon Genetics Europe, Germany) and
visualized on a UVITEC Imager (Cleaver scientific, United Kingdom). Furthermore, RNA quality
was assessed by Agilent Bioanalyser RNA6000 Nano kit (Agilent Technologies, USA) to

determine RIN number.

3.3 HPV genotyping

3.3.1 HPV detection in DNA from FFPE samples

The quality of the extracted DNA was validated by PCR amplification with primers for B-actin
(Lesnikova et al. 2010) gene generating a 99 bp fragment (Table 3). HPV DNA detection was
performed with a PCR method in a thermocycler (2720 Thermal Cycler, Applied Biosystems,
USA), using short primers suitable for FFPE tissue analysis, GP5/6 (~142bp amplicon) and
SPF-10 (~65bp amplicon) (Snijders et al. 1990; de Sanjose et al. 2010). Thus, primers
amplifying short fragments were chosen in order to avoid false negative results, due to high
DNA degradation of FFPE samples (Dedhia et al. 2007). The CaSki cell line DNA, containing
integrated HPV-16 type (Pattillo et al. 1977) was used as positive control, while negative
control reactions contained all PCR reagents except of DNA. All standard precautions for

avoiding cross contamination were followed. Ten pl of PCR products were ran on a 3%
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agarose (Sigma) gel electrophoresis using the appropriate apparatus (BioRad Laboratories,
USA), stained with MidoriGreen (Nippon Genetics, Europe) and visualized on a UVITEC
Imager (Cleaver scientific, United Kingdom). A sample was considered as HPV+ if either GP or

SPF PCR was positive and the results valid if -actin PCR was successful.

3.3.2 HPV genotyping on DNA from fresh samples

The presence of HPV DNA was assessed using 4 types of consensus (PGMY, GP5/6+, LC and
SPF) and one type specific PCR primer pair (HPV-16) as described previously
(Milutin-Gasperov et al. 2007). All PCR reactions have been performed in a thermocycler
(2720 Thermal Cycler, Applied Biosystems, USA). Briefly, 50 ng of sample DNA was amplified
by PGMY, GP5/6+ and/or SPF10 and LC primers (Table 3) and with primers specific for
HPV-16 to establish HPV presence. To determine sample adequacy, human B-globin specific
PCR was performed as previously described (Milutin-Gasperov et al. 2007). CaSki cell line
DNA containing HPV-16 was used as positive control, while negative control reactions
contained all PCR reagents except of DNA. All standard precautions for avoiding cross
contamination were followed. Ten ul of PCR products were ran on a 2% agarose (Sigma
Aldrich, Germany) gel electrophoresis using the appropriate apparatus (BioRad Laboratories,
USA), stained with MidoriGreen (Nippon Genetics Europe, Germany) and visualized on a
UVITEC Imager (Cleaver scientific, United Kingdom). A sample was considered as HPV+ if
either of the performed PCRs was positive and the results valid if B-globin PCR was successful.
Samples with any discrepancy in HPV testing were further reanalyzed using INNO-LiPA HPV
Genotyping Extra (Fujirebio, Japan) according to the manufacturer’s instructions.
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Table 3. PCR primers used for the detection of HPV DNA, E6*] mRNA and the quality
control testing of the isolated DNA (B-actin PCR)

Primer Sequence Reference
. 6999-7018 5’CCACACTGTGCCCATCTACG3’ (Lesnikova et al.
B-actin 7097-7072 5’ AGGATCTTCATGAGGTAGTCAGTCAG3’ 2010)
. GH20 5’GAAGAGCCAAGGACAGGTAC3’ (Vossler, Forbes, and
B-globin PCO4 5’'CAACTTCATCCACGTTCACC3’ Adelson 1995)
PGMY11-A 5’GCACAGGGACATAACAATGG3’
PGMY11-B 5'GCGCAGGGCCACAATAATGG3’
PGMY11-C 5’GCACAGGGACATAATAATGG3’
PGMY11-D 5'GCCCAGGGCCACAACAATGG3’
PGMY11-E 5'GCTCAGGGTTTAAACAATGG3’
PGMY09-F 5’CGTCCCAAAGGAAACTGATC3'
PGMY09-G 5’CGACCTAAAGGAAACTGATC3’
PGMY PGMY09-H 5’CGTCCAAAAGGAAACTGATC3’
PGMY09-Ia 5'GCCAAGGGGAAACTGATC3'’
PGMY09- 5'CGTCCCAAAGGATACTGATC3’ (P- Gravitt et al. 2000)
PGMYO09-K 5’CGTCCAAGGGGATACTGATC3’
PGMY09-L 5'CGACCTAAAGGGAATTGATC3’
PGMY09-M 5'CGACCTAGTGGAAATTGATC3'
PGMYO09-N 5'CGACCAAGGGGATATTGATC3’
PGMY09-Pa 5'GCCCAACGGAAACTGATC3’
PGMY09-Q 5'CGACCCAAGGGAAACTGGTC3'
PGMY09-R 3’CGTCCTAAAGGAAACTGGTC3'
HMBO1b 3’GCGACCCAATGCAAATTGGT3’
6PS/6 GP5 5 TTTGTTACTGTGGTAGATAC3' (Shiiders et al. 1990)
GP6 5’GAAAAATAAACTGTAAATCA3'
SP1A 5'TAATACGACTCACTATAGGGCICAGGGICACAATAATGG3’
SP1B 5'TAATACGACTCACTATAGGGCICAGGGICATAACAATGG3’
SPF-10 (Kleter et al. 1998)
SP1CD 5'TAATACGACTCACTATAGGGCICARGGICATAATAATGG3’
SP2BD 5’ ATTTAGGTGACAACTATAGGTIGTATCIACWACAGTAACAAA3’
F HPV-16 5’CCCAGCTGTAATCATGCATGGAGA3'
HPV-16 (Cheng 1995)
R HPV-16 5'GTGTGCCCATTAACAGGTCTTCCA3’
Lic1 5'CGTAAACGTTTTCCCTATTTTTTT3
LC L1C2-1 5"TACCCTAAATACTCTGTATTG3' (Y°Shi1'(§;v1"’; etal.
L1C2-2 5'TACCCTAAATACCCTATATTG3’
_— F HPV16 E6 5'TTACTGCGACGTGAGGTGTA3’ (Smeets et al. 2007)
R HPV16 E6 5’GGAATCTTTGCTTTTTGTCC3’
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3.4 E6 oncogene expression

For assessing HPV activity in HPV+ samples, the most abundant spliced form of HPV-16
oncogene E6, E6*1 mRNA was analyzed. Tumor sample containing spliced E6*1 mRNA form
(PCR band of ~86 bp) was considered truly HPV+, meaning that the HPV-16 was active and
most likely the main cause of cancer development. Samples that contained only full length
16 E6 mRNA (~248 bp) was considered HPV+, but inactive, meaning that the HPV-16 is not

necessarily the main driving force in cancer development.

3.4.1 Reverse transcription (RT) on RNA from FFPE samples

Out of 45 samples tested positive for HPV DNA, 2 have been excluded due to samples being
recurrent tumor, leaving a total of 43 samples included in the E6 oncogene expression
analysis. RNAse-free DNAse digestion was performed to further limit and exclude any
carryover DNA contamination. Briefly, 1 pg of RNA was reverse transcribed using a
QuantiTect Reverse Transcription kit (Qiagen, USA) according to the manufacturer’s
instructions. Generated cDNA was used as a DNA template for the E6 cDNA PCR. One sample
with very low RNA concentration was not adequately reverse transcribed, and was excluded

from the E6*1 analysis.

3.4.2 RT on RNA from fresh samples

HPV RNA analysis was performed on HPV DNA (14 in total) positive samples. RNAse-free
DNAse digestion was performed to further limit and exclude DNA contamination. Briefly, 1
pg of RNA was reverse transcribed using a QuantiTect Reverse Transcription kit (Qiagen, USA)
according to the manufacturer’s instructions. Generated cDNA was used as a DNA template
for the E6 cDNA PCR.

3.4.3 Amplification of E6 cDNA by polymerase chain reaction — PCR

For both FFPE and fresh HNSCC samples, the most abundant splice variant of the HPV-16 E6
open reading frame (E6*1) was detected by PCR (Smeets et al. 2007). Ten pl of PCR amplicons
(~86bp) were ran on a 3% agarose (Sigma Aldrich, Germany) gel electrophoresis using the
appropriate apparatus (BioRad Laboratories, USA), stained with MidoriGreen (Nippon
Genetics Europe, Germany) and visualized on a UVITEC Imager (Cleaver scientific, United
Kingdom). CaSki cell line cDNA was used as positive control, and the negative control

contained all PCR reagents except cDNA in both cases. Suitability of cDNA for the
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amplification was confirmed by B-actin PCR.

3.5 MicroRNA profiling
3.5.1 Preparation of miR libraries

Before the preparation of miR libraries, total RNA was analyzed on an Agilent 2100
BioAnalyzer (Agilent Technologies, USA) and RIN scores were high (~40% of samples having
RIN between 8 and 9.5, others above 7 in almost all cases, with only one sample had 6). To
supplement the samples, the analysis included 3 additional HPV+ tonsil carcinoma samples,
collected at the University hospital Motol (Prague, Czech Republic). Three normal tonsil
samples, also collected at University hospital Motol (Prague, Czech Republic) were
additionally included. In total, 22 next generation sequencing (NGS) libraries were
constructed from tumor samples using TrueSeq Small RNA Library prep kit (lllumina)
following the manufacturer’s protocol. For the library pooling, index pools A (1-12) and B
(13-22) were used. Agilent 2100 Bioanalyzer (Agilent Technology, USA) was used for quality
control of the indicated steps as recommended by the manufacturer. Libraries were

guantified and visualized on the same machine.

3.5.2 Next generation sequencing — NGS of miR

Library sequencing was performed on the NextSeq 500 sequencer (lllumina, USA) using
NextSeq 500 Mid output kit (lllumina, USA), according to the manufacturer’s protocol. For a
reliable data, raw sequences have been trimmed of adapter sequences using lllumina FastQC
Basespace App (lllumina, USA) and by selecting TrueSeq Small RNA adapter sequences from

the relevant app menu.

3.5.3 Bioinformatic analysis of NGS findings

NGS data have been organized in the subgroups, according to the tumor location and HPV
status. Sequencing data were analyzed using the Illlumina Small RNA Basespace App v1.0.1
(Hlumina, USA) to determine significantly different miRNA expression between the groups.
The automated pipeline in Basespace uses Bowtie algorithm to align reads against the
reference databases to determine counts, which are then assessed for differential expression
using DESeq2. Further subgroup analysis were performed by importing lllumina Small RNA
Basespace App (lllumina, USA) count data into R studio (v 1.1.383), which was used to
interface with R (v 3.4.2.) and perform miRNA differential expression using DEseq2 (v 1.18.1)
(Love, Huber, and Anders 2014).
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3.5.4 Validation of NGS data by RT quantitative PCR — RT-qPCR

For technical validation of the NGS experiment, we have selected 10 miRNAs that were found
to be differentially expressed on the NGS analysis (miR-9-5p, 21-3p, 31-5p, 100-5p, 145-5p,
27a-5p, 34a-5p, 143-3p, 218-5p, 222-3p). Assays were selected in that manner to cover both
over expressed and under expressed miRNAs, that were already investigated thoroughly and
are well known to be dysregulated in the literature, or with discrepant literature findings
(Avissar et al. 2009; Lajer et al. 2011, 2012; G. Gao et al. 2013; Wan et al. 2017). TagMan
Advanced miRNA synthesis (Applied Biosystems, USA) kit was used to convert isolated RNA
to cDNA following the manufacturer’s protocol for the same samples tested on NGS.
Following conversion, 5 pL of diluted cDNA was analyzed by RT-qPCR on a StepOnePlus™
Real-Time PCR System (Thermo Fischer Scientific, USA) using TagMan Advanced miRNA
single tube assays (Applied Biosystems, USA), following the manufacturer’s instructions. The
three normal tonsil samples were pooled in equal concentration prior the cDNA synthesis to
be used as normal reference. For generating Ct values, StepOne Software (v 2.3) was used
(Applied Biosystems, USA).

Assays for miR-16-5p and 191-5p were evaluated as internal reference control
(manufacturer’s recommendation) as well as miR-181a-5p that showed very low
intra-sample variation in our NGS experiment. Calculations were performed using each of the
3 referent miRs individually and as an average of all 3 values. Since the calculations gave very
similar results, the final comparisons were performed using miR-16-5p for simplicity. The fold
changes were calculated using the standard 22 method (Livak and Schmittgen 2001).
Briefly, mean replicate Ct values of referent miR-16-5p for each sample were subtracted from
mean replicate Ct values of individual miRs in the same sample. Subsequently, the ACt value
for the control pool sample was subtracted from the ACt value of each cancer sample to
obtain AACT value. The fold change was calculated by the 22 formula. The statistical
difference was tested by t-test on ACt values of each miR compared to average ACt control

miR values within each sample subgroup.

For the validation of potential relevant miRs in head and neck cancer, additional clinical
samples, which have not been tested by NGS miRNA sequencing (n = 45) were tested with
RT-gPCR individual assays in the same way as for the technical validation. The following
miRNAs were selected: miR-9-5p, 21-3p, 29a-3p, 100-5p, 106b-5p, 143-3p, 145-5p, and 199b.
Same reference control miRNAs were used as for technical validation. For the fold change
calculations, combined sample pool of normal samples was used as the referent sample.
Basic data analysis was performed in Microsoft excel and statistical testing in Medcalc (v
11.4.2).
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3.6 Methylation profiling

MethylationEPIC BeadChip array was used for the genome-wide methylation profiling studies.
Array enables quantitative interrogation of methylation sites across the whole genome and
offer high-throughput analysis with a low sample input quantity of 250 ng DNA (lllumina
microarrays; lllumina 2018).

3.6.1 Bisulfite conversion of DNA

Prior the methylation analysis, DNA from 16 samples (Table 8) has been converted by
bisulfite using an EZ DNA Methylation Kit (Zymo Research, USA) according to manufacturer’s
instructions. Briefly, 500 ng of DNA sample was used to get 15 pL of bisulfite converted DNA.
Alternative incubation conditions were applied due to using Illlumina Infinium® Methylation
Assay (lllumina, USA), hence the conditions in thermocycler (2720 Thermal Cycler, Applied
Biosystems, USA) were as follows: 16 cycles of 95 C° for 30 s and 50 C° for 60 min, then hold
at 4 C°. Conversion was confirmed as successful by performing MSP using specific primers for
amplifying unmethylated hTERT-1 gene. All samples tested positive, indicating successful

bisulfite conversion and were credible for the main whole genome methylation experiment.

3.6.2 Whole genome DNA methylation analysis — lllumina

Methylation analysis of generated methylation libraries (TruSeq Methyl Capture EPIC Library
Prep, USA) from 16 human bisulfite converted DNA samples was performed using
the Infinium MethylationEPIC BeadChip kit WG-317-1001 (16 samples) according to the
manufacturer’s instructions (Illumina, USA). This kit targets more than 900,000 cytosine
positions on the human genome at single-nucleotide resolution and covers: CpG islands in
gene promoters; CpG sites outside of CpG islands, non-CpG methylated sites identified in
human stem cells (CHH sites); differentially methylated sites identified in tumor vs. normal;
FANTOMS5 (functional annotation of the mammalian genome database; (FANTOM 2018)
enhancers, which provide information on transcriptome for every primary cell type (FANTOM
web resource); ENCODE (encyclopedia of DNA elements database) open chromatin and
enhancers, to analyze functional elements that act at the protein and RNA levels, and
regulatory elements that control cells and circumstances in which a gene is active (ENCODE
web source; (ENCODE 2018); DNase hypersensitive sites and miRNA promoter regions. The
EPIC Beadchip contains most of the content (over 90%) of the previous
HumanMethylation450K BeadChip.

MethylationEPIC BeadChip array 3 day workflow included the following steps; (i) library
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preparation, which included PCR-free kit using Infinium | assay chemistry technologies
(Hlumina, USA); (ii) array processing and scanning on the array scanner (iScan System,
Illumina, USA), and (iii) data analysis (Illumina 2018). First and second step were performed
in a collaboration with CBM (Cluster in BioMedicine, Trieste, ltaly), performing lllumina array
and scanning data on iScan System, while the sample preparation and bioinformatics analysis
were done at the Ruder BosSkovi¢ Institute, Zagreb.

Briefly, after the bisulfite treatment, 200 ng DNA was subjected to the whole genome
methylation analysis (WGM) and enzymatic digestion with reagents provided within the
Infinium MethylationEPIC BeadChip kit (lllumina, USA). The hybridization of the samples on
the BeadChips and washing procedures followed the standard procedures obtained from

Illumina. An lllumina iScan System (lllumina, CA, USA) was used to read the BeadChips.

3.6.3 Bioinformatic analysis of lllumina findings

WGM data have been analyzed using R studio (v 1.1.383). It was used to interface with the
software framework R (v 3.4.2.) and RnBeads package (v 1.2.2.) for the normalization and

differential analysis of methylation data.

3.6.4 \Validation of DNA methylation biomarkers

For the validation of genome-wide methylation data, we chose the pyrosequencing method.
Four gene promoters that showed to be significantly hypomethylated (TRDC and LAIR2) and
hypermethylated (SPRR3 and FBXOZ2) after genome-wide methylation analysis have been
validated. Pyrosequencing was performed on 4 tumor samples (2 HPV+ and 2 HPV-) and 4
normal controls, due to limited DNA material. Approximately 500 ng extracted DNA was used
for the bisulfite treatment performed with the EZ DNA Methylation-Lightning Kit (Zymo
Research, USA), according to the manufacturer’s instructions. The efficiency of bisulfite
conversion was assessed using MSP containing specific primers for methylated form of
SIGLEC12 gene. Forward primer sequence was 5'TGTTGATAATGTAGAAGTTCGTGAC3’, and
reverse primer 5’ ACCAATAACCATAAACTAAATCGAA3'. The PCR was performed in thermocycler
(Veriti, 96 Well Thermal Cycler, Applied Biosystems, USA) and the program was as follows:
initial denaturation step of 5 min at 95°C, followed by 45 cycles of 30 s denaturation at 95°C,
annealing of primers at 61°C for 30 s and extension for 50 s at 72°C and one cycle of final
extension for 10 min at 72°C. PCR amplicon product was 117 bp. All samples tested positive,
indicating successful bisulfite conversion and showing that the samples were suitable for

pyrosequencing.
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3.6.4.1 Choice of specific primers

Specific primers for the selected genes were designed using the PyroMark Assay Design
software v.2.0.1.15. (Qiagen, USA). After the WGM analysis, the promoter region that
showed most significantly different methylation pattern between the cancer and normal
samples, for each gene was assessed using the UCSC Genome Browser (UCSC 2018) and
inserted in the program. Those specific regions revealed the following CpG sites: 15 CpG for
gene SPRR3, 46 for FBX02, 17 for TRDC and 36 for LAIR2. The aim was to cover as many CpG
sites as possible using the amplifying (with reverse primer being biotinylated) and
sequencing primers, which are necessary for the pyrosequencing reaction, while passing the
quality criteria. The inclusion criteria for the primer selection was a quality score (Q) higher
than 60. Regions with repetitive A and T bases within the primer binding sites were avoided,
while regions with 50% of GC bases were preferable for the primer binding sites.
Furthermore, only 1 variable region (CpG site) was allowed per primer binding sites. The PCR
and sequencing primers were designed to assess the same promoter analyzed by the
Infinium MethylationEPIC BeadChip array. In Table 4, the primer sequences, amplicon sizes,

and the optimal annealing temperatures are indicated.

Table 4. Designed primers (HPLC purified) used in pyrosequencing validation.

. . . Amplicon
Primer ID Primer sequence Ta (C°) .
size
TRDCF GAATGATTTAGGAGGTAGAGTTTGT
TRDC R* ACCTCCAATCACTTCAAACTTCAT 63 C° 132 bp
TRDCS AGGAGGTAGAGTTTGTA
SPRR3-1F TAGTGTATTGTTTGGAAGGTAGT
SPRR3-1 R* CCATTCAACTACTTCTTCCTACT 57 C° 286 bp
SPRR3-1S ATAATTGGTTTTTTGATTTTTTTAA
SPRR3-2 S** TTTTTTATATAGGGAAATATTG 57 C° 286 bp
LAIR2-1 F TGTGGTTTTGGTTTTTGTGTAAG
LAIR2-1 R* CTTCAATCAAACCCAAAATTCATCCT 57 C° 194 bp
LAIR2-1S TGGTTTTTGTGTAAGAGT
LAIR2-2 S** TGGGGTTTGAGAGAT 57 C° 194 bp
FBXO2 F AGATGGGTATGGTGGTATTTG
FBXO2 R* CTAACCTCCAATACCCACTTCTATC 55 C° 253 bp
FBXO2 S GGTGGTATTTGTTTGTAAT

*5’ biotinylated primer; **amplifying primers (F and R) used in pyrosequencing reaction are the
same for both sequencing primers
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3.6.4.2 Pyrosequencing

The pyrosequencing analysis was performed on samples which were already tested by
Infinium MethylationEPIC BeadChip array. PCR reactions on bisulfite converted DNA were
performed according to the PyroMark PCR protocol (Qiagen, USA) in a total volume of 30 pl.
PCR consisted 0.10 pumol/L of each primer (Macrogen, South Korea), 1.5 mM MgCl,,
PyroMark PCR Master mix (Qiagen, USA), Coral Load (Qiagen, USA) and 50 ng of bisulfite
treated template DNA. The PCR was performed in a thermocycler (Veriti, 96 Well Thermal
Cycler, Applied Biosystems, USA) and the program was as follows: initial denaturation step of
1 min at 95°C, followed by 45 cycles of 30 s denaturation at 95°C, specific annealing Ta for 30
s and extension for 30 s at 72°C and one cycle of final extension for 10 min at 72°C.

PCR amplicons from all PCR reactions have been visualized using agarose gel electrophoresis,
under UV light. PCR amplicons have been stored at -20 C°, until the pyrosequencing was
ready to be performed. Pyrosequencing was performed at the University of Zagreb School of
Medicine, Department of Medical Biology, Zagreb, using a PyroMark Q24 Reagent Kit and a
PyroMark Q24 system (Qiagen, USA) as described previously by Mikeska et al. (Mikeska et al.
2011). The nucleotide addition order was optimized by the PyroMark Q24 Software (Qiagen,
USA) and the results were automatically analyzed using the same software. After the analysis,
percentage of methylation per each investigated CpG has been analyzed in LibreOffice
(v5.1.6.2). Percentage of methylation for each CpG island between the two sample groups

(cancer vs. normal controls) was compared and P values determined using t-test.
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4 RESULTS

4.1 HPV types associated with HNSCC

Three types of molecular studies, HPV detection (including HPV-16 transcriptional activity),
microRNA and methylation profiling, have been performed on the 2 groups of tumor samples:
archival FFPE HNSCC samples and fresh HNSCC samples. Archival samples have been
adequate for the HPV detection and HPV-16 transcriptional activity study (E6*] mRNA
detection). Fresh tumors were used in HPV detection and HPV-16 transcriptional activity
study as well, but also for the whole epigenome analysis (miRNA and methylation). Fresh
HNSCC samples were better suited for miRnome and methylome profiling due to the better
quality of the isolated nucleic acids. During the process of fixing and embedding the tumor
tissue in paraffin, DNA and RNA often get degraded, which is why we chose to perform that
analysis only on fresh tumor tissue. Moreover, specific primers used in HPV-type specific PCR
can often produce false negative results, due to the DNA degradation, which is why
appropriate primers should be used when dealing with the DNA from FFPE tumor samples.
This is the reason why specific HPV types have been determined only in fresh control and
cancer samples, while in archival samples we have detected only short amplicons of mucosal
HPV-consensus regions (GP5+/6+ and SPF).

4.1.1 HPV presence in archival samples

A total of 119 FFPE tumor samples have been collected from the KBC Zagreb and the DNA
isolated as described in the Materials and methods section. After excluding 1 sample that
was not found in the database, and three FFPE samples that belonged to the same patient,
the total number of samples that were included in the study was 115. Most of the patients
were older, with median age of 59. Medical documentation was missing for a subset of
patients for life style habits (53.1% missing data on smoking and drinking), 42.7% for TNM
stage, 2.6% of tumor grade and 26.9% on p16 positivity. Regarding documented life style
habits, data were presented as active smoker, former, nonsmoker, while for drinking habits as
heavy drinking, occasionally or does not drink. Of all patients with documented overall
tumor stage and grade, most of the patients were diagnosed with late stage tumors (52 of 66;
78.8%), while the percentage of grade 1, 2 and 3 was almost equally distributed (26%, 35%
and 37%, respectively). All samples tested positive for the B-actin PCR, which was used as an

internal control of the sample quality.

After confirming DNA was adequate for subsequent experiments, two consensus PCRs have
been performed for the detection of HPV DNA: SPF10 and GP5/6+ (Table 3). Results were as
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follows: out of 115 samples, 42 (36.5%) were tested SPF positive (Figure 18) and 19 (16.5%)
were GP positive, while only 16 (14%) samples tested positive in both PCR reactions. Sample
was considered HPV DNA positive if either of the two PCR was positive, leaving the total of
45 HPV DNA positive samples. Overall HPV prevalence and patient characteristics are
presented in Table 5. Briefly, for the HPV activity data, most abundant spliced form of HPV-16
oncogene E6, E6*I mMRNA has been assessed from HPV DNA positive samples. Thirteen
samples were positive on E6*| mRNA, while 32 expressed only full length E6. Based on the
HPV DNA and RNA analysis, patients were categorized in the following groups: HPV-positive
(+) group contained samples tested positive for both HPV DNA and E6*] mRNA; HPV inactive
group contained samples tested positive for HPV DNA, but negative for E6*| mRNA; while
HPV-negative (—) group contained samples tested negative for both HPV DNA and any mRNA.
Samples corresponding to positive control result were considered positive. Only results with
no amplification in negative control reaction were considered truly positive and PCR of any
suspect batches was completely repeated. Positive control used in HPV genotyping was DNA
isolated from HPV-16 positive CaSki cell line.

A *1 2 3 4 5 6 7 8 9 10 M 12 13 14 15 16 17 - M
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Figure 18. HPV DNA detection in FFPE samples. Representative PCRs using A) SPF and B)
GP5/6+ primers. A: + = positive control; 1-17: random tumor FFPE samples; — = negative
control; M = GelPilot50 (Qiagen, USA), SPF amplicon is ~65 bp. B: + = positive control; 1-10:

tumor FFPE samples; - = negative control. GP5/6+ amplicon is ~142 bp.

Regarding tumor location, most of the HPV+ are located in oropharynx and arise from tonsil
and the base of tongue (53.8% and 30.8% respectively), which is the same case in HPV
inactive group, with 50% of tonsil and 34.4% of base of tongue tumors. In the HPV— group,

prevalence of tumors in mentioned regions is slightly lower, but still predominates, with
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42.9% in tonsils, and 28.6% in the base of tongue. What is evident from Table 5, is that oral
cancer is more prevalent in HPV— group, accounting for 14.2% of tongue tumors, while in
HPV+ and HPV inactive group, the prevalence was 7.7% and 9.3% respectively. Men are most
prevalent in all three groups (62.2% in HPV+, 81.3% in HPV inactive and 87.1% in HPV—
group).

For a relatively large number of patients, p16 status was unknown (26.9% overall; 30.8% in
HPV+, 31.3% in HPV inactive and 24.3 in HPV-), and marker p16 does not seem to correlate
to the HPV testing (r = -0.09 for the comparison with HPV DNA, and r = 0.18 for the
comparison with RNA). There is high discrepancy within the groups, where in HPV+ group
only 15.4% p16 positive samples were in concordance with HPV PCR results. There is very
high percentage of p16 negative samples in HPV+ and HPV inactive groups (53.8% and 43.7%,
respectively), while there are 31.5% p16 positive samples in HPV— group (Table 5).
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Table 5. Patient characteristics of the study population for archival FFPE samples

HPV HPV

DNA+RNA+  DNA+RNA— HPV- Total
Variable
n=13(%) n=32(%) n =70 (%) n =115 (%)
Gend M 9 (69.2) 26 (81.3) 61(87.1) 96 (83.5)
ender F 4(30.8) 6 (18.7) 9(12.9) 19 (16.5)
Base/tongue 4 (30.8) 11 (34.4) 20 (28.6) 35 (30.4)
Tonsil 7 (53.8) 16 (50) 30 (42.9) 53 (46.1)
Tumor OP  Soft palate 0 0 7 (10) 7(6.1)
location* Pharynx 1(7.7) 2(6.3) 3(4.3) 6(5.2)
o Tongue 1(7.7) 3(9.3) 10 (14.2) 14 (12.2)
<45y 1(7.7) 1(3.1) 6(8.6) 8(7)
A 45-64y 9 (69.2) 21 (65.6) 42 (60) 72 (62.6)
ge group gy 3(23.1) 10 (31.3) 22 (31.4) 35 (30.4)
Median age 58 59 59 59
Active 1(7.7) 9(282) 18(25.7) 28 (24.3)
. Former 0 2(6.3) 9(12.9) 11(9.6)
Smoking Doesn’t smoke 3(23.1) 6(18.7) 6(8.6) 15 (13)
Unknown 9 (69.2) 15 (46.8) 37 (52.8) 61 (53.1)
Heavy 0 3(9.3) 6(8.6) 9(7.8)
. Occasionally 2 (15.4) 7 (21.9) 20 (28.6) 29 (25.2)
Drinking Doesn’t drink 2 (15.4) 7(21.9) 7 (10) 16 (13.9)
Unknown 9 (69.2) 15 (46.9) 37 (52.8) 61 (53.1)
1 1(7.7) 5 (15.6) 5(7.1) 11(9.6)
2 2 (15.4) 9(28.2) 13 (18.6) 24 (20.8)
T 3 2 (15.4) 5 (15.6) 7 (10) 14 (12.2)
4 2 (15.4) 2(6.3) 13(18.6) 17 (14.7)
Tumor stage Unknown 6(46.1) 11 (34.3) 32 (45.7) 49 (42.7)
7t ed. 0 0 8 (25) 13 (18.6) 21(18.2)
1 2 (15.4) 6(18.7) 3(4.3) 11(9.6)
N 2 5 (38.5) 7(21.9) 19 (27.1) 31(26.9)
3 0 0 3(4.3) 3(2.6)
Unknown 6 (46.1) 11 (34.4) 32 (45.7) 49 (42.7)
| 0 2(6.3) 3(4.3) 5 (4.3)
Barly ), 0 4(12.4) 5(7.1) 9(7.8)
overall I 3(23.1) 7(21.9) 5(7.1) 15 (13)
IVa 4(30.8) 8 (25) 21 (30) 33(28.7)
Stage Late \p 0 0 3(4.3) 3(2.6)
IV 0 0 1(1.5) 1(0.9)
Unknown 6 (46.1) 11 (34.4) 32 (45.7) 49 (42.7)
1 4(30.8) 7 (21.9) 19(27.1) 30 (26.1)
Grade 2 2 (15.4) 13 (40.6) 25 (35.7) 40 (34.7)
3 7 (53.8) 12 (37.5) 23(32.9) 42 (36.6)
Unknown 0 0 3(4.3) 3(2.6)
Surgery 3(23.1%) 10(31.3) 14 (20%) 27 (23.5%)
Surgery + RT 0 12 (37.5) 16(22.9%) 28 (24.3%)
Surgery + CRT 3(23.1%) 1(3.1) 10 (14.3%) 14 (12.2%)
Therapy**  RT 1(7.7%) 3(9.4) 2 (2.9%) 6 (5.2%)
cT 0 0 1(1.4%) 1(0.9%)
CRT 0 0 4 (5.7%) 4 (3.5%)
Unknown 6 (46.1%) 6(18.7) 23(32.8%) 35 (30.4%)
Positive 2 (15.4) 8 (25) 22 (31.5) 32 (27.8)
p16 Negative 7 (53.8) 14 (43.7) 31 (44.2) 52 (45.3)
Unknown 4(30.8) 10(31.3) 17 (24.3) 31(26.9)

*OP = oropharyngeal tumor, O = oral tumor; **RT = radiotherapy, CRT = chemoradiotherapy, CT =

chemotherapy
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4.1.2 HPV presence in prospectively collected fresh samples

Total of 65 fresh tumor samples have been collected from KBD Dubrava and the DNA isolated
as previously described. After excluding 4 samples as 2 were recurrent tumors and 2 were
not planocellular carcinoma, the total number of patients included in the study was 61. As
with archival samples, most of the patients were older, with median age of 62. Medical
documentation was complete for all samples. Regarding life style habits, data were not
presented in detailed as with the FFPE samples, hence there was only information whether
the patient was smoking (S) or drinking (D), being smoker/drinker (SD) and if the patient
self-declared as a non-smoker and non-drinker (NSND). According to available data most
prospectively enrolled patients in the study have been SD (35 of 61; 57.4%). As with the
archival tumors, most of patients were diagnosed with late stage tumors (45; 73.8%), while
the percentage of grade 1 and 2 were almost equally distributed (37.7% and 41.1%,
respectively), with only 3 patients having tumors of grade 3 (13.1%). In case when the tumor

was inoperable data on tumor grade was missing (5; 8.1%).

All samples tested positive for the B-globin PCR, which served as an internal control for each
sample quality. After confirming DNA was adequate for the next experiments, 4 consensus
PCRs and 1 HPV type-specific PCR have been performed for the detection of HPV DNA
(Figure 19): PGMY, nested GP5/6+ from PGMY amplicon, SPF10, LC and HPV-16 type specific
amplification to detect the presence of HPV type most often found in HNSCC (Table 3).
Results were as follows: out of 61 samples, 5 samples (8.2%) were tested PGMY positive, 12
(19.6%) were GP positive, 5 were (8.2%) were SPF10 positive, 2 were positive to LC (3.3%),
and 5 samples tested positive in HPV-16 PCR (8.2%). Samples corresponding to the positive
control result were considered positive. Only results with no amplification in the negative
control reaction were considered. Positive control used in HPV genotyping was DNA isolated
from HPV-16 positive CaSki cell line. Overall, a sample was considered HPV DNA positive if it
was positive to either of these PCRs; however, samples (n = 14) that showed any
inconsistency in results, were further analyzed using the INNO-LiPA HPV Genotyping Extra
Assay, in order to avoid any misclassifications of the samples (Figure 20). After INNO-LiPA
PCR, the total of HPV DNA positive samples was 14 (23%). Hybridization was successful in all
samples, and results were as follows: out of 14 samples, 9 (64.3%) were tested positive only
for HPV-16 positive, with one being positive for both HPV-16 and HPV-18 types, (7.1%), 2
patients have been positive to HPV-18 (14.3%), while one sample showed weak positivity for
mucosal HPV type of an unknown risk and one was HPV— (7.1% in both cases). HPV-16 type
was most common, being found in 71.4% of samples.

For the HPV-16 E6*I mRNA analysis, only HPV+ samples (n = 14) have been examined (Figure
21). Six samples tested positive for E6*] mMRNA, while 8 expressed only full length E6 mRNA.
E6*1 mRNA analysis results in fresh tumors will be presented in a later chapter in more

details. Based on the HPV DNA and RNA analysis, patients were accordingly categorized in
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the following groups (Table 6): HPV DNA and E6*] mRNA positive; HPV DNA positive, but
negative for E6*I mRNA; while HPV— group contained samples tested negative for both HPV
DNA and E6*I mRNA.

Overall, 14 samples (22.9%) tested positive for HPV DNA, of which 6 (42.9%) were
categorized into HPV DNA and RNA+ and 8 (57.1%) into HPV DNA+ and RNA —. Again, most
were males in all three groups, HPV DNA and RNA +, HPV DNA + RNA — and HPV- (83.4%,
87.5% and 74.5%, respectively). The most prevalent type of cancer within the HPV RNA+
group arose from tonsil (50%), within HPV RNA — from tongue (50%), and in HPV DNA and
RNA — group from gingiva (25.5%). In fresh tumor samples, oral site of tumor was more
prevalent (46; 75.4%), with tumors arising from several sites, gingiva (15; 24.6%), floor of
mouth (12; 19.7%), tongue (10; 16.4%), retromolar area (7; 11.4%) and buccal mucosa (2;
3.3%). In HPV RNA+ group, tumors were equally found in oropharyngeal squamous cell
carcinoma (OPSCC) and oral squamous cell carcinoma (OSCC), with (50% vs. 50%,
respectively), while in HPV RNA — group tumors were more prevalent in oral region, with
25% HPV+ OPSCC and 75% HPV+ OSCC.

In summary, of all 61 patients, after the analysis of HPV status and patients’ biological and
clinical (type of tumor) data, 16 samples were chosen for the NGS testing and 10 for the
methylation analysis. For the validation method of NGS data, RT-qPCR was performed on all
61 samples. HPV results were as follows:

- 12 out of 61 samples (19.6%) used for RT-qPCR tested HPV+; 9 samples were HPV-16
DNA positive, 2 (3.3%) samples tested positive for HPV-18 DNA, and one sample was
positive for both HPV-16 and HPV-18 types.

- 9 out of 16 cancer samples (56.3%) used for NGS analysis were HPV+ (Table 5), and
all samples tested positive for HPV-16 DNA.

- 6 out of 10 (60%) cancer samples used for the WGM analysis were HPV+ (Table 5),
and all samples tested positive for HPV-16 DNA, while 4 samples were HPV—.

- 2 out of 4 (50%) cancer samples used for the pyrosequencing (Table 10) were HPV+
and have been positive to HPV-16.

Of all the control samples used as a reference sample in methylome and miRnome analysis,

results were as follows:

Three appropriate non-malignant tonsil tissue samples have been used as a control for NGS and
RT-gPCR analysis (Table 7). All samples tested negative for the presence of HPV DNA, and were
similar to tumor samples in terms of age and the type of tissue. High prevalence of HPV
associated samples was in fact found in tonsils, and occurred in adults (50-70y in HPV— group and
30-50 y in HPV+ group). All 3 samples were collected from healthy 59 years old adults surgically

operated for non-malignant reasons.
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Six fresh swabs from healthy oral mucosa have been chosen as control for the methylation
analysis (Table 9), based on the HPV status and biological characteristics. None of the samples
tested positive for the presence of HPV DNA. HPV presence was assessed in control samples in

the same manner as with fresh tumor HNSCC. Median age of subjects was 43.5 years.

450 bp, PGMY consensus (e e — e
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Figure 19. HPV DNA detection in fresh HNSCC samples. Representative PCRs using A) PGMY
and B-globin and B) SPF10 primers. A: + = positive control; lanes 1-6: fresh tumor samples; -
= negative control; amplified mucosal consensus PGMY is ~450 bp, and internal control
B-globin amplicon is 268 bp; B: + = positive control; lanes 1-18: fresh tumor samples; - =
negative control. SPF amplicon is ~65 bp.
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Figure 20. HPV genotyping in fresh samples using INNO-LiPA HPV Genotyping Extra Assay.
Lanes 1-14 represent HNSCC fresh samples, lane 15 is a positive control strip, and lane 16
represents negative control strip. First and last lanes represent marker lanes, provided to

decipher HPV genotype according to the hybridization pattern.
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Table 6. Patient characteristics of the study population for fresh cancer samples

HPV HPV
Variable DNA+RNA+  DNA+RNA— HPV= Total
n=6(%) n=28(%) n =47 (%) n =61 (%)
Gender M 5(83.4) 7 (87.5) 35 (74.5) 47 (77.1)
F 1(16.6) 1(12.5) 12 (25.5) 14 (22.9)
Base/tongue 0 1(12.5) 6(12.8) 7 (11.5)
opP Tonsil 3 (50) 1(12.5) 2(4.3) 6(9.8)
OP wall 0 0 2(4.3) 2(3.3)
Tumor Gingiva 1(16.67) 2 (25) 12 (25.5) 15 (24.6)
Location* Mouth/floor 1(16.67) 0 11 (23.4) 12 (19.7)
0 Tongue 0 4 (50) 6(12.7) 10 (16.4)
Retromolar 1(16.66) 0 6(12.7) 7 (11.4)
Buccal 0 0 2(4.3) 2(3.3)
mucosa
<45y 1(16.6) 1(12.5) 0 2(33)
ngegroup 256 2(33.4) 4 (50) 26 (55.4) 32 (52.4)
>65y 3 (50) 3(37.5) 21 (44.6) 27 (44.3)
Median 62.5 59 62 62
Life** NSND 2(33.4) 3(37.5) 17 (36.1) 22 (36)
style S 0 1(12.5) 3(6.3) 4 (6.6)
factors D 4 (66.6) 4 (50) 27 (57.4) 35 (57.4)
1 1(16.6) 1(12.5) 4(8.5) 6(9.8)
2 0 2 (25) 16 (34) 18 (29.5)
::a“;:’ T 3 0 3(37.5) 12 (25.6) 15 (24.6)
S 4 5(83.4) 2 (25) 15(31.9) 22 (36)
0 2(33.3) 4 (50) 21 (44.7) 27 (44.3)
" 1 2(33.3) 1(12.5) 14 (29.8) 17 (27.9)
2 2(33.4) 2 (25) 7 (14.9) 11 (18)
3 0 1(12.5) 5 (10.6) 6(9.8)
| 0 0 2(42) 2(33)
Early
overall I 0 2 (25) 12 (25.6) 14 (22.9)
ctage i 1(16.6) 1(12.5) 12 (25.6) 14 (22.9)
late  IVa 5(83.4) 4 (50) 16 (34) 25 (41.1)
IVb 0 1(12.5) 5 (10.6) 6(9.8)
Tumor 1 0 4 (50) 19 (40.4) 23(37.7)
2 4 (66.6) 2 (25) 19 (40.4) 25 (41.1)
grade 3 1(16.7) 2 (25) 5 (10.6) 8(13.1)
Unknown 1(16.7) 0 4 (8.6) 5(8.1)

*NSNS = no smoking, no drinking; S = smoking; SD = smoking and drinking; **OP = oropharyngeal tumor; O = oral tumor

4.2 Oncogene expression in HPV-positive HNSCC

HPV transcriptional activity was determined by the expression of the most prevalent spliced
form E6*| of the oncogenic E6 mMRNA encoded by the HPV-16 type. We chose to asses
HPV-16 spliced E6 mRNA as HPV-16 predominates in HNSCC accounting for more than 80%
cases (Taberna et al. 2017). Using primers for the E6*| mRNA, PCR was performed on only
HPV DNA positive samples and the results are presented in Figures 21 and 23 for archival
samples and fresh samples, respectively. Samples containing spliced E6*I mRNA form
resulted in PCR amplification of approximately 86 bp amplicon, while samples that contained
unspliced (full length) HPV-16 E6 mRNA had approximately 248 bp amplicon.
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4.2.1 E6 mRNA in FFPE HNSCC samples

All HNSCC samples that have been positive for HPV DNA (n = 45), except of the two recurrent
tumors, have been included in the E6 mRNA analysis, which makes 43 samples in total. RNA
was extracted and successfully converted to cDNA. Figure 21A, shows the detection of
amplified B-actin gene, which served as the quality control of the RT reaction. From 43
samples, only one sample tested negative for the B-actin gene. That sample was the sample
containing a small portion of tumor tissue and low RNA concentration and was excluded
from further analysis. In Figure 21B are shown samples expressing the spliced E6*| form, full
length and both forms.

A l B +1 2 3456 -

| E6 mRNA full lenght —> an

B actin > DS —— E6'l —> == —_

Figure 21. HPV activity analysis. Representative PCRs using A) amplified B-actin gene which
served as a quality control of cDNA. + = positive control, lanes 1-3 = selected tumor FFPE
samples, — = negative control. PCR product of B-actin gene is 99 bp. B) PCR product of the E6
mMRNA (full length) and E6*] (spliced) amplified from HPV+ patients’ cDNA. + = positive
control, lanes 1-6 = selected tumor FFPE samples, — = negative control

Transcriptionally active HPV is associated with 11.3% (13 out of 115), while inactive HPV is
associated with 27.8% (32 out of 115) archival HNSCC samples. Examination of different
forms of HPV RNA (full length and E6*1) in tumors showed increased number of samples with
E6 expression in relation to tumor grade, but without any statistical significance (Chi-Square,
P = 0.564). (Figure 22). When analyzing correlation of the tumor stage with the total HPV
status, there was a weak positive correlation between the presence of the spliced E6*|
mRNA and the tumor stage, but without statistical significance (r = 0.24; Chi-Square, P =
0.818). When analyzing the correlation with smoking and drinking habits, there was no linear
relationship between the two variables (r = 0.01). Furthermore, there is no statistical

correlation between the age of patients and the HPV activity, with r = -0.12 (data not shown).
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Figure 22. Percentage of the full length E6*1 spliced variant and both forms in HPV+ FFPE
samples depending on the HNSCC grade

4.2.2 E6 mRNA in freshly collected HNSCC samples

From a total of 14 HPV DNA positive samples, 2 samples were HPV-18 positive, and thus
were not included in the HPV-16 E6*| analysis, leaving 12 samples in total. All 12 samples
that were positive for HPV-16 have been reverse transcribed and analyzed for the HPV-16
E6*1 mRNA presence (Figure 23). Six samples tested positive for spliced E6*I, while others
had full length E6 mRNA amplified in the PCR, hence, in fresh cancer samples, active HPV
was found in 9.8% (6 out of 61), while inactive HPV was associated with 13.1% (8 out of 61)
HNSCC.

M. + 1)234 e e O] (s N

- -
- -

E - — - —— 248 bp, E6 full length

P , ) e :
Ceme e o e e S
L . 4

¢

Figure 23. E6 mRNA (full length) and E6*I spliced form, amplified from HPV+ fresh cDNA. M
= GelPilot50 marker (Qiagen, USA); + = positive control; lanes 1-13 = fresh tumor samples; —

= negative control.
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4.3 Survival analysis

Overall, HPV analysis (HPV DNA presence and oncogene expression analysis) in HNSCC (both
archival and fresh cancer samples) in the Croatian population provided an important data on
cancer characteristics in our setting. The characteristics for overall FFPE and fresh tumor
samples are as follows: majority of patients were males (83.5% and 76.6%, respectively), and
most of the patients were treated for advanced stage disease (78 and 75%). On average, the
patients were older in both set of samples, regardless of HPV positivity, hence in the FFPE
setting, median age was 59y (24-91y), while in fresh setting 62y (31-85y). After comparison
of the three groups regarding the HPV status, there was no statistical difference in terms of
gender (Chi-square, P =0.99 in FFPE and P = 0.94 in fresh tumors) and age (t-test, P = 0.89 in
FFPE, P = 0.74 in fresh) between the three groups of patients (HPV DNA and RNA+, HPV
DNA+ RNA— and HPV DNA-) in both archival and fresh set of samples. Most of the patients
were smokers and drinkers, with an overall history of smoking for FFPE 24.3% and for fresh
57.4%, while 33% of archival samples stated heavily and occasionally alcohol consume, and

57.4% report drinking on daily base in fresh setting.

When comparing life style habits in the groups based on HPV status, results were as follows:
in archival samples, out of 13 HPV+ samples, there were no heavy drinkers and one was an
active smoker (7.7%) with only 3 (23%) nonsmokers and 2 (15%) drinkers. In addition, within
the 32 HPV transcriptionally inactive samples, there were 9 (28.2%) active smokers and 6
(19%) nonsmokers, while 3 (9%) heavy drinkers and 7 (22%) nondrinkers. Out of 70 HPV—
samples, 18 (26%) patients have been declared as active smokers, and only 6 (8%)
nonsmokers, while 6 (8%) heavy drinkers and 7 (10%) non-drinkers. As presented in Table 5,
overall the most common type of therapy in the FFPE subset was the modality of surgery and
radiotherapy (24.3%), followed by surgery only (23.5%) and surgery with the addition of
chemo- and radiotherapy (12.2%). Within patients with inoperable cancer, 5.2 % patients
have been treated with radiotherapy only, 3.5% with the combination of both chemo- and
radiotherapy, while only 1 patient (0.9%) was treated with chemotherapy only.

After comparing cancer samples in the Croatian population based on patients’ biological,
socioepidemiological, clinical and histopathological characteristics, we aimed to analyze

overall survival analysis in both settings.

4.3.1 Survival analysis on archival FFPE samples

Not all HNSCC cases were suitable for the survival analysis. Overall, 2 HPV+ and 7 HPV—
samples have been excluded, due to samples being recurrent tumors, while for 9 samples
the patient’s follow-up data was unavailable. In addition, 5 samples have been excluded from
survival analysis due to receiving only palliative treatment. Furthermore, the disease specific

mortality data was absent. Thus, all-cause mortality outcomes were assessed for a total of 92
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patients. Median follow-up for up to December 31st, 2017 was 23.83 months, and overall
5-year survival was 32.0%. Kaplan-Meyer survival curves are presented in Figures 24-26
according to patients’ biological characteristics, clinical parameters, type of therapy and two
different tumor staging approaches. Moreover, samples have been classified using combined
risk level model (Ang et al. 2010), which takes into account different patient aspects, as
suggested by Ang et al. (2010). The original method included classification by HPV status,
smoking and T and N stages for HPV+ and HPV— tumor samples, respectively. In this study,
smoking was disregarded for grouping patients according to risk factors, due to high

proportion of missing data (53.1% unknown smoking history).

Evidently, gender and alcohol consumption does not seem to influence survival (P = 0.25 and
P = 0.096, respectively). Only two variables (Figure 24) which seems to influence overall
survival are the age at the time of diagnosis and smoking history; however, the difference
was not significant (P = 0.12 and P = 0.50, respectively). Surprisingly, HPV status and p16
have no influence on survival. HPV-positive and HPV-negative patients, regardless of the
method for the HPV detection (DNA, RNA or p16) had very similar survival (P =0.522 and P =
0.641, respectively).
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Figure 24. Overall survival (in months) of HNSCC patients based on gender, age group, life

style habits (smoking history and alcohol use), HPV positivity and p16 data.
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Furthermore, of clinical parameters (Figure 25), it is evident that N stage significantly
affected the overall survival (P = 0.05), while T stage had no significan effect on survival (P =
0.115). In addition, for more accurate calculations, the survival rate of patients based on 7t
and the most recent 8" edition of AJCC and the UICC cancer staging was compared. After
applying the 8" edition, where staging of HPV+ cancers is less severe, the difference in
survival between the different tumor stages is more evident. Nevertheless, those tumors
with late stage (Il and IV) had worse survival than those with early stage (I and Il) in both

cases, and the difference was significant after applying both staging editions (P = 0.011 and P
= 0.009, respectively).
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Figure 25. Overall survival (in months) of HNSCC patients based on the T and N stage, 7"

edition and 8™ edition of tumor staging
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After analyzing the tumor grade and the type of therapy (Figure 26), it is evident that tumor
grade had no influence on survival (P = 0.707), while therapy was significantly affecting
overall survival of HNSCC patients (P = 0.046). Moreover, classifying patients based on the

combined risk level has reached statistical significance (HPV status and T/N stage; P =
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Figure 26. Overall survival (in months) of HNSCC patients based on the tumor grade, type of
therapy and combined risk level (HPV status and T/N stage)
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4.3.2 Survival analysis on fresh samples

As with the retrospective survival analysis of FFPE, not all fresh tumor samples were suitable
for the overall survival analysis. For survival analysis, 8 patients with recurrent tumors have
been excluded, leaving a total number of 53 included patients with oral and oropharyngeal
cancer, that have been diagnosed between 2015 and 2018. As already mentioned, patients’
survival time in months was calculated from the date of earliest diagnosis to registered time
of death (all causes of death) or last registered follow-up. Kaplan-Meyer survival curves are
presented in Figures 27-29 according to patients’ biological characteristics, clinical tumor
parameters, tumor staging and combined risk level. Since samples have been collected from
the Clinic of maxillofacial surgery of the Clinical Hospital Dubrava, medical records of other
types of therapy (besides surgery) were not available. Also, for patients with overly large
tumor proportions, tumors were inoperable and adequate only for radiotherapy, hence,
pathological data were missing, and only clinical TNM status was used. For the tumor staging,
the 7" edition of AJCC was used. In addition, there was no data on p16 positivity, therefore

survival analysis based on the type of therapy and p16 positivity was done.

After assessing survival of patients based on patients’ biological characteristics (Figure 27),
there was an indication that survival might be affected by gender and age group, however,
statistical significance was not reached (P = 0.456, P = 0.139, respectively). In addition,
among 5 deceased patients, there was only 1 patient who was younger than 45 years, hence
influencing survival curves. Regarding life style history (smoking and alcohol intake), there
was no missing data, however, the data were less informative, giving the only basic
information if patient is smoking or drinking or not. Detailed smoking or drinking history was
unavailable i.e. how long the patients smoked/consumed alcohol, how many packages of
cigarettes per day, what sort of alcoholic beverages have been consumed, or if the patients
are former smokers/drinkers. After the analysis, patients who smoked and consumed alcohol
showed better survival, than those who were declared as non-smokers and non-drinkers, but

there was no statistical significance (P = 0.258, P = 0.444, respectively).
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Figure 27. Overall survival (in months) of HNSCC patients based on gender, age group, and

life style habits (smoking history and alcohol use).

Histopathological data on tumor grade, T, N, M status and information on tumor invasion
were obtained and survival analysis based on those parameters have been performed. Figure
28 represents survival based on HPV positivity (HPV DNA and HPV RNA testing), tumor grade
and T, N status. Even though survival curves might indicate that HPV status (P = 0.294), tumor
grade (P = 0.576) and T status (P = 0.156) influence patients’ survival, statistical significance
was reached only for the influence of N status (P = 0.005) on survival.
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Figure 28. Overall survival (in months) of HNSCC patients based on the HPV positivity,

tumor grade, T and N stage.

As with the archival samples, fresh tumor samples have been classified into high,
intermediate or low risk tumors, based on HPV status, smoking history and T and N stages
(combined risk level (Ang et al. 2010). Since there was no missing data on patients’ smoking
habits, smoking was also included according to the original classification. However, after
assessing survival based on the tumor stage, tumor invasion and risk of death, analysis
showed no statistical significance (P = 0.474, P =0.168, P = 0.116, respectively).
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Figure 29. Overall survival (in months) of HNSCC patients based on the 7*" edition of

staging, tumor invasion and combined risk level (HPV status, smoking history and T/N stage)

4.4 Epigenetic changes in HNSCC and control samples

Epigenetic modification studies have been performed on fresh samples solely due to the
suboptimal nucleic acid quality after formalin fixation in FFPE tissues. A total of 61 fresh
oral/oropharyngeal HNSCC samples, in addition with 3 oropharyngeal cancers from tonsils,
provided from dr. Ruth Tachezy (Czech Republic) have been included in the miRNA profiling
and have been compared to 3 normal controls (nonmalignant tonsils).

A total of 10 HNSCC and 6 buccal swabs from healthy adults have been included in the
whole-methylation profiling. A total of 16 HNSCC samples have been used in pyrosequencing

experiment. Results are presented in the following sections.
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4.4.1 MicroRNA profiles in HNSCC and control samples

Characteristics of all samples included in the miRNA analysis are presented in Table 7. In total,
together with 61 prospectively collected fresh HNSCC samples from KBD Dubrava, Zagreb,
total number of samples adequate for miRNA profiling was 64. Quality of the RNA isolated
from samples was assessed on an agarose gel electrophoresis (Figure 30) and on Agilent
2100 Bioanalyzer (Figure 31).

Table 7. Characteristic of fresh HNSCC and normal controls included in NGS study of miRs

NGS Index Sample Gender Age Tumor Tumor Sm.oki.ng/
Group (years) stage grade Drinking
1 O+ M 59 IVa 2 1
2 0O- M 61 I 2 1
3 OP+ M 66 IVa 2 1
4 OP+ F 32 1" ? 0
5 O- M 66 IVa 2 1
6 0O- M 61 1" 2 1
7 OP- M 53 IVb / 1
8 0O- M 52 I 2 1
9 O- M 53 IVc 1 1
10 OP- F 55 1" 1 1
11 O+ M 31 IVa 1 0
12 OP- M 56 IVa 2 1
13 0O- M 56 1" 1 1
14 OP+ M 64 IVb 2 1
15 O+ M 69 IVa 3 1
16 OP- F 57 IVa 2 1
17 N F 59 0 0 1
18 N F 59 0 0 1
19 N F 59 0 0 1
20 OP+ F 73 IVb 2 0
21 OP+ M 59 IVb 2 1
22 OP+ M 55 IVa 3 1
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Figure 30. Agarose gel electrophoresis of the RNA isolated from fresh tumor samples. RNA
from 9 HNSCC fresh tumors was visualized on a 1% agarose gel. M = DNA Molecular Weight
Marker IX (Roche Diagnostics; Germany); lanes 1-6 = RNA isolated from 6 selected tumor

samples.

Expected RNA peaks, as shown in Figure 31A are also visible in our representative sample
(Figure 31B), which shows very high quality of the extracted RNA, with RIN number of 8.80.
As expected, visible peaks come from miRNAs, 18s rRNA and 28s rRNA.

Briefly, total RNA was ligated with RNA adapters on both 5" and 3’ ends that enable further
amplification of tagged molecules with specific primers. After following the manufacturer’s
instructions in the process of miR library generation, specific miR band (together with
adapters approximately 150 bp in size) were cut out from the gel and purified, and the
quality of DNA from amplified miR libraries was also assessed on Agilent 2100 Bioanalyzer
(Figure 32). Electropherograms of the generated DNA libraries showed specific miRNA peaks
and the data were presented qualitatively and quantitatively, which was necessary in order
to prepare dilutions for further NGS analysis. To analyze miRNA differences in expression
profiles, a total of 22 next generation sequencing libraries were made from: 6 HPV+ (DNA
and RNA) and 4 HPV- oropharyngeal (OP+ and OP—) cancer samples; 3 HPV+ (DNA and RNA)
and 6 HPV— oral cancer samples (O+ and O—); and 3 normal tonsil tissue samples. Complete

sample annotation table is provided Table 7.
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Figure 31. Total RNA analysis performed on the Agilent 2100 Bioanalyzer.
A) Specific RNA peaks (NORGEN 2018); B) Electropherogram of the RNA extracted from fresh
HNSCC tissue; C) Chip electrophoresis of the RNA extracted from 12 HNSCC samples.

After miRNA libraries quality and quantity control, NGS experiment was performed on
NextGen 500 machine. The run data was accessed through Basespace platform (lllumina,
USA). Results were of high quality: the sequencing run generated approximately 110 million
reads that passed quality control (QC) filter. A total of 96.4% bases had a score of Q30 or
higher. Raw sequence reads were trimmed of remaining adapter sequences using the FastQC
app on the Basespace platform, while preliminary statistical analysis was performed with the
SmallRNA app, which was used to obtain alignments, counts, normalized counts and to
perform initial DESeq2 differential expression analysis. Raw sequencing read data was

deposited to the ArrayExpress (www.ebi.ac.uk/arrayexpress) under accession number

E-MTAB-7030. Subsequently, count data was imported to the R software and analyzed using
the DESeq2 package to obtain customized plots. Oropharyngeal HPV+ (OP+) samples, oral
HPV+ (O+), oropharyngeal HPV— (OP—) and oral HPV— (O-) tissues have been analyzed for
the differential expression in comparison to normal control non-malignant tissue. As shown
in Figure 33, most of the sequenced reads arise from small RNAs that are ~22 bp in size, with

miRNAs being mostly sequenced in each sample. This analysis also revealed high percentage
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of sequenced isomiRs. Sample distance and PCA plots indicated that one sample behaved as
outliers and have been excluded from subsequent analysis.
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Figure 32. DNA from generated miR libraries analyzed on the Agilent 2100 Bioanalyzer. A)
Electrophoresis of the generated DNA libraries from 10 samples;
B) Electropherograms of the generated DNA libraries shown on two samples.

Final analysis revealed 552 different unique miRNA sequences with adjusted P value < 0.05,
which were significantly deregulated in 1119 comparisons of all four sample groups. Several
most significantly relevant miRs that have been deregulated in cancer vs. normal are
presented in Table 8. However, of the 552 unique sequences only 108 fully corresponded to

the mature miRNA sequences, while the rest were corresponding to isomiRs (Figure 33),
either with sequence mismatches or with slightly different sizes.
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Figure 33. Preliminary quality control statistics of NGS results. A) Small RNA length
distribution; B) Hits by category; C) miRNA hits by category.

Based on the final results of miR profiling, samples did not form distinguishing clusters on
heatmap (Figure 34A) or the principal component analysis (PCA) plots (Figure 34B), however,
clear separation of normal control samples is evident. In addition, after analyzing
oropharyngeal cancer samples vs. control samples (Figures 35A, 35B), and oral cancer vs.
controls separately (Figures 35C, 35D), relevant subgroups become slightly more separated
on the same heatmap and PCA plots, but more efficiently in oropharynx. In this way miR
profiling could separate HPV+ and HPV— cancer tissues at least in oropharyngeal cancer.
Comparison of the significantly deregulated miRs in each sample subgroup have been
performed using Venny 2.1 tool (Figure 36). Of all significantly deregulated miRNAs only 77
were specific to oropharyngeal HPV+ samples, while 3 shared with HPV+ oral cancer group.
However, of those 80 significantly deregulated miRNAs, found in HPV+ tumors, only 16
corresponded to mature miRNAs (miR-9-5p, 25-5p, -29a-3p, -29b-3p, -34a-5p, -93-5p,
106b-5p, -133a-5p, -133a-3p, -139-5p, -140-5p, -147b, -208b-3p, 210-5p, 328-3p, -1307-3p)
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while the rest corresponded to different isomiRs of 42 individual miRNAs.

Table 8. Subset of differentially expressed miRs in HNSCC samples vs. normal controls

miR ID FC P value
miR-9-5p 9.051 0.0002
miR-27b-5p 5.398 0.0020
miR-26b-5p -1.961 0.0001
miR-25-5p 9.031 0.0008
miR-96-5p 6.704 0.0002
miR-31-5p 8.164 0.0004
miR-29¢-3p -2.532 0.0072
miR-29a-3p -2.021 0.0079
miR-222-3p 2.846 0.0046
miR-221-3p 4.031 0.0196
miR-21-3p 9.563 0.0000
miR-191-5p 1.706 0.0268
miR-187-3p 6.900 0.0076
miR-151a-3p 2.697 0.0107
miR-143-3p -2.810 0.0237
miR-145-5p -4.179 0.0076

miR-100-5p -3.274 0.0006
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Figure 34. Clustering of the study population on heatmap (A) and PCA (B). SCC = squamous

cell carcinoma; N = control normal (non-malignant tonsil samples); O— = oral HPV-negative

cancer samples; O+ = oral HPV-positive cancer samples; OP— = oropharyngeal HPV-negative

cancer samples; OP+ = oropharyngeal HPV-positive cancer samples.
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Figure 35. Clustering of the samples divided into oropharyngeal (OP) and oral (O)
subgroups (panels AB, and CD) using heatmap (A & C) and PCA (B & D) plots. SCC =

squamous cell carcinoma; N = control normal (non-malignant tonsil samples); OP- =

oropharyngeal HPV-negative cancer samples; OP+ = oropharyngeal HPV-positive cancer

samples; O— = oral HPV-negative cancer samples; O+ = oral HPV-positive cancer samples
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Figure 36. Venn diagram of significantly differentially deregulated miRNA sequences across
sample groups. OP+ = oropharyngeal HPV-positive cancer samples; OP- = oropharyngeal
HPV-negative cancer samples; O+ = oral HPV-positive cancer samples; and O- = oral

HPV-negative cancer samples.

For technical validation of the miRNA identified in NGS sequencing, we have chosen several
miRNAs widely known to be deregulated in cancer (two upregulated miR-21-3p, miR-31-5p
and one downregulated miR-100-5p) as well as less studied miRs (upregulated miR-9-5p,
-27a-5p, -34a-5p, -222-3p and downregulated miR-143-3p, -145-5p, -218-5p). The average Ct
values of the three miRs (miR-16-5p, -191-5p and -181a-5p) were considered as the
reference for the fold change calculations. Specific miRNAs with potential implications in
HPV+ HNSCC have been selected and their levels of expression assessed in the whole set of
clinical samples. The following miRNAs were chosen: miR-9-5p, -29a-3p, -100-5p, -106b-5p,
-143-3p, -145-5p and -199b-5p. Furthermore, globally relevant miR-21 was included in the
analysis as an internal control, since miR-21 is widely identified as an oncogene miRNA,
hence it is overly expressed in almost all cancer types. Same referent miRS were used as
before. The analysis confirmed NGS results in the oropharyngeal HPV+ subset for mir-9 (P =
0.0015), mir-21 (P<0.0001), miR-100 (P = 0.0026), miR-144 (P = 0.047), miR-145 (P = 0.0048)
and miR-199b (P = 0.048) (Figure 37). However, miR-29a (P = 0.065) and miR-106b (P = 0.902)

were not identified as significant in the complete pool of samples.
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Figure 37. gRT-PCR analysis of the selected miRNAs in all clinical samples. OP+ =
oropharyngeal HPV-positive cancer samples; OP— = oropharyngeal HPV-negative cancer
samples; Oral+ = oral HPV-positive cancer samples; and Oral — = oral HPV-negative cancer
samples. Horizontal referent line is set at fold change 1 and indicates relative expression of
the normal tissue (used as control). Median, interquartile range and extreme values are

plotted as box and whisker plots, while outliers are indicated as individual markers.

4.4.2 DNA methylation in HNSCC and control samples

Characteristics of samples included in genome-wide methylation analysis are presented in
Table 9. Samples were categorized in old (>50 years) or young age group, and according to
HPV status in three groups as already described. Samples positive for HPV DNA and E6*| are
noted as 2, those positive for HPV DNA but E6*| negative as 1 and those negative for both
HPV DNA and RNA were classified as 0. Median years is 56.5y, while the average is 51y (27 to
73). Most were males (11; 68.8%), and old group was predominant with 11 samples (68.8%).
Prior the genome-wide methylation analysis and pyrosequencing, bisulfite conversion has
been tested using MSP amplifying unmethylated hTERT1 gene (Dessain et al. 2000) and
methylated SIGLEC12 (Milutin Gasperov et al. 2014), respectively, as presented in Figure
38A-B. All samples that tested positive for hTERT1 unmethylated and SIGLEC12 methylated

gene were considered suitable for further analysis.
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Table 9. Characteristics of samples selected for the WGM analysis.

Sample ID Sample  Gender Age Age Location HPV**

group years group*® status
Cc1 cancer M 59 old oral 2
C2 cancer M 31 young oral 1
C3 cancer M 66 old oropharyngeal 2
c4 cancer F 32 young oropharyngeal 2
C5 cancer M 73 old oral 2
Ccé6 cancer M 61 old oral 0
Cc7 cancer F 55 old oropharyngeal 0
Cc8 cancer M 56 old oral 0
Cc9 cancer M 64 old oropharyngeal 1
C10 cancer M 61 old oral 0
N11 normal M 53 old oral 0
N12 normal F 29 young oral 0
N13 normal F 57 old oral 0
N14 normal M 58 old oral 0
N15 normal F 34 young oral 0
N16 normal M 27 young oral 0

*Those with age below 50 years have been classified into young age group; **HPV status: 0 = HPV-negative, 1 =

HPV DNA positive, 2 = HPV DNA and RNA positive

P

9 10 11 12 13 14 15 16 -

o

Figure 38. Methyl specific PCR of bisulfite converted DNA served as a quality control from

A) 16 samples used in whole-genome methylation analysis, h"TERT1 amplicon of 260 bp; M =

gel pilot 100 bp marker (Qiagen, USA); / = empty well, 1-10 = cancer samples, 11-16 = normal

controls, — = negative control, and B) 8 samples used in pyrosequencing analysis,

SIGLEC12-M amplicon of 117 bp; 1 = methylated control, 2-5 = normal controls, 6-9 = cancer

samples, — = negative control
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4.4.2.1 Whole genome DNA methylation profiling

Methylome of the cancer samples and normal control samples has been compared and
analyzed with the RNBeads software (v 1.2.2.). Findings of DNA methylation profiling are
presented in Figures 39-41 and Tables 10 and 11. After excluding 2 cancer samples and 1
normal sample, due to unreliable data as determined by preliminary processing and the
quality control steps, total number of samples that qualified for the main analysis was 13.
Out of ~ 900,000 total probes used in the array Greedycut algorithm of the RNBeads package
found and excluded 49,432 unreliable probes, leaving a total number of probes to 867,926.
Final analysis included 22,360,170 reliable measurements. In addition to the CpG sites, there
were four sets of genomic covered region: (i) genome tiling regions, which covered 237,795
regions in a dataset, (ii) Ensembl genes (Ensembl Genes 75), which covered 33,658 regions,
(iii) promoter regions of Ensembl genes (version Ensembl Genes 75), which covered 42,890
and (iv) CpG island track of the UCSC Genome browser, that covered 25,766 regions in a
dataset. Differential methylation analysis was conducted on site and region level according to
the sample groups specified in the analysis, and it confirmed 120,901 differentially
methylated sites in cancer vs. normal. Differential methylation measure (FDR) was adjusted
to P value < 0.05.

Scatter plot in Figure 39 is showing a good grouping of samples with the cancer samples
separating at one side and normal samples on the other. Samples showed clustering based
on the methylation pattern also on heatmap (Figure 40), but after selecting sites and regions
with the highest variance across all samples, the difference in methylation pattern between
the two groups is more obvious (Figure 41). The most significantly methylation differentiated
gene promoters between two groups of samples, according to AB-value are indicated in
Table 10 (hypermethylated gene promoters in cancer samples vs. normal samples) and Table
11 (hypomethylated gene promoters in cancer samples vs. normal samples). Total number of
CpGs within specific gene promoter that have been analyzed in the WGM analysis and total
number of CpGs within the gene promoter region are also presented in Tables 10 and 11. In
both cases of hyper- and hypomethylated genes in cancer, DNA methylation difference (AB)
higher than |0.459| was considered statistically relevant, and those genes were presented.
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Table 10. Hypermethylated gene promoter regions in cancer tissues compared with normal

tissues
No. of No. of )
. Adjusted
Gene o analyzed CpGs in
Description . AB P fdr
name CpGsin promoter
) value
WGM region
G Protein-Coupled Receptor
GPRC5D 1 32 0.775845 6.49E-07
Class C Group 5 Member D
Transmembrane Protease,
TMPRSS11B 2 14 0.756323 2.04E-08
Serine 11B
Protein Inhibitor Of
PIAS2 1 18 0.664443 1.22E-06
Activated STAT 2
ARG1 Arginase 1 2 14 0.639505 2.50E-07
SRPK2 SRSF Protein Kinase 2 1 26 0.621438 1.30E-06
Arylacetamide Deacetylase
AADACL2 1 7 0.588406 7.38E-07
Like 2
RANBP2-Like And GRIP
RGPD4 1 96 0.575957 4.71E-06
Domain Containing 4
SPRR3 Small Proline Rich Protein 3 4 15 0.529901 2.44E-07
Delta 4-Desaturase,
DEGS1 2 42 0.494578 2.04E-08
Sphingolipid 1
FBX02 F-Box Protein 2 1 46 0.459531 0.000236
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Table 11. Hypomethylated gene promoter regions in cancer tissues compared with normal

tissues
No. of No. of )
. Adjusted
Gene o analyzed CpGsin
Description ] AB P fdr
name CpGsin promoter
. value
WGM region
TRBC2 T-Cell Receptor Beta Constant 2 1 25 -0.79652 2.48E-07
DGAT2 Diacylglycerol O-Acyltransferase 2 1 14 -0.69618 2.48E-07
ALG1,
ALGIL Chitobiosyldiphosphodolichol 1 37 -0.69448 3.29E-05
Beta-Mannosyltransferase Like
PDE4D Phosphodiesterase 4D 1 10 -0.68484 1.06E-05
TRDC T-Cell Receptor Delta Constant 1 17 -0.67205 1.46E-05
Dnal Heat Shock Protein Family
DNAJC6 (Hsp40) 1 9 -0.6704 1.63E-06
Member C6
Immunoglobulin Kappa Variable
IGKV3-20 2 13 -0.66367 1.71E-05
3-20
TMEM150B Transmembrane Protein 1508 1 54 -0.65928 8.13E-05
Leukocyte Associated
LAIR2 1 36 -0.64482 1.81E-05
Immunoglobulin Like Receptor 2
UBQLN3 Ubiquilin 3 4 9 -0.64015 2.57E-06
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Figure 39. Scatter plot showing samples after performing Kruskal's non-metric
multidimensional scaling
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Figure 40. Hierarchical clustering of samples based on all methylation values. The heatmap
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Figure 41. Hierarchical clustering of samples based on all methylation values. The heatmap

displays only selected sites/regions with the highest variance across all samples.

4.4.2.2 Validation of potential DNA methylation biomarkers

Validation of whole genome methylation data was performed on the same set of samples
(Table 9) that have been analyzed in Infinium MethylationEPIC BeadChip Array (lllumina,
USA). Of 13 samples that passed the quality control filter of RnBeads analysis, 4 cancer
samples and 1 normal control have been excluded due to insufficient amount of DNA
necessary for the bisulfite conversion, leaving a total of 4 cancer samples and 4 normal
controls for pyrosequencing analysis. All selected samples have been successfully bisulfite

converted and prepared for pyrosequencing (Figure 38B)

A total of 10 top hypermethylated genes found in cancer, Small Proline Rich Protein 3
(SPRR3; AP = 0.529) and F-Box Protein 2 (FBXO2; AB = 0.459) have been chosen for
pyrosequencing validation. In the same way, of total 10 top hypomethylated genes found in
cancer, T-Cell Receptor Delta Constant (TRDC; AB = -0.672) and Leukocyte Associated
Immunoglobulin Like Receptor 2 (LAIR2; AP = -0.644) have been chosen for pyrosequencing
validation.

The selection criteria included the role of the genes in biological processes and the number
of previous studies that investigated those genes. Specific primers used in pyrosequencing
experiment, which have been designed in the PyroMark Assay Design software are presented
in Table 4. Primers were chosen based on the inclusion and exclusion criteria that were
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already mentioned in the Material and methods section. The quality score was above 70 for
all primers, except for TRDC-2, where the score was 68. Six amplifying PCR reactions
(SPRR3-1, SPRR3-2, TRDC-1, TRDC-2, LAIR2-1, LAIR2-2, FBXO2-1) with 6 sequencing primers
have been performed to cover 4 CpG sites for gene SPRR3, 2 CpG for TRDC, 5 for LAIR2 and 4
CpG for FBXO2. After confirming successful PCR amplification (Figure 42), PCR amplicons
were ready for the pyrosequencing. Results are presented in Figures 43 and 44.

e ) : ; -
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Figure 42. PyroMark PCR amplicons of genes A) SPRR3, B) FBXO2, C) TRDC and D) LAIR2
amplified for the analysis by pyrosequencing. M = GelPilot 50 bp marker, lanes 1-4 = normal
controls, lanes 5-8 = cancer samples, lane 9 = unmethylated control, lane 10 = methylated

control, —= negative control

As presented in Figures 43 and 44, pyrosequencing results confirmed WGM analysis.
Unfortunately, due to low number of samples included in the pyrosequencing validation,
statistical significance was only reached between cancer and controls in 1% and 3™ CpG
islands of the SPRR3 gene (P = 0.01 in both cases) and 1** CpG of the FBXO2 (P = 0.01) gene.
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Figure 43. Methylation of average and specific CpG sites in the promoters of

hypermethylated genes SPRR3 and FBX0O2, analyzed by pyrosequencing.
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Figure 44. Methylation of average and specific CpG sites in the promoters of
hypomethylated genes TRDC and LAIR2, analyzed by pyrosequencing.

4.4.3 Key epigenetic changes in HNSCC

4.4.3.1 Epigenetically affected genes in HNSCC

Firstly, miRs that were statistically deregulated in cancer and validated by gRT-PCR
(hsa-miR-9, -21, -29a, -100, -106b, -143, -145, -199b) have been entered into publicly
available database miRDB (www.mirdb.org) and all target genes of those miRs have been
identified. Results are presented in Table 12. Database miRDB identified target genes of
those miRs, and only the top 5 genes were presented. Genes that were found to be
statistically differentially methylated in the WGM analysis are in bold.
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Secondly, top 20 differentially methylated genes in cancer (top 10 hyper- and top 10
hypomethylated) identified in the WGM analysis were entered into the miRDB and
miRTarBase databases (www.mirtarbase.mbc.nctu.edu.tw/php/index.php) and all miRs that
are targeting those genes have been identified. All miRs found to target those genes were
compared with the list of miRs found to be deregulated in our experiment. Genes with no
miRs found to target those genes in either database were not entered in Table 12. In addition,
only miRs that matched the list of sequenced miRNA in our study are presented in Table 12.
Those miRs that were targeting at least 2 genes identified in our study and those miRs that

were matching miRs sequenced in NGS experiment are in bold.
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Table 12. Selection of significantly deregulated miRs and differentially methylated genes

and their targets.

miRNA analysis

. No. target
miR Top 5 genes DataBase
genes
miR-9 545 SNX25, MDGA?2, ENPEP, CTNNA1, MESDC1 miRDB
miR-21 485 ZNF326, MAP3K1, FYTTD1, AKAP11, STK38L miRDB
miR-29 632 BRWD3, COL3A1, ERCC6, DGKH, GATAD2B miRDB
miR-100 27 KBTBDS8, HS3ST2, ZZEF1, MTOR, MBNL1 miRDB
miR-106b 855 PTPN4, ARID4B, EPHA4, PKD2, PDCD1LG2 miRDB
miR-143 375 GXYLT1, VASH1, ITM2B, ATP10A, IGFBP5 miRDB
miR-145 495 ABCE1, MPZL2, DAB2, KCNA4, ABHD17C miRDB
miR-199b 330 ARHGAP12, HAPLN1, SOS2, NPAS2, ARHGAP21 miRDB
Methylation analysis
Gene . . . .
. No. miRs miRs found by NGS experiment (expression
(methylation . . DataBase
. targeting status in cancer)
status in WGM)
miRDB,
SPRR3 (1) 8 miR-335 (1)
miRTarBase
miRDB,
FBXO2 (1) 14 miR-3065 (1)
miRTarBase
TRDC (}) 1 miR-335 (1) miRTarBase
miRDB,
LAIR2 (]) 4 miR-335 (1)
miRTarBase
miR-218 (|), miR-3133 (1), miR-2467 (1),
DGAT2 (|) 22 miRTarBase
miR-3664 (), miR-873 (1)
miR-335 (1), miR-7 (1), miR-497 (|), miR-424(1),
PDEA4D () 52 miRTarBase
miR-31 (1), miR-3120 (1)
DNAIJCS6 () 12 miR-26b (|), miR-486 () miRTarBase
UBQLN3 (]) 1 miR-26b () miRTarBase
PIAS2 (1) 49 miR-3664 (1), miR-3140 (), miR-2116 (]) miRTarBase
ARG1 (1) 3 miR-7 (1) miRTarBase
SRPK2 (1) 12 miR-21 (1) miRTarBase
RGPD4 (1) 44 miR-548 (]) miRTarBase
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http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=gene&cmd=Retrieve&dopt=full_report&list_uids=160851
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=gene&cmd=Retrieve&dopt=full_report&list_uids=54454
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=gene&cmd=Retrieve&dopt=full_report&list_uids=84541
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=gene&cmd=Retrieve&dopt=full_report&list_uids=9956
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=gene&cmd=Retrieve&dopt=full_report&list_uids=23140
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=gene&cmd=Retrieve&dopt=full_report&list_uids=2475
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=gene&cmd=Retrieve&dopt=full_report&list_uids=4154
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=gene&cmd=Retrieve&dopt=full_report&list_uids=5775
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=gene&cmd=Retrieve&dopt=full_report&list_uids=51742
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=gene&cmd=Retrieve&dopt=full_report&list_uids=2043
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=gene&cmd=Retrieve&dopt=full_report&list_uids=5311
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=gene&cmd=Retrieve&dopt=full_report&list_uids=80380
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=gene&cmd=Retrieve&dopt=full_report&list_uids=283464
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=gene&cmd=Retrieve&dopt=full_report&list_uids=22846
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=gene&cmd=Retrieve&dopt=full_report&list_uids=9445
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=gene&cmd=Retrieve&dopt=full_report&list_uids=57194
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=gene&cmd=Retrieve&dopt=full_report&list_uids=3488
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=gene&cmd=Retrieve&dopt=full_report&list_uids=6059
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=gene&cmd=Retrieve&dopt=full_report&list_uids=10205
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=gene&cmd=Retrieve&dopt=full_report&list_uids=1601
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=gene&cmd=Retrieve&dopt=full_report&list_uids=3739
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=gene&cmd=Retrieve&dopt=full_report&list_uids=58489
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=gene&cmd=Retrieve&dopt=full_report&list_uids=94134
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=gene&cmd=Retrieve&dopt=full_report&list_uids=1404
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=gene&cmd=Retrieve&dopt=full_report&list_uids=6655
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=gene&cmd=Retrieve&dopt=full_report&list_uids=4862
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=gene&cmd=Retrieve&dopt=full_report&list_uids=57584

4.4.3.2 Epigenetically affected signaling pathways in HNSCC

Finally, to evaluate the potential role of miRNAs that were significantly differentially
expressed exclusively in HPV+ subsets, all such miRNAs with at least 100 normalized counts
on average were entered into the Diana tools miRPath (v3.0)
(www.diana.imis.athena-innovation.gr/ DianaTools/index.php?r=mirpath/index). The
analysis indicated that at least 62 KEGG pathways appear to be significantly associated with
genes those miRs interact with. The same approach was used for the analysis of cell signaling
pathways in HPV- cancer subsets and it revealed 88 KEGG pathways. Only cancer-relevant
KEGG pathways, along with their rank in HPV+ and HPV-negative cancer subsets have been
presented in Table 13. Of particular interest was the pathway viral carcinogenesis (ranked
second with P value 7.90E-08) in the HPV+ group, while in the HPV-negative group, it was
ranked fifth (P = 2.88E-09). Pathway “Proteoglycans in cancer” seems to be highly involved in
both HPV+ and HPV-, with first rank in both cases (P = 9.40E-12, P = 2.34E-16, respectively).
Moreover, several pathways have shown large differences between HPV+ and HPV- HNSCC
subsets, such as the “TGF-B” pathway which is at 48th place in HPV+ (P = 0.00659) and 12th
place in HPV-negative subset, with large P value difference (P = 1.34E-06). In addition, it
seems like pathways that are more affected in HPV-positive group were “Endocytosis”,
“Transcriptional misregulation in cancer”, “Pancreatic cancer”, “Adherens junction” and
“N-Glycan biosynthesis” than in HPV-negative HNSCC (ranked 4% vs. 14" by P value, 5% vs.
281, 6™ vs. 25, 9th ys, 26™, and 11 vs. 55™, respectively). In contrary, HPV-negative tumors
seem to be more strongly associated with “Pathways in cancer”, “HIF-1 signaling pathway”,
“Ubiquitin mediated proteolysis”, “TGF-beta signaling pathway”, and “Cell cycle pathway”
(ranked 7" vs. 14™ in HPV-positive group, 16 vs. 61°¢, 4™ vs, 40, 12t vs, 48™, respectively).
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Table 13. Signaling pathway analysis of miRs deregulated in HNSCC.

HPV-positive HPV-negative
KEGG pathway Rank P value Rank P value

Proteoglycans in cancer 1 9.40E-12 1 2.34E-16
Viral carcinogenesis 2 7.90E-08 5 2.88E-09
Hippo signaling pathway 3 1.10E-07 8 6.53E-07
Endocytosis 4 1.36E-07 14 2.07E-06
Transcriptional misregulation in cancer 5 1.36E-07 28 2.62E-05
Pancreatic cancer 6 1.36E-07 25 1.08E-05
Adherens junction 9 2.14E-07 26 1.66E-05
Colorectal cancer 10 2.79E-07 22 5.99E-06
N-Glycan biosynthesis 11 7.31E-07 55 0.003471
Prion diseases 13 8.17E-07 37 0.000605
Pathways in cancer 14 8.17E-07 7 9.2E-08
Glioma 15 1.51E-06 24 9.26E-06
Chronic myeloid leukemia 16 1.87E-06 23 5.99E-06
Cell cycle 18 2.59E-06 2 5.18E-11
ECM-receptor interaction 19 3.19E-06 13 1.71E-06
Renal cell carcinoma 20 8.47E-06 6 2.03E-08
Non-small cell lung cancer 21 1.01E-05 32 0.000182
p53 signaling pathway 22 1.43E-05 20 4.57E-06
Focal adhesion 23 1.63E-05 21 4.57E-06
Protein processing in endoplasmic reticulum 24 2.42E-05 3 9.79E-11
Central carbon metabolism in cancer 26 8.55E-05 42 0.001893
Prostate cancer 28 0.000109 10 1.11E-06
Other types of O-glycan biosynthesis 29 0.00015 49 0.002373
Regulation of actin cytoskeleton 31 0.000257 NA NA
DNA replication 33 0.00037 43 0.001985
Melanoma 34 0.000472 59 0.006071
Bladder cancer 35 0.000472 57 0.004419
Estrogen signaling pathway 36 0.000491 60 0.006203
Endometrial cancer 37 0.000604 27 2.62E-05
Small cell lung cancer 38 0.000635 19 3.57E-06
Ubiquitin mediated proteolysis 40 0.001667 4 5.33E-10
Thyroid cancer 41 0.002487 45 0.001985
FoxO signaling pathway 42 0.002915 35 0.00043
MAPK signaling pathway 45 0.004836 82 0.040009
Thyroid hormone signaling pathway 47 0.00632 11 1.11E-06
TGF-beta signaling pathway 48 0.00659 12 1.34E-06
Acute myeloid leukemia 50 0.007006 15 3.09E-06
mTOR signaling pathway 52 0.009948 39 0.000605
PI3K-Akt signaling pathway 53 0.018919 71 0.017726
TNF signaling pathway 57 0.024399 51 0.002373
HIF-1 signaling pathway 61 0.031673 16 3.15E-06
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Furthermore, similar analysis was done with the signaling pathways implicated with
differentially methylated genes, but with a slightly different approach. For the analysis, a list
of 10 hyper- and 10 hypomethylated genes was entered into the Reactome database
(www.reactome.org/) and DAVID (www.david.ncifcrf.gov/) tool, and KEGG pathways have
been analyzed. WGM analysis provided information on difference between cancer vs. normal
controls, and HPV status was not analyzed as a separate factor, hence, Table 14 presents
signaling pathways implicated with genes whose methylation is deregulated in cancer,
regardless the HPV positivity. Only statistically significant (P < 0.05) pathways have been
presented. After entering hypermethylated genes, the Reactome database identified
signaling pathways that are involved in sumoylation processes (6 pathways of 8), “Urea
cycle” (0.0107) and “Sphingolipid de novo biosynthesis” (P = 0.0466). For hypomethylated
genes, Reactome database identified signaling pathways involved in secretory mechanisms
and endocytosis (“Lysosome Vesicle Biogenesis” and “Golgi Associated Vesicle Biogenesis”; P
= 0.0329 and P = 0.0494, respectively), metabolism (“Acyl chain remodeling of DAG and
TAG”, “Triglyceride biosynthesis”, “Triglyceride metabolism”; P = 0.0071, P = 0.0125, P =
0.0337, respectively) and in neurotransmitter regulation (“DARP-32”, P = 0.0214).

The bioinformatic database DAVID revealed different signaling pathways to those of
Reactome. After entering a list of hypermethylated genes, a list of KEGG pathways was
identified. Some of signaling pathways have also been identified through miRNA profile of
HNSCC: “ECM-receptor interaction”, “Viral carcinogenesis”, “Proteoglycans in cancer”,
“Adherens junction”, “Focal adhesion”, “Hippo signaling pathway”, “p53 signaling pathway”,
“Pathways in cancer”, “Cell cycle”, “Regulation of actin cytoskeleton” and “Transcriptional
misregulation in cancer”, ranked by P value, starting from the most strongly associated
signaling pathway. The signaling pathways that have not been found in the miRNA analysis
are “Fatty acid biosynthesis”, “Lysine degradation”, “Hepatitis B” and “Neurotrophin signaling
pathway”, also ranked according to P value. Signaling pathways associated with
hypomethylated list of genes revealed implications in immune system (“Complement
activation, classical” and “Regulation of immune response”, P = 0.035, P = 0.05, respectively)
and endocytosis (“Receptor-mediated endocytosis”, P = 0.05).
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Table 14. Signaling pathway analysis of differentially methylated genes in HNSCC.

. . Database
Signaling pathway Rank P value
(Category)
Hypermethylated genes
SUMOylation of intracellular receptors 1 5.07E-04
Urea cycle 2 0.0107
SUMO E3 ligases SUMOylate target proteins 3 0.0143 R
SUMOylation 4 0.0153 eactome
. L (Biologic
SUMOylation of transcription factors 5 0.0214
Process)
SUMOylation of ubiquitinylation proteins 6 0.0435
Sphingolipid de novo biosynthesis 7 0.0466
SUMOylation of transcription cofactors 8 0.0466
ECM-receptor interaction* 1 1.06E-39
Fatty acid biosynthesis 2 8.8E-19
Viral carcinogenesis* 3 1.7E-08
Lysine degradation 4 1.1E-07
Fatty acid metabolism 5 4.2E-06
Proteoglycans in cancer* 6 7.2E-06
Adherens junction* 7 2.5E-05
Focal adhesion* 8 6.8E-05
Fatty acid elongation 9 0.0002 DAVID
. (KEGG
Hepatitis B 10 0.0004
pathway)
Hippo signaling pathway* 11 0.0020
p53 signaling pathway* 12 0.0021
Pathways in cancer* 13 0.0021
Neurotrophin signaling pathway 14 0.0231
HTLV-l infection 15 0.0395
Cell cycle* 16 0.0452
Regulation of actin cytoskeleton* 17 0.0452
Transcriptional misregulation in cancer*® 18 0.0452
Hypomethylated genes
Acyl chain remodeling of DAG and TAG 0.0071
Triglyceride biosynthesis 2 0.0125
DARPP-32 events 3 0.0214
Immunoregulatory interactions between a Lymphoid Reactome
guratory yme 4 0.0280 (Biologic
and a non-Lymphoid cell
. . . Process)
Lysosome Vesicle Biogenesis 5 0.0329
Triglyceride metabolism 6 0.0337
Golgi Associated Vesicle Biogenesis 7 0.0494
Complement activation, classical 1 0.035 David
Regulation of immune response 2 0.05 (KEGG
Receptor-mediated endocytosis 3 0.05 pathway)

*signaling pathways associated also with miRNA deregulated in our study
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5 DISCUSSION

5.1 HPV analysis in FFPE HNSCC samples

Detection of HPV genotypes in cervical cancer and precursor lesions strongly demonstrated
the causal relationship of particular HPV genotypes to specific cervical changes (de Sanjose
et al. 2010; Sabol et al. 2017). Furthermore, the use of FFPE samples creates the possibility
to include a high number of samples during a longer time period, making these type of
samples very valuable and informative for many different large-scale studies. Thus, we
conducted a retrospective study, where we have assessed the presence of HPV (positivity of
HPV DNA) and its transcriptional activity (positivity of HPV-16 E6*| spliced form) in HNSCC
samples collected within a 13-year period. The identification of HPV in HNSCC FFPE samples
is of high importance, due to different etiology of the disease, and there is a strong indication
that the treatment could be tailored for a specific group of patients, HPV-positive and
HPV-negative (Van Doorslaer, Chen, and McBride 2016; Dok and Nuyts 2016).

We successfully extracted and analyzed HPV DNA from 115 HNSCC samples, mostly of
oropharyngeal localization, collected at the Clinical hospital center Zagreb, which is the
largest hospital in Croatia where patients from the whole country are referred for treatment.
Following HPV DNA detection, 39% samples tested positive, which is in line with the previous
reports on similar cancer samples (Boscolo-Rizzo, Pawlita, and Holzinger 2016; Mehanna et al.
2013). Boscolo-Rizzo et al. highlighted that the presence of HPV DNA in tissue biopsies is not
always sufficient to attribute cancer to HPV, and suggests performing a combination of the
two different tests, i.e. HPV DNA testing and testing for the presence of the E6 mRNA
(Boscolo-Rizzo et al. 2013). Moreover, other studies also suggested (Robinson et al. 2012;
Seiwert 2013) that the presence of both HPV DNA and RNA in tissue biopsies should be
assessed, since inactive HPV could be just a passenger, and not the cancer driver. Therefore,
they suggest the usage of mMRNA assays to be more reliable in resolving the HPV involvement
in cancer development and suggest direct viral involvement in carcinogenesis (Butel 2000;

Viarisio, Gissmann, and Tommasino 2017).

Investigating full length E6E mRNA and its splicing forms could be used to indicate HPV activity.
There are 4 alternative spliced forms of the E6 mRNA (McFarlane et al. 2015), with the most
abundant form in advanced cancer being E6*| form (Graham and Faizo 2017). Therefore, in
our study we have examined the presence of the E6*I mRNA in HPV-positive samples and
bypassed possible misclassifications of the tumors, as proposed by Boscolo-Rizoo et al.
(2013). We have successfully extracted and analyzed HPV RNA from 43 HPV DNA positive
samples. The HPV-16 E6*| mRNA analysis revealed that 73.3% of HPV DNA positive samples

had active E6 oncogene transcription.

We categorized the patients into three groups combining data on HPV DNA and RNA analysis:
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HPV (true) positive (DNA and E6*1 positive), HPV inactive (DNA and full length 16 E6 positive)
and HPV (DNA) negative group. However, our data have not shown significant differences
between HPV DNA and HPV RNA positive groups regarding age, gender, tumor stage, tumor
grade, life style habits and overall survival (P = 0.353, P = 0.331, P = 0.195, P = 0.151, P =
0.303, P = 0.523, respectively). This could be due to a limited number (n = 45) of analyzed
FFPE samples.

The p16 marker is considered as a good surrogate marker for the HPV infection (Lesnikova et
al. 2009; El-Naggar and Westra 2012; Larsen et al. 2014); however, the association of hr-HPV
with specific cancer sites plays a crucial role. There are studies that already proved high
concordance of p16 and HPV status in cervical epithelial neoplasia and cervical cancer (Wang
et al. 2004; L. Hu et al. 2005; Zhang et al. 2007), where HPV is associated with 99% of the
cases. In HNC, the association of HPV infection with cancer is lower (40-50%), and the
correlation of HPV and p16 varies. However, the p16 is a good surrogate marker for only
oropharyngeal HNSCC according to several studies (Lewis et al. 2010; Prigge et al. 2016;
Albers et al. 2017). Anyhow, this certainly suggests that p16 is not a suitable replacement for
HPV testing in the current setting, which is in line with other studies (Albers et al. 2017;
Lechner et al. 2018), in which they stated that the p16 is a relatively accurate marker for HPV
within the oropharynx, while it can be unsuitable for use in other HNSCC subsites, where a
smaller proportion of tumors are HPV-driven. Moreover, there are also studies where the
presence of pl16 has been detected in HPV-negative oropharyngeal cancer (Stephen et al.
2013). The literature also suggests that p16 positive, but HPV-negative HNSCC share some
common characteristics, with HPV-positive HNSCC, such favorable prognosis (Stephen et al.
2013; Albers et al. 2017; Taberna et al. 2017).

In our retrospective study, the correlation between p16 immunostaining and HPV data was
very low with only 15.4% of active HPV cases being positive for pl6. The correlation
coefficients were r = -0.09 for the comparison with HPV DNA and r = 0.18 for the comparison
with HPV RNA. However, there is statistically significant association of p16 with older age (P =
0.0385). Even though pl16 positive and younger patients are usually associated with good
prognosis (Albers et al.,, 2017), in this case, the pl6 association with age showed the
opposite. When oral samples are excluded from the statistical analysis, and because p16 is
considered unreliable for this subgroup of cancer, the significance of this association is lost (P
= 0.052). The presence of p16 was therefore considered not a reliable surrogate for active

HPV involvement in HNSCC development in this study.

Comparison of HPV RNA positive, HPV DNA positive and HPV-negative HNSCC based on
gender shows an obvious predominance of males regardless the HPV positivity. Furthermore,
there was no significant difference between the age groups (P = 0.338), which is in contrast
with other studies (Taberna et al. 2017; Boscolo-Rizzo et al. 2017). Even though the incidence
of HNSCC was considered mostly associated with men in this study, currently, there are

indications that the incidence of HNSCC in males is declining, while it is increasing in females
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(Boscolo-Rizzo et al. 2018).

Considering the tumor location, we found more cases of HPV-positive tumors in the
oropharynx than in the oral cavity, which was expected, as most of the cancer (>70%) arises
from the oropharyngeal origin (Dok and Nuyts 2016; Taberna et al. 2017). Presented in Table
4, the proportion of HPV-positive, HPV inactive and HPV-negative oral tumors was low (7.7%,
9.3% and 14.2%, respectively). Furthermore, when we compared solely specific tumor sites,
a very similar pattern in all three groups are again seen, which was contrary to other studies
(Taberna et al. 2017). The authors reported a non preferable site of origin in HPV-negative
tumors, while confirming the predilection of HPV to the oropharyngeal region (Taberna et al.
2017; Osazuwa-Peters et al. 2017; Hussein et al. 2017); in these studies, the most
HPV-positive samples were found in the base of tongue and tonsils. We have confirmed
those findings in our study, with the most common sites of tumor location being the base of
tongue and tonsils in all three groups, HPV RNA-positive, HPV DNA-positive and
HPV-negative (30.8%, 34.4% and 28.6% for base of tongue, respectively, and 53.8, 50% and
42.9% for tonsils respectively). For these HPV-positive cancers this is already expected, and it
has already been reported in different studies (Vigneswaran and Williams 2014; Gillison et al.
2015; Ramaqyvist et al. 2015; Taberna et al. 2017). Moreover, cancers at those particular
regions, tonsils and base of tongue are the most responsible for the rising incidence of

HNSCC in many Western countries.

Dahlstrom et al. (2015) pointed out that HPV-positive HNSCC primarily affects younger males
and females with higher socioeconomical status and higher oral sex practice (Dahlstrom et al.
2015). Therefore, sexual behavior as an independent risk factor for HNSCC development can
be potentially equally responsible for HPV infection in both genders (Boscolo-Rizzo et al.
2017). Furthermore, it could be assumed from our study population, that the life style
(smoking habits and alcohol consumption) of the individuals could affect the male/female
ratio, since smoking and alcohol consumption in Croatia have been apparently more
associated with males (Goel and Budak 2007). This could possibly explain the observed
higher differences in gender distribution (in favor of men) in HPV-negative, than in
HPV-positive cancers (69.2% vs. 30.8% in HPV-positive, 81.3% vs. 18.7% in HPV inactive and
87.1% vs. 12.9% in HPV-negative group, for males vs. females, respectively). Moreover, in the
study of Anantharaman et al. (2016) the authors investigated a combined effect of smoking
and HPV-16 in oropharyngeal cancer, and they reported that the prevalence of
oropharyngeal cancer increases with smoking for both HPV-positive and HPV-negative group
(Anantharaman et al. 2016). In addition, not just smoking poses the problem, but also
alcohol intake, since it is also known to increase cancer risk (Marron et al., 2012; Huang et al,
2017).

Smoking and drinking habits of our study population (Table 4) could potentially explain why
there are similar patterns in oropharyngeal cancer, regardless of HPV-positivity. In our study,

of the patients with available data, only 13% never smoked and 14% never consumed alcohol
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with the majority still being active smokers and at least moderate drinkers. This observation
is in line with the study of Descamps et al. (2016) in  which they showed almost no effect of
HPV on patients’ outcome in a population of heavy tobacco and alcohol consumers
(Descamps et al. 2016). They emphasized that the life style habits, like smoking and drinking
has the greatest impact on survival. In addition, Hafkamp et al. (2008) reported that
HPV-positive tumors show a favorable prognosis as compared to those with HPV-negative
tumors, even though tobacco use was still the strongest prognostic indicator (Hafkamp et al.
2008).

When we investigated differences in the three HPV-defined groups in terms of the age of
diagnoses, surprisingly, the Chi-square test showed no significant differences (meanl = 58y;
mean2 = 59y; mean3 = 59y; tStat = -0.76; P = 0.224; a = 0.05). This suggest that our study
does not show a typical higher incidence of HPV-positive HNSCC in younger population, like it
was shown in the study of Hussein et al. (2017) where they reported an increased incidence
of patients worldwide with HPV-associated HNSCC at younger age (defined as <45 years old)
(Hussein et al. 2017). Moreover, Wagner et al. (2017) reported a similar median age in
HPV-positive and HPV-negative groups, which is in line with our study, but in their study HPV
was the most important predictor of survival, which is not the case in our study (Wagner et al.
2017). All those data lead us to presume that the effect of HPV presence in the Croatian
population might be overshadowed by other risk factors, such as the prevailing tobacco and
alcohol intake. To evaluate this hypothesis, we assessed all available relevant patient data
such as age of diagnosis, life style habits, TNM status, tumor grade, HPV presence, pl6
positivity and the type of therapy to determine survival of the patients. Overall, survival
analysis of the HPV DNA positive (HPV-positive and HPV-inactive) and HPV-negative (Figure
22) showed a small, but no statistical difference in survival rate between the two groups,
which was unexpected. The overall survival was only 32%, however, it is worth to mention
that this could be influenced by the lack of disease-specific mortality data. The use of
all-cause mortality might also be masking the effects of other variables, which failed to
stratify patient risk of death. The only variable that showed a strong significant influence on
survival was the N stage (P = 0.05; Figure 25). However, the combined risk stratification as
proposed by Ang et al. (2010), originally including HPV status, smoking habits (which was
excluded in our statistical analysis due to partial documentation) and TNM stage successfully
classified patients in low-, intermediate- and high-risk of death groups within the first 5-years
(P = 0.0079; Figure 26). Even though patients in high-risk group have the worst survival,
separation was not as good, since patients in the intermediate-risk group had better survival,
than those in the low-risk group. Moreover, due to missing data on T and N stage, not all
patients could be classified according to the Ang et al. model, which could also affect

survival.

Interestingly, the study by Nygard et al. (2012) reported a period in Norway (1981-1995) in

which the survival of HPV-positive HNSCC was worse than the survival of HPV-negative
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HNSCC (Nygard et al. 2012). However, in more recent years (1996-2007) there was a dramatic
shift for the survival of HPV-positive patients. Furthermore, in their population, the median
age of diagnosis decreased from 63.2 to 59.8 years for HPV-positive but remained unchanged
at 66 years for HPV-negative patients. In this study population, decreasing of median age was
not observable, since in the time period from 2002-2015 the median age of HPV-positive
patients was 58 years, while in the period from 2015-2018 (prospectively collected samples;
Table 5) the median age was even higher (62.5-years); in HPV-negative patient the median

age also increased from 59 to 62 years.

As already mentioned, the lack of the positive impact of HPV on overall survival could be
attributed, not only to life style habits, but possibly to the treatment nature for the
HPV-positive patients as well (Table 4). Currently, many studies have been made on the
treatment de-escalation for HPV-driven oropharyngeal cancer (Mirghani and Blanchard
2018). Moreover, it was previously suggested that HPV might affect chemo/radio sensitivity
(Lassen et al. 2014; Marcu 2016; Dok and Nuyts 2016). However, in our study group, only 9
patients have a favorable therapy, survival data, and HPV DNA and RNA positivity, which
might be insufficient to significantly shift the survival curves. Moreover, our study population
was from the time period when modalities of the therapies based on HPV positivity have not
yet been implemented in the clinics. Today the situation is different, and the studies are
investigating the best option for the HPV-positive patients. In our study population, surgery
followed by radiation was the most common type of therapy in all groups, while the second
most used choice of therapy was surgery alone. Surgery together with chemo- and
radiotherapy was the third most common type of therapy. In our study, there were no
difference in choice of the therapy between HPV-positive and HPV-negative patients (P =
0.0685). In contrast, the study of Broglie et al. reported better prognosis for non-smokers
HPV-positive oropharyngeal tumors when treated with surgery alone (Broglie et al. 2017),
while Hong et al. and Lassen et al. found increased sensitivity to radiotherapy in HPV-positive
group (Hong et al. 2010; Lassen et al. 2014), which could possibly mean that radiotherapy is
a favorable type of treatment for the HPV-associated cancer. Furthermore, tumors at the
lower stage of development are usually treated with surgery alone, while advanced tumors
are treated with non-surgical or in combination with non-surgical methods, such as radio-
and/or chemotherapy according to the American Cancer Society (ACS 2018). Since we found
that tumor stage significantly influences survival (P = 0.0107), it is expected that therapies

associated with a particular stage could also have different outcomes.

Regarding the tumor grade, we did not find significant differences between groups (P =
0.152); however, there is indication that the tumors of higher grade might be more
associated with HPV-positive tumors. For example, the study of Vokes et al. (2015) reported
that HPV-positive cancers are prone to be of higher grade, poorly differentiated, hence more
sensitive to radiotherapy, unlike HPV-negative cancers with higher differentiation and lower
grade (Vokes et al. 2015). In this study, there is a trend in HNSCC grade difference based on
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the HPV activity (Figure 22). The highest percentage of HPV active (E6*| positive) samples
were found to be in grade 3 cancer. This is also in line with the study of Olmedo-Nieva et al.
(2018) performed on the cervical cancer model (Olmedo-Nieva et al. 2018). Moreover, it was
already shown that the alternative splicing depends on the molecular signaling (Shin and
Manley 2004). Rosenberger et al. (2010) showed that the splice variant is regulated via EGF
signaling (Rosenberger et al. 2010). It is certainly of interest to investigate whether there is a
correlation between the disease grade and the presence of the E6*I mRNA form in HNC,
since this type of study has not yet been investigated. Our statistical analysis showed again
no significant correlation between the grade and the presence of splicing form (P = 0.151);
however, there is a possible trend and potential correlation (Figure 22), which might be

revealed on a larger number of samples.

Missing medical records was a strong limitation to our study. This is mainly due to the
retrospective nature of the study, where adequate detailed medical documentation was not
always available. Sometimes detailed follow-up was impossible because the patients attend
other hospitals after the initial treatment, which is why the medical records were
supplemented by the data from the Croatian Cancer Registry (CCR). The CCR collects some of
the relevant information on cancer patients irrespective of where the patient was referred
and also contains survival data on a national level. Unfortunately, there were other
limitations when using FFPE, such as DNA degradation, due to the tumor fixation process in
paraffin, as was stressed out by Dietrich et al. (Dietrich et al. 2013). We, however, bypassed
this particular limitation by using small specifically designed primers for the detection of HPV
(Kleter et al. 1998) in highly degraded FFPE samples as it was emphasized in the study of de
Sanjose et al. (de Sanjose et al. 2010). Therefore, we have maximally reduced the possibility
of getting false negative results. Furthermore, low tumor material in some FFPE samples
presents potential limitation, as it can contribute to poor RNA concentration and
consequently limits the RT reaction. Thus, one sample was excluded from the study since it
was not possible to repeat the nucleic acid extraction. Such problems were also discussed in
the study by Roberts et al. (2009), where they emphasized the importance of the RNA quality
that was still critical for reliable analysis of FFPE samples; hence, having low tumor material

for adequate RNA isolation was a crucial problem in RNA analysis (Roberts et al. 2009).

Overall, this retrospective study provides the baseline relevant data on HNSCC patients in
Croatia, since this population shows differences in the nature of the disease but show no
distinctive features of HPV-positive patients, as seen in other similar studies mentioned
previously. In other words, this current data indicates that in our population, HPV should not
yet be considered as a critical favorable prognostic biomarker, as observed in Western
populations. Moreover, better designed studies with higher number of patients with detailed
follow-ups are needed for clearer clarification of disease differences in order to implement

appropriate treatment.
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5.2 Analysis of miRNA profiling in fresh HNSCC samples

Identifying the key miRs that would preferably distinguish HPV-negative from HPV-positive
HNSCC has posed a big challenge to many researchers including us. Even though miRNA
profiling could be performed using larger scale retrospective FFPE samples, analysis of
miRnome in this present study was performed using only fresh cancer samples. Vojtechova
et al. investigated systematic comparison of the miRNA expression profiles between paired
fresh and archival FFPE tumors from tonsil, and found that only 27-38% of the differentially
deregulated miRNAs overlapped between the two source systems (Vojtechova et al. 2017).
They emphasized that for an accurate comparison of the miRNA expression profiles from
published studies, it is important to use the same type of clinical material and to test and
select the best-performing normalization method for data analysis. This indicates that there
might be a problem of choosing the best type of samples, as well as choosing the best
method for the analysis. Each sample sources have advantages and disadvantages. While
fresh samples contribute to better RNA quality, they are relatively rarely available, especially
in countries such as Croatia, where incidence of HNSCC is very low. On the other hand, FFPE
offer higher pool of relatively easy available samples, but with obviously degraded RNA. An
important fact that needs to be considered when discussing miRNA analysis studies, is that
there is a high discrepancy regarding different studies, and there is no clear consensus on the

significance of the individual miRNAs, which could serve as potential biomarkers.

The study of Lubov et al. highlights miRNAs profiling results is often problematic due to the
small sample size, as well as to biological variations among tumors and non-standardized
assays for miR detection (Lubov et al. 2017). This might also explain the high discrepancy in
the literature. Hence, to add to the current knowledge, we assessed the miRNA profiling in
Croatian population in order to identify plausible miRs that might play a role in developing
and/or maintaining HNSCCs in the Croatian population and those that resemble Croatian life
style habits and genetic structure. The whole genome miRNA analysis was performed on
fresh cancer samples collected at the KBD Dubrava, Zagreb; we have successfully collected 65
oral and oropharyngeal tumors over the 2015-2018 period, of which only 61 qualified for the
study on miRNA profiling, and only 53 cancer samples qualified for the survival study
because only patients with primary cancer were included. As with the archival samples,
patients were categorized in three main groups regarding the HPV DNA and RNA status
(Table 5). The majority of cancers were of oral origin (60%, tongue, floor of mouth, buccal
mucosa, gingiva and retromolar region), with males being predominant in all three groups.
The majority of participants declared as being smokers (77%). The overall HPV prevalence
was 23%, which is lower compared to other Western countries where the HPV presence is
shown in 50% of cases (Mehanna et al. 2013). As expected, most of the HPV DNA positive
samples arose from HPV-16 (12/14; 85.7%), with 2 samples being HPV-18 positive, which is
in line with expected predominance of >80% of HPV-16 in HNSCC (Gillison et al. 2008).
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Within the HPV RNA positive (HPV active) group of patients, the highest incidence of cancer
was in tonsils (50%), which was also expected (Taberna et al. 2017), while in HPV DNA
positive (HPV inactive group) was found in tongue cancer (50%). HPV-negative cancer most
often occurred on gingiva (25%), followed by floor of mouth (23%). Altogether,
approximately a quarter of cancers were of oropharyngeal origin (23%; base of tongue, tonsil
and posterior pharyngeal wall). Furthermore, a high concordance of HPV E6*I mRNA
presence and HPV-16 DNA was found in only 2 cases (16.7%) where HPV was not active,

while usually only 40% are shown to be active (Jung et al. 2010).

There is almost an identical median age in HPV-positive, HPV-inactive and HPV-negative
patients (62.5, 59, 62, respectively), which is surprising, considering numerous studies
reporting significantly younger population among HPV-positive HNSCC (Syrjanen 2010; Keck
et al. 2015; Taberna et al. 2017). Furthermore, besides the age, it seems that HPV
RNA-positive, HPV DNA-positive and HPV-negative patients do not differ in smoking and
drinking habits (66%, 50% and 57%, respectively). Moreover, the survival analysis (Figure 27)
confirmed that there was no significant difference between HPV-positive (HPV DNA and HPV
RNA group) and HPV-negative group in terms of gender, age group and smoking and drinking
habits (P = 0.4563, P = 0.1393, P = 0.2582, and P = 0.4443, respectively). Nevertheless, it
should be taken into consideration that survival analysis could be under the influence of low
sample number involved in the study (53, of which only 5 patients died) and short follow-up

time (less than 5 years).

Some differences could be seen regarding the tumor stage, as 100% of HPV RNA-positive,
75% of HPV DNA-positive and 47% of HPV-negative patients were diagnosed in late stage.
These parameters appear to differ from other studies, since HPV group is considered to be of
younger population, with better survival and no/minimum drinking or smoking intake
(Gillison et al. 2008; O’Rorke et al. 2012; Boscolo-Rizzo, Pawlita, and Holzinger 2016; Taberna
et al. 2017); however, this is probably due to particularities of the Croatian population
already shown in the previous retrospective study. So, smoking in Croatia still poses a serious
problem (Padjen et al. 2012), which together with alcohol consumption can significantly
increase cancer risk. Hence, Croatian and similar populations are at a great risk for HNSCC
and HPV appears to play a smaller role. This could potentially explain similarities of tumor
samples regarding age, TNM stage, and could also explain the high prevalence of oral tumors
in our study, since smoking and drinking are most prevalent risk factors for oral cancer
development (Taberna et al. 2017). Survival analysis (Figure 28) again confirmed no
significant differences between the three groups based on HPV status, tumor grade and
tumor stage (P = 0.2942, P = 0.5764, P = 0.4741, respectively). The only significant variable
that influenced survival was found to be the N status (P = 0.0057). Finally, three cancer
groups have been compared based on tumor invasion and combined risk of death (Figure 29);
even though survival curves indicate some influence on survival, the statistical significance

has not been reached (P = 0.1689 and P = 0.1167, respectively). This was not expected, since
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the effect of perineural invasion on overall survival in HNSCC has already been demonstrated
(Huyett et al. 2017). Moreover, like with tumor invasion, combined risk of death showed no
statistical significance, but survival curves indicate that there might be a trend. As stated
earlier, it is possible that survival is strongly affected by the patient short follow-up time and
unequal distribution between alive and deceased patients (48 vs. 5, respectively). This
should be taken into considerations since it might influence survival curve slopes and lead to
false conclusions. Moreover, since it was not possible to calculate 5-years survival, this

survival analysis at this point is only preliminary.

After examining HPV-positive and HPV-negative cancer samples based on patients’ biological,
clinical and histopathological characteristics, and after assessing the overall survival based on
specific factors, we were interested to see if we could find any significant differences
between the two groups based on miRNA profiling. During the course of the study, we have
thoroughly reviewed current literature and focused on all miRNAs found in each reviewed
study, instead of focusing only on those selected by the authors. Unfortunately, this
approach has also failed to increase the overlap of literature data. Thus, after thorough
literature reviewing, we chose a subset of samples for the high-throughput miRNA analysis,
performed by NGS sequencing. A total of 22 samples passed the criteria for library
generation (Table 6). Selection of samples was according to the tumor site and the HPV
status. HPV RNA inactive samples were considered as HPV-negative in this case. Therefore,
we included 4 different sample groups, HPV-positive oral squamous cell carcinoma
(HPV+0SCC; O+), HPV-negative oral squamous cell carcinoma (HPV-OSCC; O-), HPV-positive
oropharyngeal squamous cell carcinoma (HPV+OPSCC; OP+) and HPV-negative
oropharyngeal squamous cell carcinoma (HPV-OPSCC; OP-). This classification could
certainly get better understanding of miR deregulation in head and neck cancer. Numerous
studies by now have already performed miRNA profiling, but the information on specific
cancer sites as a distinctive factor, or the HPV status, was not always taken into consideration
(Avissar et al. 2009; Lajer et al. 2011, 2012; G. Gao et al. 2013; Wan et al. 2017).

The main NGS sequencing experiment detected significant differential regulation of 1,172
unique MiRNA sequences across comparisons (some have been presented in Table 7).
However, the majority were in fact isomiR sequences (Figure 33). To which extent do these
sometimes very abundant forms affect results of other studies where they cannot be
distinguished from proper targets, is yet unknown. Certainly, there are studies that point out
the importance of isomiRs in gene regulation (Cloonan et al. 2011; Telonis et al. 2017; Guo et
al. 2016). Moreover, Guo et al. emphasized that some isomiRs have been proven as
functional small RNAs by associating with target mRNAs and influencing miR stability or
effectiveness (Guo et al. 2016). Up to date, there is only one study using hybridization
techniques that reports the isomiRs influence in HNC (Saito et al. 2013), where only
miR/isomiR 196 was sequenced, but not the high-throughput whole-genome sequencing. In

our study, we distinguished miRs from isomiRs, but certainly, more thorough study on
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isomiRs effect in HNSCC is necessary.

Another outcome of the miRNA NGS profiling was the apparent inability of this method to
clearly differentiate 4 specific subgroups of samples (Figure 34). Only normal samples could
clearly be distinguished according to the respective microRNA profile. This indicates potential
lack of homogeneity of subgroup profiles despite careful selection of available samples.
Furthermore, the samples clustering strongly depends on a tumor site with clustering of
oropharyngeal subset being better than oral subset (Figure 35). This is in line with other
studies (Miller et al. 2015; Vojtechova et al. 2016) indicating that miRNA profiling can
distinguish more precisely specific tumor groups in oropharyngeal cancer than in other
tumor sites, such as oral cancer. This also supports the fact that HPV is more associated with
oropharyngeal cancers, rather than with tumors of other origin. Deeper analysis also
revealed that HPV inactive samples cluster similarly to HPV-negative samples, which could
indicate that active HPV form, and not just the presence of HPV DNA, is highly necessary for

driving the cancer in a particular direction.

The NGS data have been validated with RT-gPCR on a total of 61 tumor samples. The fold
changes from all miRs that have been validated and compared with fold changes from the
NGS experiment showed no significant difference (P = 0.142). Hence, our findings are in
concordance and reliable, showing specific miRNA profile based on the tumor site and the
overall HPV status (Figure 34). This is in line with the findings of other studies (Q. Huang et al.
2002; Chung et al. 2004) where the authors report how it is crucial to specify the tumor site,
since HNC is considered to be of an extremely heterogeneous nature. The expression analysis
using RT-gPCR data were also in line with the majority of similar studies (Vojtechova et al.
2016), where miR-21 was upregulated in all 4 groups, regardless of the tumor site and the
HPV status, while miR-9 was found to be significantly upregulated in OP+ (P = 0.0015), which
is in line with the studies of Sethi et al. (Sethi et al. 2014). The other miR found to be
potentially associated with OP+ is miR-143, which was downregulated in cancers, but with
slight predominance in this group. Nevertheless, the statistical significance was not reached
(P = 0.068). Moreover, among eight miR-s chosen for clinical testing, only miR-9 and miR-21
showed significant upregulation compared to controls, while for upregulated miR-106b, the
difference in the FC is smaller between cancer and the control. Of eight validated miRs,
miR-29, -100, -143, -145 and -199 all have been downregulated in all 4 groups.

The mir-21 was intensively investigated, with reports on miR-21 as highly expressed in the
larynx, pharynx and tonsils when compared to healthy tissue as well as in blood from OSCC
patients when compared to normal healthy blood controls (Chang et al. 2008; Cao et al. 2013;
Zhang et al. 2016). Furthermore, mRi-21 is proposed to serve as a potential biomarker for
the oral tongue carcinoma, especially (Zujian Chen et al. 2017), while in the study of Arantes
et al. the overexpression of miR-21 has been associated with patients that consume high
levels of alcohol (Arantes et al. 2016). Extensive review of the literature revealed that miR-21

appeared to be highly involved in the immune system, which could potentially explain the
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high prevalence of deregulated miR-21 in various cancers. It is known that miR-21 plays a
crucial role in the switch from pro-inflammatory into anti-inflammatory response, allowing
cancer cells to more successfully evade immune response (Sheedy 2015). Since HNSCC is an
immunosuppressive disease (Ferris, 2015), it is possible that miR-21 plays a crucial role in
HNSCC. The question remains if this is enough for being identified as a potential biomarker in
the disease development. For this study, we have bypassed miRs that were not
cancer-specific, hence miR-21 definitely did not meet the criteria for the identification of
potential biomarkers, even though it might play a crucial role in HNSCC development.
Moreover, the question arises if upregulation of miR-21 is the cause or the consequence of
the cancer cell signaling.

As stated, most evidently all other miRs, except of miR-9 showed no specificity to any group.
One of the most prominent miRs that have been significantly associated with HPV-positive
OPSCC is certainly miR-9. Moreover, deregulation of miR-9 has been proven in many types of
cancers, and recently, high association of miR-9 upregulation with HPV-positive HNSCC has
been confirmed several studies (Sass et al. 2015; Spence et al. 2016; Tuna and Amos 2016;
Husain and Neyaz 2017). Song et al. reported that miR-9 promotes tumor metastasis by
repressing E-cadherin in esophageal SCC (Song et al. 2014). Given that HPV inhibits cell
differentiation, it is possible to explain the association of miR-9 and HPV-positive HNSCC.
Wang et al. also confirmed the potential correlation of miR-9 and E-cadherin via TGF-1, but
in lung cancer, which could mean that miR-9 also plays a role in the immune system (Wang et
al. 2017). They reported that TGF-B1 plays an important role in the epithelial-mesenchymal
transition (EMT) of epithelial cancers, including non-small cell lung cancer. In our study,
TGF-B1 is significantly associated with the HPV-negative group (Table 13), meaning that
miR-9 might affect other signaling pathways.

The analysis of deregulated miRNA in HPV-positive and HPV-negative HNSCC using KEGG
pathway database revealed the main signaling pathways involved in the disease
development, which could narrow the choice of the most reliable miRs as potential
biomarkers. As expected, viral carcinogenesis is highly associated with HPV-positive tumors
(P value ranked 2; while for HPV-negative, P value ranked 5). The TGF-B pathway was shown
to be more associated with HPV-negative cancers. TGF-B is a cytokine that is important for
maintaining Tregs, which are necessary for immunosuppression (Ansa-Addo et al. 2017). This
could possibly mean, that one of the mechanisms for evading immune response from the
host in HPV-negative cancers is via TGF-beta signaling pathways, while HPV-positive cancers
use other mechanisms. Ferris suggested that HPV-positive HNSCC, evades immune response
by gaining T-cell tolerance to the persistent HPV infection, and production of low genome
copy numbers in the basal layer of epithelium (Ferris 2015). Another immunity-involved
signaling pathway in our analysis is the mTOR pathway, ranking 39 (P = 0.000605) in the
HPV-negative group, and 52" (P = 0.009948) in the HPV-positive group, which is in line with
the study of Marques et al. Where the mTOR pathway proteins are presented as highly
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associated with poor overall survival (Marques et al. 2016). This could suggest that the mTOR
pathway plays a role in maintaining cancer in the HPV-negative group, as this group has
worse survival (Taberna et al. 2017). In addition, miRNAs are involved in several signaling
pathways that play crucial roles in immune response (Table 13). It is known that HNC is
considered as an immunosupressive disease, and Tregs have been highly associated with
HNSCC (Ferris 2015). This supports the idea to investigate the direct role of each specific
miRNA that we validated in gRT-PCR, and see if miRs deregulated in our study have, among
others, possible role in immune escape, and possibly responsible for maintaining the cancer
with huge impact on clinical outcome. The potential role of miR-100 in immune response
was described in the study of Negi et al.; they suggest that altered expression and editing of
miR-100 regulates immunosupressive Treg differentiation (Negi et al. 2015). All those data
support the hypothesis of Masuda et al. and Ferris et al. (Ferris 2015; Masuda, Wakasaki, and
Toh 2016) that HNSCC might be an epigenetic and an imunosupresive disease.

The mir-29 was found to be highly associated with epigenetic factors in cancer development
(Sethi et al. 2014). For instance, miR-29 was shown to be overexpressed in B-cell lymphoma,
due to reduced histone deacetylation, while downregulated in lung cancer, by
hypermethylation of the promoter, disabling the polymerase to bind to the DNA. This
suggests a potential interplay of the methylation and miRNA roles in tumor development,
and that it should not be always considered as two separate mechanisms. The study of
Steiner et al. suggests that miR-29a regulates helper T-cell differentiation by repressing
multiple target genes (Steiner et al. 2011). Some studies confirmed the tumor suppressive
role of miR-29a in HNSCC (Fukumoto et al. 2016), and Wang et al. (Wang et al. 2018) even
proposed miR-29a as a potential therapeutic target.

For miR-106b, it is known that its deregulation i associated with many cancer types, including
HNC (Y. Gao et al. 2016). Even though it was not significantly associated with HPV-positive
cancer in our study, many studies proved that upregulation of miR-106b in laryngeal
carcinoma (Cai, Wang, and Bao 2011; Cheng et al. 2017). Regarding function, studies showed
that miR-106b plays a role in controlling cell cycle (Ilvanovska et al. 2008), interplay with
signaling pathways, which control proliferation and induction of stem cell-like phenotype in
cancers (Lu et al. 2017), while some studies also showed an implication of miR-106b in the
immune response (Xiao and Rajewsky 2009). The study of Lu et al. suggest that miR-106b
mediates the constitutive activation of Wnt/B-catenin signaling in renal cancer (Lu et al.
2017), while Cioffi et al. reports that clustering of miR-25-93-106b regulates tumor
metastasis and immune evasion via modulation of CXCL12 and PD-L1 (programmed death-1)
(Cioffi et al. 2017). Moreover, the PD-1 receptor and its ligands PD-L1 and PD-L2 are known
to be significantly involved in T-cell regulation (Miller et al. 2017), hence PD-L1 expressing
cancer cells have the ability to efficiently evade the host immune system. Interestingly, Ferris
reported an increased PD-L1 expression in HPV-positive tumors and increased PD-1

expression in cytotoxic T-lymphocytes, and suggests this being the mechanism by which
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HNSCC cells, especially in HPV-positive patients evade immune response (Ferris 2015).
Moreover, it has been stated the clinical efficacy of US Food and Drug Administration
approved monoclonal antibodies targeting PD-1 (Ferris 2015). Potentially, miR-106b could
serve as biomarker, but first it should be evaluated on a bigger pool of samples, which will

enable more thorough investigation of its potential association with HNSCC.

Regarding miR-143 and miR-145, it has been proven that they are among the best examples
of tumor suppressor miRNAs (Raisch 2013; Darfeuille-Michaud, and Nguyen 2013), and many
studies reported a correlation of miR-143 and miR-145 downregulation with poor prognosis
(Slaby et al. 2007; Schepeler et al. 2008). In particular, miR-143 is involved in the inhibition of
oncogene KRAS expression (Chen et al. 2009), while the miR-145 inhibits tumor growth and
angiogenesis by directly targeting kinases that are activated by mTOR in colorectal cancer (Xu
et al. 2012). Studies of those miRs are not so extensive in the head and neck area, but there
are reports that investigated functions of those miRs particularly in HNC (Sethi et al. 2014;
Bufalino et al. 2015; Sun and Zhang 2017).

In respect of miR-199b, it has been stated that the lymph node metastasis (N stage) or
perineural invasion is associated with low miR-199b levels in HNSCC (Sousa et al. 2016).
Sousa et al. also suggested miR-199b, among others, as a potential prognosis marker and
therapeutic target (Sousa et al. 2016). Interestingly, miR-199b was found to be involved in
inducing autophagic death of endometrial carcinoma cells by targeting the mTOR pathway
(Cai et al. 2017), which also propose that this miR, as other miRs plays an important role in
the immune system. Nevertheless, more studies are necessary in order to get a better
understanding of the mechanisms and the importance of specific miRs included in HNSCC
development. What we assume, is that some of those miRs certainly qualify for potential
biomarkers, which could help enlighten mechanisms of cancer development, maintenance
and progression. Our study provides important results which could contribute to the overall
miRNA studies in HNSCC.
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5.3 Methylation profiling in fresh HNSCC samples

The whole genome methylation study was performed on 16 HNSCC samples, of which 13
showed high quality and performance on the Infinium MethylationEPIC BeadChip kit, so their
methylome has been further analyzed. Tumor and control cells have expectedly formed
distinguished clusters based on their methylation profile (Figure 39). Furthermore, the fine
clustering could not be seen clearly when the heatmap displayed methylation percentiles per
sample (Figure 40), but when the heatmap displayed only selected sites and regions with the
highest variance across all samples (Figure 41), clear clustering was evident. Before the
selection of control samples, it was important to get a population as similar as possible to
the cancer group, in order to get the most reliable results. Hence, the study group consisted
of adult males (males were predominant; 69%) and females with a median age of 56.5 years,
with the older adults being predominant (11 samples; 69%). Moreover, it is well known that
age affects the methylation pattern in the human genome (Reynolds et al. 2014; Dongen et
al. 2016), due to the fact that methylome is subjected to both genetic and environmental
effects. Therefore, by matching the age of cancer patients with normal controls, we

minimized potential differences which are not cancer related.

The most significantly hypermethylated gene promoters in HNSCC in comparison to normal
buccal samples are mostly receptors and genes included in relevant cells functions (Table 9).
The other significant group of gene promoters affected by methylation belongs mainly to the
genes included in the immune response and they were found to be hypomethylated in
cancer samples in comparison to normal samples (Table 10). Furthermore, most of the
hypomethylated genes were genes that play a crucial roles in the immune system (Table 10),
which is in line with an earlier study by Milutin GasSperov et al, in which the authors
elaborated the possible importance of the timing of activation of the immune system by
demethylation of specific genes in cervical cancer (Milutin Gasperov et al. 2014). Therein, all
significantly hypomethylated genes in cervical cancer tissue vs. normal tissue were identified
by the lllumina Infinium HumanMethylation450K BeadChip method, an earlier version of the
assay used by the current study. Moreover, the authors reported that the most strongly
correlated genes based on their function were immune effectors’ process (AIM2, BST2,
BTN3A3, and IL12RB1) and response to virus related genes (AIM2, BST2, and IL12RB1). Thus,
they hypothesized that the activation of these genes through demethylation is probably
triggered by HPV oncogenes (Milutin Gasperov et al. 2014).

In the current study, we performed a whole genome analysis of the methylation profile in
HPV-positive and HPV-negative HNSCC and we found the top 10 hypomethylated genes to be
TRBC2, DGAT2, ALG1L, PDE4D, TRDC, DNAJC6, IGKV3-20, TMEM1508, LAIR-2 and UBQLNS3,
which were thus activated in cancer. Among that group of genes two were chosen for
validation by pyrosequencing: TRDC and LAIR2. The T-Cell Receptor Delta Constant (TRDC)
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has not yet been reported as hallmark of solid cancer, nor has it been investigated in
epigenetic deregulation of HNSCC; this is the first investigation in such manner. Leukocyte
immunoglobulin-like  receptors (LILR)  belong to the family of receptors possessing
extracellular immunoglobulin domains and within this family, the most prominent are
leukocyte-associated immunoglobulin-like receptor 1 and 2 (LAIR-1 and LAIR-2). LAIR-1 is
broadly expressed on the majority of immune cells, however, the biological role of LAIR in
solid tumors has yet to be elucidated, unfortunately, the number of studies of both, LAIR-1
and LAIR-2 is insufficient. However, there is a study by Wang et al. (2016), in which they used
immunohistochemical staining analysis, in order to determine the expression of LAIR-1 in
human cervical cancer cells and in normal-adjacent tissue (Wang et al. 2016). Their results
indicated that the expression of LAIR-1 in cervical tissue was higher compared with that in
noncancerous tissue. This could potentially mean that HPV activity might influence this gene.
Unfortunately, no such study has been performed for LAIR-2 in the same setting, nor in
HNSCC.

Genes that have been hypermethylated in our study, Small Proline Rich Protein 3 (SPRR3)
and F-Box Protein 2 (FBXO2) have been largely investigated. SPRR3 is a protein involved in
cornification, epidermis development, keratinocyte differentiation and peptide cross linking,
while FBXO02 is involved in negative regulation of cell proliferation, in cellular protein
modification, protein ubiquitination etc. (GCS 2018). Moreover, SPRR3 is a member of the
SPRR family of cornified envelope precursor proteins, and it is a marker for terminal
squamous cell differentiation. Since it is known that the HPV-positive HNSCC tend to be of
high-grade, and less differentiated than HPV-negative cancers, it is possible that there is an
interplay between HPV and SPRR3 in those tumors. In addition, the study of Lehr et al.
(2004) proved that infection with HPV in genital area alters the expression of the small
proline rich proteins 2 and 3 (Lehr et al. 2004). Moreover, the study of Jeon et al. (2004)
performed global gene expression profiles of HPV-positive HNSCC cell lines and showed
underexpression of SPRR3 (Jeon et al. 2004). Furthermore, it was also proven that the F-box
proteins play an important role in the epigenetic regulation of cancer, mediated through
ubiquitination-dependent and -independent manner (Shen and Spruck 2017).

Genes that have been activated in cancer via hypomethylation are genes mostly involved in
immune response, with TRDC being involved in recognizing foreign antigens, which have
been processed as small peptides and bound to major histocompatibility complex (MHC)
molecules at the surface of antigen presenting cells, hence it is crucial in effective immune
responses. Moreover, among the LAIR-2 protein related pathways are the innate immune
system, and class | MHC mediated antigen processing and presentation. Since those four
genes encode proteins involved in crucial biological roles and were not thoroughly studied in
methylation analysis, we chose to investigate the exact methylation pattern in several CpG
sites in their promoters. Unfortunately, our pyrosequencing experiments had some

limitations. Briefly, only 8 samples of a total 16 samples that have been used in the WGM
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studies were available for additional pyrosequencing experiments, therefore, statistical
analysis was limited. Further, pyrosequencing is a method for detecting many CpG islands in
close proximity, hence it was not possible to include CpG sites that were located at greater
distances or in particular genomic settings due to primer design limitations. In particular,
some areas consisted of extremely densely located CpG sites, which was another limited
factor in the study since it was not preferred to have more than one variable region at the
primer annealing area. Nevertheless, in the comparative studies, pyrosequencing has been
shown to be among the most accurate and reproducible technologies for locus-specific DNA
methylation analysis and has become a widely used tool for the validation of DNA
methylation changes identified in genome-wide studies (Busato et al. 2018).

Pyrosequencing results revealed similar methylation status of those 4 gene promoters; i.e.
TRDC and LAIR2 hypomethylated and SPRR3 and FBX0O2 hypermethylated (Figure 43 and
Figure 44), but due to low sample numbers, statistical significance has been reached only in
SPRR3 and FBXO2 genes (P = 0.01 in both genes). In addition, since probes used in WGM
analysis do not cover all CpG sites in the gene promoter region (Tables 9 and 10), and due to
the limitation factors in pyrosequencing primer design, it was not possible to analyse the
exact CpG sites analyzed in the WGM experiment. This might be another reason why it was
not possible to reach statistical significance after pyrosequencing.

Nevertheless, data presented on graphs represents the expected trend, with TRDC and LAIR2
being hypomethylated in cancer, while SPRR3 and FBX0O2 have been hypermethylated in
cancer. Moreover, after analyzing the average methylation in these 4 validated genes
regarding HPV positivity, results were as follows: 85.3% in HPV-positive cancer vs. 83.1% in
HPV-negative for SPRR3 gene, 87% vs. 85.4% for FBX0O2, 43.3% vs. 47.3% for LAIR2 and for
TRDC gene, the average methylation was 7.2% in HPV-positive and 13.8% in HPV-negative
samples. These results indicate that there might be correlation between the methylation
status and HPV positivity. Certainly, for that analysis, these tests should be performed on a
bigger pool of samples.
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5.4 Integration of miRnome and methylome data

We integrated all obtained data on epigenetic modifications in HNSCC and identified genes
and signaling pathways implicated in cancer development. This analysis could point out the
potential epigenetic biomarkers of the disease, especially in HPV-positive cancers.
Integration of the miRnome and methylome was performed using publicly available
databases: DAVID (www.david.ncifcrf.gov), miRPath (www.mpd.bioinf.uni-sb.de), miRDB
(www.mirdb.org), miRTarBase (www.bio.tools/mirtarbase), and Reactome
(www.reactome.org). The aim was to identify the interplay, if possible, between miRNA
deregulation and differently methylated genes found by the miRNA NGS and the WGM

experiments.

Validated miRs (hsa-miR-9-5p, -21-3p, -29a-3p, -100-5p, -106b-5p, -143-3p, -145-5p,
-199b-5p) were analyzed in miRDB and their target genes were identified (Table 12). Even
though there was no overlap with the top 20 deregulated genes identified in the methylation
studies (Tables 9 and 10), some of miR’s target genes have been also statistically
differentially methylated in the WGM study (highlighted in Table 12). Moreover, there was a
possible correlation between the signaling pathways found in the miRNA profiling study and
genes found in the methylation study. One of the top 5 target genes of miR-9, which was
found to be significantly associated with HPV-positive tumors, is the Sorting Nexin 25
(SNX25) gene, which was also significantly differentially methylated in the WGM studies (P =
0.034). This gene may be involved in several stages of intracellular trafficking (Gene cards,
Human Gene Database; www.genecards.org). This is of interest, since signaling pathways
involved in endocytosis and protein processing in the endoplasmic reticulum (ER) were found
in both cancer groups (Table 13), but endocytosis being more associated with HPV-positive
cancer (ranked 4% vs. 14'™) and protein processing in the ER to HPV-negative cancer (ranked
3 vs. 24™). In addition, after analyzing the signaling pathways of genes that were
differentially methylated in cancers (Table 14), it is evident that hypomethylated genes are
associated with endocytosis (lysosome vesicle biogenesis, Golgi associated vesicle
biogenesis, and receptor-mediated endocytosis). Moreover, a study by Huang and Chen
reports SNX25 to enhance TGF-B receptor degradation in lysosomes independent of
ubiquitination (Huang and Chen 2012), meaning that this gene is also implicated in the TGF-B
signaling pathway, which was found to be more associated with HPV-negative cancer (Table
13).

Another target gene of miR-9 that was identified is the MAM Domain Containing
Glycosylphosphatidylinositol Anchor 2 (MDGA2) gene, which is involved in signaling
pathways like metabolism of proteins, post-translational modifications, and cell-cell
interactions (www.genecards.org). Moreover, the lysine degradation signaling pathway, and

the sumoylation (post-translational modification) were significantly associated with
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hypermethylated genes (Table 14), which implies the importance of these signaling pathways

in cancer development and maintenance.

Another miR of interest, miR-29a targets the Bromodomain And WD Repeat Domain
Containing 3 (BRWD3) gene, which is thought to have a chromatin-modifying function, and
may play a role in transcription (www.genecards.org). The study of Li and Grandis also reports
BRWD3 as commonly mutated in HPV-negative cancers (Li and Grandis 2015).

The target gene of miR-29 is the diacylglycerol kinase eta (DGKH) gene, which is involved in
regulating intracellular concentrations of diacylglycerol (DAG) (National Center for
Biotechnology Information — NCBI; www.ncbi.nlm.nih.gov). In the present study, Acyl chain
remodeling of DAG and TAG is significantly (P = 0.0071) associated with hypomethylated
genes (Table 14). Interestingly, fatty acid biosynthesis and metabolism are also associated
with hypermethylated genes, indicating the importance of this signaling pathways involved in
HNSCC. Luo et al. (2017) emphasized the importance of lipid metabolism in cancer
progression, since it is known that cancer cells frequently display fundamentally altered

cellular metabolism (Luo et al. 2017).

Target genes of other important miRNAs such as miR-106b are implicated in signaling
pathways that might play a crucial role in HNSCC. As stated before, the PD-1 receptor and its
ligands, PD-L1 and PD-L2 are known to be significantly involved in T-cell regulation (Mller et
al. 2017), and cancer cells expressing PD-L1 have the ability to efficiently evade the host
immune system. The Programmed Cell Death 1 Ligand 2 (PDCD1LG2) gene is a target gene of
miR-106b (Table 12), and it was also statistically differentially methylated in cancer vs.
controls in the WGM analysis (P = 0.0039). Moreover, as already stated, increased PD-L1
expression was associated with HPV-positive cancer (Ferris 2015) as well as increased PD-1
expression in cytotoxic T-lymphocytes, suggesting that this might be the mechanism through
which HPV-positive HNSCC patients evade immune response. In addition, the signaling
pathways implicated in the immune system (Table 14) are significantly associated with
hypomethylated genes such as the complement activation, a classical pathway gene (P =

0.035), and regulation of immune response genes (P = 0.05).

The signaling pathways of miR-199b targeting genes also correlate with our methylation
study. For instance, one of its top 5 target genes, Hyaluronan And Proteoglycan Link Protein 1
(HAPLN1) gene stabilizes the aggregates of proteoglycan monomers with hyaluronic acid in
the extracellular cartilage matrix. As seen from the signaling pathway analysis, extracellular
matrix (ECM)-receptor interaction is strongly associated with hypermethylated genes (P =
1.06E-39), as well as the proteoglycans in cancer signaling pathway (P = 7.2E-06). Moreover,
this pathway was ranked as 1% in both HPV-positive and HPV-negative cancer (Table 13).

After we analyzed miRs targeting the most differentially methylated genes in cancer vs.
normal controls, the analysis revealed several miRs that were targeting these genes. We

were interested if some of those miRs were found in the NGS analysis (Table 12). In addition,
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there were several miRs that were targeting more than one gene such as hsa-miR-7-5p,
hsa-miR-21-5p, hsa-miR-26b-5p, hsa-miR-31-3p, hsa-miR-335-5p, and hsa-miR-3664-3p; only
miR-26b-5p and miR-3664 have been downregulated, while others were upregulated.

Finally, after analyzing all the data and investigating any potential overlap between
methylome and miRnome of our HNSCC patients, we were able to propose several key genes
and miRNA (P > 0.05) and identify the signaling pathways that are found to be of high
importance in HNSCC occurrence. Therefore, as NGS findings indicate, miR-9 was found to be
highly associated with HPV-positive patients (P < 0.001, what was also confirmed by qRT-PCR
(P = 0.0015) (Figure 37). In addition, miR-9 was found to be associated with cell
differentiation, cellular trafficking and endocytosis, which was also found to be more
associated with HPV-positive tumors by the integration analysis (Table 13). Another miR
often linked to HPV-positive patients is miR-106b. Even though this miR has not been
confirmed by gRT-PCR (P = 0.902), there is still a trend of higher expression in HPV-positive
OPSCC and HPV-positive OSCC. Another fact that supports this statement is that miR-106b
target the PDCD1LG2 gene, which has also been associated with HPV-positive HNSCC in other
studies (Lajer et al. 2012; Sethi et al. 2014; Miller et al. 2015).

Another miRNA potentially involved in HPV-positive HNSCC, according to the NGS findings
and integration data analysis is certainly miR-335. Even though this miRNA has not been
selected for validation by gRT-PCR, the NGS results indicate upregulation of miR-335 in
HPV-positive tonsil cancer (FC = 4.21), which is also in line with the study of Vojtechova et al.
(Vojtechova et al. 2016). Moreover, miR-335 targets the PDE4D gene, which was
hypomethylated in the WGM study. This could also indicate that hypomethylation of PDE4D
is associated with HPV-positive cancer. Another target of miR-335 is the SPRR3 gene, that
was hypermethylated in our study. This gene presents a potential biomarker for HPV-positive
cancer since it is a marker for terminal squamous cell differentiation (GCS 2018). Since HPV
prevents differentiation of infected cells, it is possible that these genes are hypermethylated
in HPV-positive cancers. In addition, the LAIR2 gene might be indicative in HPV-positive
cancers, due to studies of activation (hypomethylation) of LA/RI in HPV-positive cervical
cancers (Yue Wang et al. 2016). Since, we confirmed the activation (hypomethylation) of the
LAIR2 gene in HNSCC (Figure 44), and since this gene is also a target of miR-335, it is highly
possible that LAIR2 is associated with HPV-positive tumors. Unfortunately, there are no other
studies confirming this hypothesis, so we intend to investigate further this association on a

larger number of HNSCC.

Regarding HPV-negative HNSCC, data suggest that miR-29a might be a suitable biomarker.
Again, qRT-PCR did not confirm any significance in this subset, but it seems more associated
with HPV-negative tumors based on the NGS findings (Figure 37), and it is also in line with
the study of Vojtechova et al. (Vojtechova et al. 2016). Moreover, miR-29a targets the
BRWD3 gene, which is already reported as commonly mutated in HPV-negative cancers (Li

and Grandis 2015). In respect to miR-199b, it is reported that the N stage and perineural
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invasion were shown to be associated with low miR-199b levels in HNSCC (Sousa et al. 2016).
Furthermore, miR-199b was found to be involved in inducing autophagic death through
targeting the mTOR pathway (Cai et al. 2017), which could indicate involvement of miR-199b
in HPV-negative tumors as this miRNA was shown to be deregulated therein.

Overall, this comprehensive study provides the analysis on HNSCC in the Croatian population
on the HPV status in archival and fresh cancer samples, and epigenetic changes including
miRNA and DNA methylation profiling. Our findings showed potential epigenetic biomarkers
that could be used in diagnostic, prognostic and therapeutic approaches not only on Croatian

population, but also on other populations with similar characteristics.

113



6 CONCLUSIONS

This study on head and neck cancer could be summarized into several key points that are
related to the HPV status and the epigenetic changes:

1. HPV was present in 39% (45/115) of archival FFPE tumors.

2. HPV was present in 23% (14/61) of fresh tumor samples, with HPV-16 being the most
prevalent type found in 12 HPV samples (86%), of which one was with both HPV-16 and
HPV-18 (7%). Besides HPV-16, there were two HPV-18 positive samples (14%).

3. From 12 HPV-16 positive fresh tumor samples 6 (50%) were E6 transcriptionally active,

while 13 of 45 (28%) HPV-positive archival tumor samples were E6 transcriptionally active.

4. The analysis of miRnome and methylome of cancer samples compared to normal controls,

revealed different patterns and specific sample clustering.

5. Statistical analysis identified differences between cancer and normal samples regarding
miRnome profiles; miR profiling showed 552 different unique miRNA sequences (P < 0.05), of
which, miR-9, -21, -29a, -100, -106b, -143, -145, and -199b have been validated in qRT-PCR.
Only miR-9 was significantly associated with HPV positivity by both methods, NGS and
gRT-PCR (P = 0.0004, P = 0.00156, respectively). The miR-335 determined by NGS but not
validated by qRT-PCR was significantly (P = 0,0006) associated with HPV positivity.

Whole genome DNA methylation profiling revealed 120,901 differentially methylated sites in
cancer vs. normal (P < 0.05). Statistical analysis determined differences between cancer and
normal samples regarding the methylome in the top 20 genes (10 hypermethylated and 10
hypomethylated in cancer) of which four genes (FBXO2, LAIR2, SPRR3, TRDC) have been
validated by pyrosequencing. The average methylation of the hypermethylated SPRR3 gene
between HPV-positive and HPV-negative samples was 85.3% and 83.1%, respectively, while
average methylation for the hypomethylated gene LAIR2 was 43.3% in HPV-positive, while
47.3% in HPV-negative samples, indicating a possible association with HPV positivity.

6. MiRnome and methylome data revealed key implicated cell signaling pathways, that have
been statistically associated with HPV-positive and HPV-negative HNSCC. Most epigenetically
deregulated cell pathways significantly associated with both HPV-positive and HPV-negative
group were signaling pathways involved in endocytosis, differentiation, extracellular matrix
receptor interaction, epithelial cell-cell interaction, lipid metabolism, and immune response.
The HPV-positive group was mostly affected by endocytosis (P = 1.36E-07), adherens
junctions (P = 2.14E-0), and N-Glycan biosynthesis (P = 7.31E-07), while for HPV-negative
group, cell cycle pathway, ubiquitin-mediated proteolysis, TGF-f and mTOR signaling seem to
be more implicated in cancer (P = 5.18E-1, P = 5.33E-10, P = 1.34E-06, P = 0.000605,
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respectively). Genes that have been significantly epigenetically changed in HNSCC are
hypomethylated TRBC2, DGAT2, ALGIL, PDE4D, TRDC, DNAJC6, IGKV3-20, TMEM1508,
LAIR2, and UBQLN3, while among the hypermethylated genes, genome-wide methylation
analysis revealed GPRC5D, TMPRSS11B, PIAS2, ARG1, SRPK2, AADACL2, RGPD4, DEGS1,
SPRR3, FBXO2 (P < 0.05 for all 20 genes).

7. The integration analysis of miRnome and methlyome data revealed several overlapping
target genes deregulated in HNSCC, that could contribute to the overall analysis: SNX25,
MDGA2, BRWD3, PDCD1LG2, HAPLN1, PDE4D, SPRR3 and LAIR-2.

8. After complete integration analysis of the genes deregulated in head and neck cancer
(miRnome and methlyome) and signaling pathways that are implicated in this type of cancer,
we propose several potential epigenetic biomarkers in HPV-positive HNSCC to be evaluated
by more focused and extensive studies on a larger cohort of samples: miR-9, miR-335, PDE4D,
SPRR3 and LAIR2.
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8 SUMMARY

Head and neck squamous cell carcinoma (HNSCC) is the 6™ most common malignancy
worldwide, with a 5-year survival of only 40-50%. HNSCC are broadly categorized into two

groups: human papillomaviruses (HPV) positive and HPV-negative cancer.

The aim of this study is to find more sensitive and specific epigenetic biomarkers, which
could enable tailored therapy to the particular group of patients and improve the diagnostic,

prognostic and therapeutic approaches.

Whole-genome methylation (WGM) analysis and miRNA profiling was performed in fresh
HPV-positive and HPV-negative HNSCC using DNA methylation microarray and
Next-Generation Sequencing (NGS). Data from WGM and NGS have been validated using
pyrosequencing and gRT-PCR. Survival analysis was performed on both archival and fresh
HNSCC.

Transcriptionally active HPV was found in 9.8% fresh HNSCC and 11.3% archival HNSCC. The
majority of patients were older males and active smokers treated for advanced stage disease.
Retrospective survival analysis failed to show positive influence of HPV activity on patient
outcome, while survival analysis on fresh samples showed better survival for patients with
transcriptionally active HPV. The statistical analysis determined difference between cancer
and normal samples regarding methylome and miRnome profiles; NGS analysis showed 552
different miRNAs (P < 0.05), of which only miR-9 was significantly associated with HPV
positivity by both NGS (P = 0.0004) and gRT-PCR (P = 0.00156). The miR-335, determined by
NGS but not validated by gRT-PCR was also significantly (P = 0.0006) associated with HPV
positive HNSCC. WGM profiling revealed 120,901 differentially methylated sites in cancer (P
< 0.05), and from the top 20 differentially methylated genes four genes (FBXO2, LAIR2, SPRR3,
TRDC) have been validated by pyrosequencing.

Integration analysis of miRnome and methlyome data revealed several potential epigenetic
biomarkers in HPV-positive HNSCC: miR-9, miR-335, PDE4D, SPRR3 and LAIR2.
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9 PROSIRENI SAZETAK

Uvod

Karcinom plocastog epitela glave i vrata (engl. Head and Neck Squamous Cell Carcinoma,
HNSCC) po ucestalosti je Sesta naj¢escéa zlo¢udna bolest Sirom svijeta, dok je u Hrvatskoj 2015.
zabiljezeno 896 novih slucajeva. PetogodiSnje prezivljenje iznosi samo 40-50%. HNSCC se
karakterizira prema primarnom anatomskom mjestu nastanka, a najées¢a mjesta podrijetla
karcinoma su usna Supljina, orofarinks i larinks. Obzirom na prisutnost papiloma virusa
covjeka (engl. Human PapillomaVirus, HPV), HNSCC dijelimo u dvije skupine: pozitivhe na
HPV, koji se javljaju u mladoj populaciji i koji su uzrokovani HPV-posredovanom
transformacijom stanica; te HPV-negativne HNSCC, koji se javljaju u starijoj populaciji i koji su
uzrokovani prvenstveno mutagenim ucincima duhana i alkohola. lako se ove dvije skupine
etioloski razlikuju, tretman lijeCenja je trenutno isti, no tedndencija je ka optimizaciji istog za

svaku pojedinu skupinu oboljelih.

Cilj istrazivanja

Cilj ovog istrazivanja je pronaci osjetljivije i specificne biljege, kako bi se terapija prilagodila
odredenoj skupini oboljelih te unaprijedile dijagnosticke, prognosticke i terapeutske metode.
IstraZivanja na epigenetickim promjenama u tumorima kao Sto su metiliranje DNA te

ispoljavanje miRNA, predstavljaju adekvatan odabir takvih specifi¢nih bioloskih biljega.

Pacijenti, materijal i metode

U ovom istraZivanju napravljena je analiza metiliranja cijelog genoma i profiliranje miRNA u
svjeZim uzorcima tumora na homogenoj populaciji i patoloski dobro definiranim karcinomima.
Svi uzorci su kategorizirani u skupine obzirom na prisutnost i dokazanu aktivnost HPV-a.
Analizirano je metiliranje DNA u cijelom genomu (engl. whole-genome methylation, WGM),
koristec¢i mikrocipove (engl. microarray), a podaci profiliranja metiliranosti DNA potvrdeni su
metodom pirosekvenciranja. MiRNA profiliranje je provedeno tehnologijom sekvenciranja
slijedece generacije (engl. Next-generation sequencing, NGS) metode, dok su podaci
validirani pomocu kvantitativne reverzno-prepisane lancane reakcije polimerazom (engl.
quantitative reverse transcription-polymerase chain reaction; gRT-PCR). Nadalje, provedena
je temeljita analiza prezivljavanja pomocu svjeZzih i arhivskih uzoraka uklopljenih u parafin
(engl. formalin fixed paraffin embedded; FFPE) orofaringealnog tumora i tumora usne

Supljine kako bi se dobila jasnija slika razvoja bolesti u Hrvatskoj i slicnim populacijama.
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Rezultati

Prisutnost transkripcijski aktivnog HPV virusa dokazana je u 9.8% svjeZih uzoraka tumora te u
11.3% arhivskih uzoraka tumora. U ukupnoj populaciji vecinu su sacinjavali muskarci, koji su
bili pusaci, s medijanom od 60 godina. Tumori su bili u poodmaklom stadiju (TNM kategorija
3 i 4) sa slabo diferenciranim stanicama. U ovom istraZivanju nije pronadena razlika izmedu
HPV-pozitivnih (HPV DNA i RNA+), HPV-neaktivnih (HPV DNA+ RNA-) i HPV-negativnih
pacijenata s obzirom na dob, spol, stil Zivota (pusenje i konzumacija alkohola) i stadij tumora
u oba seta uzoraka. Nadalje, retrospektivha analiza preZivljenja je pokazala nedostatak
pozitivnog utjecaja HPV-a na ukupno prezivljenje oboljelih, Sto je zaCudujuce, s obzirom na
dobro poznatu korelaciju HPV aktivnosti sa boljim prezZivljenjem i odgovorom na terapiju.
lako je bilo nemoguce napraviti petogodiSnju analizu preZivljenja na svjeZim uzorcima
(vrijeme pracenja <5 god.), analiza pokazuje da je najduZe prezZivljenje bilo upravo kod

bolesnika s dokazanim transkripcijskim aktivnim HPV-om.

Temeljem analize ispoljavanja miRNA u cijelom genomu, kao i analize metiliranosti genoma,
dobivene su razlike izmedu oboljelih naspram zdravih pojedinaca, Sto je i ocekivano.;
dobivena je statisticka razlika u 552 razli¢ito ispoljene miRNA molekule (P < 0,05), od kojih su
miR-9, -21, -29a, -100, -106b, -143, -145 i -199b validirane pomocu gRT-PCR. Samo se miR-9
pokazao kao znacajno povezan s HPV-om koristeci obje metode, NGS i gRT-PCR (P = 0.0004, P
= 0.00156), dok se miR-335 statisticki pokazao povezan s HPV-om samo u NGS analizi (P =
0,00086), ali nije validiran koristeéi gRT-PCR.

Profiliranje metiliranjem DNA cijelog genoma otkrilo je 120.901 razli¢ito metiliranih mjesta u
genomu oboljelih naspram normala (P <0.05). Statisti¢cka analiza utvrdila je najvecu razliku u
20 gena (10 hipermetiliranih i 10 hipometiliranih u karcinomu) od kojih su Cetiri gena (FBXO2,
LAIR2, SPRR3, TRDC) validirana pirosekvenciranjem. Nakon validacije, rezultati
pirosekvenciranja su korelirali sa podacima metiliranja DNA cijelog genoma. Geni SPRR3 i

FBXO2 bili su pojacano metilirani u raku, dok su LAIR2 i TRDC smanjeno metilirani u raku.

Rasprava i zakljucci

Integracijska analiza svih rezultata epigenetickog profiliranja otkrila je klju¢ne signalne puteve,
koji su statisticki povezani s HPV-pozitivnim i HPV-negativnim HNSCC. Analiza je dokazala da
je vecina epigenetski dereguliranih stanicnih signalnih puteva, znacajno povezanih s
HPV-pozitivnim i HPV-negativhim HNSCC, ukljuena u procese endocitoze, diferencijacije,
interakcije receptora s izvanstanicnim matriksom, u procese interakcije epitelnih stanica,
metabolizam lipida i imunoloski odgovor. Unutar HPV-pozitivhe skupine karcinoma
identificirani epigenetski deregulirani signalni putevi bili su oni koji sudjeluju u procesima
endocitoze (P = 1.36E-07), adherentnim stani¢nim vezama (P = 2.14E-0) i biosintezom

N-glikana (P = 7.31E-07), dok su kod HPV-negativne skupine karcinoma, regulacija stanicnog
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ciklusa, proteoliza posredovana ubikvitinom, TGF-B i mTOR bili najviSe povezani s
karcinomom (P = 5.18E-1, P = 5.33E-10, P = 1.34E-06 , P = 0.000605).

Integracijska analiza svih rezultata dobivenih analizom metiliranja DNA i ispoljavanja miRNA,
otkrila je nekoliko preklapajucih ciljnih gena dereguliranih u HNSCC, $to bi moglo doprinijeti
ukupnoj analizi ciljnih epigenetickih biljega: SNX25, MDGA2, BRWD3, PDCD1LG2, HAPLN1,
PDE4D, SPRR3 i LAIR2. Nakon potpune integracije analize gena dereguliranih u karcinomima
glave i vrata (miRnome i methlyome) i signalnih puteva koji su ukljuceni u razvoj raka,
predlazemo nekoliko potencijalnih epigenetickih biljega u HPV-pozitivnim HNSCC: miR-9,
miR-335, PDE4D, SPRR3 i LAIR2. Navedeni biljezi bi se svakako trebali evaluirati na studiji sa
veéim brojem uzoraka.
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