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ABSTRACT

Head and neck cansaepresent a group of tumansth two different etiologies.
The first type is associated with the viraHPV infection, the secondone is
virus-independent anitlis associated witemoking and alcohol consumgti agwo main
risk factors.Numerousstudiesshow thatHPV-positive tumors are more frequent in
younger patientsas well as thathe prognosis and overall survival thlesepatientsis
remarkably betterTherefore, the modification of the treatment isisidered.For this,
however specific, sensitive andinically relevant biomarkers faccurate identification
of tumor etiologyis neededSuitablecandidats for such biomarkeraremiRNAs, small
non-coding regulatory moleculestable in archived sampgthat have beeshownas
differentially expressed in human carecandthe expression pattern seespecific for

tumors of different origin.

The submitted thesisfocuses on miRNA profiling in HPV-positive and
HPV-negative tonsillar tumors and cervicalr@aomaswith the aimto find out the
differences between regulation of important carcinogenetic pathways of tomoral
and nonviral etiology. Our data have shown very large heterogeneity of the miRNA
expression profilesf these tumorDespite thavell characterized and uniform samples
collection, ve have found very small overlap of the HBjpecific miRNAs in comparison
to bothour model systemand b other studies. Therefore, Vigcused on the reasons for
suchheterogeneitythis study hashownthe importance of theomogeneity of analyzed
samples and standardization of tigpe of clinical material andormalizationapproach

for data analyses.

Overall, the submitted thesigpresentsour results from miRNA research of
HPV-relatedcances. During tle researchseveral important observations were made
which allow for the improvement ofhe next experiments. Finally, the HP36re
MiRNAs were identified and will beevaluatedin a following project in a set of
HPV-related and nomelated samplesfrom malignant tissues ofother anatomical

locations These selected miRNAs will ieenanalyzed functionally.
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ABSTRAKT

N§dory hlmSedsalkkvpkjuiu n8§dor T dvoj2 eti
j sou ng8dor y nd eRGcHuhousku@nowsjson §dory nevirov®
kt er ® jsawnRhsnaojhdmwng mi rizikovimi faktor
alkoholuZpubl i kovanTch stwpdizi tjiee n2Saj§d®,r yg e et
u mladg2ch pacientT a pg@¥ope®Rgnizo @acelel

Ztohao d Tvodu je zvagovg8§na modifikace | ®| Db
onemochiDOm®&nNN je dTlegit® zajistit spec
bi omarker pro pSesn®Vhodrdai dinthpotdkeBy i e 1
biomarkeyjsoumi RNAs, jakogto mal ® n,ekk-tdesrj® g #slorué

ivarchivn2@heyizohg2cbzd2l ng Sapdd&§ehbwniSdo
a je specifick8 pro n8dory rTzn®ho pTvod:

PSedkgEpPpdgeaeamnNSe mirNAnpar of i | HRVHOZ i tvi v n2
aHPV-negativn2ch n8dor ecdehdKird lorg2ne the?m dermalll Baa j &
rozd?ftegulaci dTlegitlich karcerogenn2ch d
Nage visledky ukatwweRprved rk2oawh hpertuefriolyeetmnti o
ng§ddr pSes vyugit2 velmi dobSe charakter.]
detekovalima |l T pSekpeeci HP¥YkT ch mi RNAIZ mveodebo
syst ®mesnm ej nhD t ak nienémsi.Zo wiml@ nd Teodwp Sj2d men yh
takov® heterogenity a nagteejvisrleddksyt iukare:
vz o r k $tandardizaci yt p u klinick®momamazetngch @S2

vyhodnocovgn2 z2skanlch dat .

Souhr nniy el Szeed k928cdia,n§ pr S§ce pSedstavuje
VHPV-asoci ovanlich n&8dorech. BRhem vizkumu
poznakKtkegr,® n8&m pomdalog?2 mesgty mapmjiikavali jsme
tzZv.AHR&orei mi RNA spavciovkh®®pn8dbslPYy a z2:
vyugita a rz&mndinor®&slaeduj 2c2ho projektu z
HPV-asoci ovanich a neasociovanlicihzRg@phlor T d

budou identifi kovah®nhkli RNAs anal yzovs8ny
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1. Preface

1. PREFACE

Head and neck canc@fiNC) is the ninth most common cancer type worldwide
with more than 500 thousand of new cases annuéfigrlay et al, 2015;
Gupaetal., 2016) In the Czech Republic, HNC is theelfth most common tumowith
almost 2000new casesnnually and the incidence of the disease is still increasing

(www.svod.czwww.uzis.c). HNC is often diagnosed the late stage of the disease and

thus the survival of patients imsatisfying. The main risk factors for the development of
this disease are smoking and alcohol consumpliorecent yeargherole of HPV was
noticed especially withoropharyngeal tuors. The proportion of HPM¢aused tumors
varies worldwide, however, in the Czech Repyldiound 68 % of the oropharyngeal
tumors are highrisk HPV-positive (Tachezyet al, 2009) Although the disease is
diagnosed mostly in the late stage, patients WBV-associated tumors have better
prognosis and overall survivgDayyani et al, 2010) and the treatment could be
optimized for each group accorditathe etiology. Therefore, it is important to find some
specific and sensitive biomarkinr the distintion of the carcinogenetic mechanisms of
tumors of different etiologiesSuch biomarker should help to improdeagnostis

prognosticas well agherapeutic approaches.

Thethesis focuseon the study of head and neck tumors of both etiologies and on
the determinationof such biomarker. The suitable candiddt® it could be miIRNAs
short norcoding RNAs with posttranscriptionategulatory function. The expression
profiles differ in cancer tissues aim nortmalignantones, and thexpression is also
tissue spetic. The expression of mMIRNA has bestudied in various tumors, also in
HNC, howeverthe distinction ofetiology of these tumor$ias not been included yet
Thus, our researcfocusedon the analysis of the group of well characteritédC
samples of single anatomical locatioim comparison taervical cancer sampleshere
tumorrelatesto HPV infection in almost 100 %ur resiis revealed some new findings
in the field of mMiRNA researgtwhich will, hopefully,contribute todetermination of the

right HNC biomarkers anldelp toimprove the therapy and prognosigiod patients.


http://www.svod.cz/

2. Introduction

2. INTRODUCTION

2.1 Basic facts about human papillomaviruses

Human papillomaviruses (HPVs) belong to the fan®gpillomaviridae and
together withthe family Polyomaw idae and Adenoviidae are referred as small DNA
tumor viruses. HPVs have small nenveloped, icosahedral capsid with 55 nm in
diameter (Figure -1) which contais doublestrandedDNA with the length up to
8000bp. These viruses infect epithelial celfglee skin or mucosa and may cause benign
proliferations such as papillomas or warts. Further, some types of HPVs have also

oncogenic potential and participate in the oncogenic progression of premalignant lesions.

Since the clinical manifestation of gealiwartshas been known sindke times
of Hippocrates, until the 50s of the2@entury theyhad not beeconsidered as sexually
transmitted disease. The first papillomaviruses weemntified by Shore and Hurst
in 1933 in the cottontail rabbit (cottait rabbit papillomavirus, CRPVS)
(ShopeandHurst, 1933) Soon afterwards, Rous and Beard described the oncogenic
potential of thigpapillomavirus PV) type (Rous and Beard, 1935)he viral particles in
genital warts were first demonstrated by electraoroescopy in 1969 Waterson and
Almeida, 1969) Themilestone in the HPVs research came at the beginning of the 80s of
the 20" century with the isolation of HPV16 and HPV18 from the cervical carcinoma
cellsin the laboratory of Harald zur Haus@urst et al., 1983; Bosharet al, 1984)
Sincethenmany research grougmecamanterested in the investigation of HPVSs, their
molecular biology, the relation to the carcinogenesis and the research atmed
development of the vaccine. B008, Harald zur Hausereceivedthe Nobel Prize in

Physiology or Medicine for his discovery of HPV causing cervical cancer.

Figure 2-1: (A) Model of HPV16 capsigCardoneet al, 2014) (B) Electron micrograph
of papillomavirus particlefDoorbaret al, 2015)
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2. Introduction

2.1.1 Viral classification

With the development of the molecular biology methods in1889s the new
period of HPV research started. To date, up to 200 HPV types have been identified along
with over 100 of animalPV types including mammals, birds, snakes turtles

(http://pave.niaid.nih.ggv For PVs classificationthe gene for the major capsid protein

L1 is usecstandardlysince the L1 open reading frame (ORF) is the most conserved region
in HPV genomeg(lIARC Working Group on the Evaluation of Carcinogenic Risks to
Humans, 2007)To be identified as a new papillomavirus type, tidA3sequence of the

L1 ORF musdiffer in more than 10 % from the closest known PV t{tpé&RC Working
Group on the Evaluation of Carciragc Risks to Humans, 200HPVs are organized

into 5 genera (Figure -2). The largest PV groups are Alpha, Beta,

Gammapapillomavirusesnd alsoNu- and Mupapillomaviruses.

Alpha-papillomaviruses are classified as cutaneous and/or mucosal types,
acording to the tissue tropism. Based on the oncogenic poteHtiV types are
classified as highisk (HR), which can cause preand malignant lesions, and lengk
(LR), causing benign lesions. The most frequent mucosatypBs are HPV6 and 11
which caus genital warts (condyloma accumitatum) or recurrent respiratory
papillomatosis (RRP)Ball et al, 2011; Omlandet al, 2014) The most common
HR-HPVs are HPV16, 18, 31, 33, 45, 51 or 58. Matyd®s confirmed the role of
HR-HPV types in the developmenf cervical canceand cancer of other anogenital
regions(Rubin et al, 2001; Dalinget al, 2002; Munozet al, 2003) as well as their
etiological role in the development of head and neck caffeijderset al, 1996;
Gillison et al, 2000)

Betapapilomaviruses mostly include cutaneous types of HPVs and were found
to be associated with the cutaneous squamous cell carcinomas (SCC) of
epidermodysplasia verruciformis (EV) patieBister, 2003) EV is a hereditary skin
disease with characteristic ski@sions which can progress to SCQlda associated
mostly with HP\6 and 8, rarely with HPV14, 17, 20 or 47. However,
betapapillomaviruses are also widely spread on the skin of healthy population with the
prevalence up to 91 % and the most prevalent yp¥'23 (de Koninget al, 2009)
Gammapapillomaviruses comprehend mostly cutanetyses and are represented
by e.g. HPV4, 48, 50 or HPV60.


http://pave.niaid.nih.gov/
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Alpha-papillomavirus
mucosal & cutaneous

Mu-papillomavirus
cutaneous

Nu-papillomavirus
cutaneous

b3HPY75 - g10HPV121
HPVTE Q‘LWPVIm

~ g10HPy

giHpyg, oA

R, 7
oo L% G, 719 Gamma-
ﬁ@'&}" (: papillomavirus

cutaneous

Beta-papillomavirus
cutaneous

Figure 2-2: Phylogenetic relationship between human papillomaviruses.
Alpha-papillomaviruses are classified asvlioisk cutaneous (brown), lowsk mucosal
(yellow) and highrisk mucosal (pink). The highlighted typésxt in red)are confirmed
as fAhuman car cfroméggawaptalp20l15Adapt ed

2.1.2 Genome of human papillomaviruses

HPVsE viral appaopimately 8 kbolang Grcular doukdéranded
DNA genomewhich is divided into three main regions and contains eight or nine ORFs
(Figure 23); the early region (E) that ematesthe early proteins EE7, the late region
(L) that encodes two capsid peots L1 and L2, and the upstream regulatory region
(URR), also known as long control region (LCR), which contains regulatory sequences
such as promotor and enhancer elemastwaell as theiral origin of replication (ORI)
(Seedorkt al, 1985) The regons are separated by two polyadenylafjof) sites; early
pA (Ae) and late pA (A). In the early stages of the viral life cyckbe viral early
transcripts are driven by early promotor (e.g. p97 in HPV16, p99 in HR88&1gtkinand
Wettstein, 1986; Ozbuand Meyers, 19983nd polyadenylated at the pAAs the cell
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2. Introduction

differentiates, the late promotor (e.g. p670 in HPV16, p742 in HPV31)
(Grassmanrtal., 1996; Ozbun and Meyers, 1998 activated and the shortened variants
of the early proteins E1, E2 and &k transcribed. Durintipeterminal differentiation of

the host cellghe activity of pA is downregulated, the transcription of the true late region
is activated and the mRNAs for L1 and L2 proteins polyadenylated at theaneA
transcribed (revieweth Johanssorand Schwartz, 2013)The genome of all HPVs is
transcribed from a single DNA strand and the polycistronic mMRNAs unddteynative

splicing utilizing various splice sites.

The number of ORFs differ among HPV®wever, the core genes encodihg
early proteins E1 and E2 involved in replication, and genes for late proteins L1 and L2
involved in packaging, are wetlonserved across the HPV types. The early region further
encodes other four early genes (E4, E6, E7, E5). In some HPV, tigpdssion protein
E8"E2C has been prover{Stubenrauchet al, 2000; Lace et al, 2008;
X. Wangetal., 2011; Sankovsket al, 2014)

HPV genome organization

URR E6 E7
Promoter and URR ‘\

enhancer elements —1
i 8
Viral ORI

E1

Early genes
E1-Replication

E2-Replication and
transcription

E4
’ E4-Viral release
E2 E5-Immune evasion
? E6-Binds p53
L2-Minor capsid protein E7-Binds pRB

L1-Major capsid protein

Figure 2-3: Illustration of the HPV16 genome organizat{&anley, 2012)

The E1 protein has helicase and ATPase acfivttys necessary for viral
replication when it binds to the specific viral DNA sequence (E1 binding site, E1BS) and
together with the protein BRinitiates theDNA unwinding(Wilsonet al, 2002;reviewed
in Bergvall et al, 2013) The E2 protein hasipde role. First, its domain in carboxyl
terminus binds to four conserved E2 binding sites (E2BSs) in the LCRnghar
aconsensus DNA sequence. The binding of different levels of this protein to E2BSs
regulates transcription of the early viral genes, idiclg E2 itself(Romanczuket al,

1990) The E2 protein is also a negative regulator of the expression of the main HPV
oncoproteins E6 and E7. Furthermore, E2 protein binds to the specific motifs in the viral
genome and attaches it to the mitotic chromasoithis mechanism ensures the right
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2. Introduction

segregation of the viral genome between daughter cells during cell diiBsistien and
McBride, 2000; McBrideet al, 2006) The middle region of the protein supports the
stability of E2 proteins itself and is requirddr the efficient nuclear localization
(Zouetal., 2000) Finally, the Nterminus is essential for the interaction with the protein
E1 and as such itplays role in regulation ofthe viral replication. Recently,
CruzGregorioet al have revealed that pens E1 and E2 modulate cellular redox state
and thus influence DNA damagehich could be an important event in establishment of

persistent infection and potential cellular transformagomzGregorioet al, 2018)

The gene for E4 protein overlapstire HPV genome with thE2 gene but it is
expressed in a different ORF. The protein E4 is expressed as a fusion protein E1"E4
(Doorbaret al, 1990; X. Wanget al, 2011)and the most abundant expression occurs
during the later stages of the viral lifgcte (Doorbaret al, 1997; Pehet al, 2002;
Middleton et al, 2003) therefore the expression tiie E4 protein is consider as
abiomarker of vegetative viral genome amplificatideh et al, 2002) Similarly,
Wilsonet al wanted to determe the roleof E1"E4 protein oHPV18 They revealed
that ths E1"E4 protein plays role in regulating the HPV late functions, howé&vaso
participates in the early phasetbé replicationcycle (Wilson et al, 2007) Contrary to
this study, Fangt al have repded that the expression of fué#ngth E1"E4 protein is
not necessaryor efficient genome amplification of HPV1{Fanget al, 2006) That
suggests that there may exist tgpeecific differences between the functions of E1"E4
proteins. The E1"E4 proteaisoplaysrole in virus escape form the epithelial cells, since
it associates with keratin filaments and participaie reorganization of the kerati
cytoskeletonfWanget al, 2004; Mcintoshet al, 2010) Thereby, it disrupts structural
integrity of infected cells and facilitates the release of newly synthetized virus particles.

Several types of HPV (e.g. HPV16, HPV18 or HPV31) express also a spliced
MRNA that links theE8 genewith the E2 gene and encodes the fusjomotein ES"E2C
(Stubenraucket al, 2000; Laceet al, 2008; Wanget al, 2011; Sankovsket al, 2014)

This proteinfunctionsas a repressor of viral replication and transcripgéowlit interferes
with the E2dependent transcriptional activation by the -fabigth E2 proteins
(Stubenraug et al, 2001; Laceet al, 2008; Straulet al, 2014)

The HPV early proteins E5, E6 and E7 are the main viral oncoprotams

mechanisms of #&ir function arelescribedn detailin 2.1.4.



2. Introduction

HPVsencode two structural proteinthe major late proteinland the minor late
protein L2. The protein L1 forms 72 pentameric capsis and together with up to
72single L2 proteins forms an infectious virigBuck et al, 2008) The L1 protein
facilitates the attachment with the host cetilst the L2 proteins essential for the viral
genome encapsidation ibiparticipates in multiple steps duritigeviral entry to the host
cell (reviewedin Bucket al, 2013; Wang and Roden, 201B)oreover, the major capsid
protein L1 is able to spontaneously setsemble nt o -ldivkier upar ti cl es
exhibiing morphological and immunological featu@sative viriongZhouet al, 1991;
Ghim et al, 1992) Since the VLPs are only the empty capsids without the infectious
genome, they are used for development of \WaBed vaccing&Kirnbauer, 1996; Vonka
and Hamsikova, 2007Wntil 2015, two types of VLIbased prophylactic vaccines were
available in the Czech Republicbivalent vaccine Cervarl¥, designed to prevent
against the two most common HPV types 16 and 18and quadrivalent vaccine
Gardasil™ (also known as Silgaf, targeting additionallyagainst HPV6 and HPV11
cawsing genital warts anldw-grade lesionsréviewed n Cuttset al, 2007) After years
of development, the current quadrivalent vaccine wargedl to the nonavalent vaccine
targeting five additional HRHPV types (HPV31;33,-45,-52,-58) and as Gardasif9
was licensed in 201@Pils and Joura, 20157 his nonavalent vaccirfeas been available
in the Czech Republigince 2015. The vaccinatiamthe Czech Republis endowed for

theyoung of both genderatthe age of 134 years.

2.1.3 Life cycle of HPVs

Human papillomaviruses are intraepithelial pathog@heir life cycle is strictly
dependent on differentiation process of infected kevatites and on the replication
apparatus of the host cell (Figuré HPVs infect the basal layers of epithelium through
the small wounds or abrasions. The mitotic cell diviswmich occurs during the wound
healing is necessary for the entry of theusrinto the host cell and into the cell nucleus
(Pyeonet al, 2009) The virus initially bound to the heparan sulphaproteoglycans
(HSPGs)situated on the basement membrarieepidermis(Combita et al, 2001;
Giroglouet al, 2001) The interaction beteen the HPV capsid and the heparan sulphate
on the membrane is mediated by the HPV protein L1 and is necessary for the efficient
infection of the cell{fKnappeet al, 2007; Surviladzeet al, 2015) This attachment
induces the conformational changes he virus capsid leading to the exposure of the
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amino terminal portion of capsid protein,l&hich is then cleaved by convertase furin
and other, notHSPGs receptorsre uncovere(Richardset al, 2006; Day and Schiller,
2009) The exact way, dw the virts entersthe host cell and reaches the nucleus, is
unknown, however Spodest al suggest that the HRPV types share similar novel
requirements for the endocytic mechanism of the é8jppderet al, 2013)independent

on the wellstudied clathrin cavedin- or dynaminmediated pathways.

In the basal cells of the epithelium, the virus maintains its genome in low copy
number as an extrachromosomal genome called episome. The viral DNA replication is
regulated by the proteins E1 and E2 and the genome ilfiathpo 50-100 copies per
cell (Parishet al, 2006; McBride, 2008)while the expression of the potent viral
oncogenes E6 and E7 is under very tight control. When the host cells begin to differentiate
the viral gene expression and DNA replication isegpitated, the expressiaf E6 and
E7 proteins allowghe infected cell to renter the $hase of the cell cycle and the
genome copy humber increaseshiousands. During the terminal differentiation of the
epithelium the viral late promotor is activateshd the genes encoditige capsid proteins
are expressed. Afterwards, the viral genomes are encapsidated and exit the cell along with
the shreding keratinocytes as an infectious particle. The life cycle of HB\&$ least

threeweekslong and the releasof the viral particles does not cause the cell death.

Corn\fied{ m@ ___________ v Virion assembly

and release

Granular

iy
{

Basal

Late gene expression
Viral genome
amplification

Early gene expression
El, E2, E6 and E7

Dermis

Normal HPV-infected
epithelium epithelium

Figure 2-4: Life cycle ofhuman papillomavirusg81oody and Laimins, 2010)

2.1.4 Human papillomaviral oncoproteins
2.1.4.1 Protein E6

Protein E6 is along with the other proteiic7, one of themost mportant HPV
oncoprotein and participates in cellular transformation. It targets critical regulators of

cellular processesvhich leads tanlimited proliferation, evasion of apoptosis, induction
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of invasive and metastatic properties or sustaamggiogenesigMcLaughlin-Drubin and
Munger, 2009h) The most welcharacterized function of this protein is the ability to
interfere with the activity of the protein p53. Protein p53 is a tumor suppressor regulating
cellular pathways which mediate cell tyarrest or induce cellular apoptosis in response
to DNA damage or other cellular stress. HPV oncoprotein E6 forms a complex with p53
and cellular E3 ubiquitin ligase called Ha6sociated protein (E6APThIs results in
ubiquitination and degradation ohd p53 via proteasomgcheffneret al, 1990;
Mortenseret al, 2015) The E6AP interacts with the LXLL motif situated in the amino

terminal region of the E6 oncoprotein.

Protein E6 plays role also in ph3dependent pathways resulting in cellular
transfamation. One of them is the ability to activate telomerase (hTERMR)ch
maintains the telomeric DNA at the end of linear chromosomedtsréfore, telomeres
are not shorteedupon each cell divisigiwhichleadsto immortalization of the host cells.
Veldmanet al published that HRIPV E6 protein activates the hTERT promoter via
interactions with eéMlyc and thus increases the enzyme actiitgldmanet al, 2001,
Veldmanet al, 2003) In addition, therés also somevidencehat protein E6 associates
with the repressor of the hTERT promoter NFX1 leading to the increased hTERT
transcription(Gewinet al, 2004; Katzenellenbogest al, 2007)

The carboxyl terminal region of the E6 protein contains #idding motifs
which interact with the specific PDdomains of cellular proteins. These proteins often
play role in signaling pathways and regulation of cellular polarity. The interaction of E6
and proteins harboring PDZ domains leads to their degradation and thus cellular
transformation(Nguyenet al, 2003; Watsoret al, 2003) Webb Stricklandet al have
also reported that E6 interaction with PDZ domains of several proteins modulates the
activation and nuclear localization of transcriptional regulator YAP1 and thus corgribute
to oncogenesi$Webb Strcklandet al, 2018) E6 proteins of LRHPVs lack the ability
to associate with the PDZ proteifidyono et al, 1997)

HR-HPV protein E6 can also interact with other cellular proteins such as
interferon regulatory factor 3 (IRB), which normally activate the e&pression of
interferons (IFNs)- cytostatic cytokines playing role in immune response to viral
infections. The association of E6 protein and H{RFads to the inhibition of IRB
transcriptional activity(Ronco et al, 1998) Further, E6 proteinnteracts with the

transcriptional coactivators CRHEBNnding protein and p300 (CBP/p300umor
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suppressors promoting apoptosis and inkabibf the cell cycle progression and cellular
differentiation(Goodman and Smolik, 20Q0Jhe binding of the E6 prdteto CBP/p300
displaces the protein p53 from its binding site on CBP/p300 and thus it is another viral

mechanism how to abrogate the p53 func{f@mmermanret al, 1999)

2.1.4.2 Protein E7

Other important protein of human papillomaviruses is oncojor&feé which along
with the oncoprotein E6 participates the cellular transformation. It is a small
polypeptide containing two conserved regions CR1 and CR2 at the amino terminal
domain These regionare necessary for the transforming ates of the potein and
have the sequence similarities with adenovirus protein E1A as well as polyomavirus
SV40 large T antigen. The main target of E7 is retinoblastoma protein Rb and other

Apocket proteinso associated with npRb,

suppressor protein regulating cell cycle progression since it controls the G1/S transition.

It forms the pREE2F repressor complex which arrests thHeayele progression into the
S-phase. When the cell is ready to divide, Rb grotis phosphorylatedby
cyclin-dependent kinases (CDKs), the transcription factor E2F is released from the
repressor complex and thellcycle can progress to thepBase. During M/G1 transition,
pRb i s dephosphoryl ated and it r dagwithh ns
linked E2F (reviewed bylunger and Howley, 2002)

The primary mechanism of BWediated cell cycle deregulation is the association
of E7 protein with the hypdmsphorylated pRb and its tariapet for the proteasomal
degradation through the interactiovith cullin 2 ubiquitin ligase complefduh et al,

2007) The pRb is bound to the conserved LXCXE motif in CR2 region of E7.
Simultaneously, the transcription factor E2F is released from the complex with pRb and
the E2Fmediated transcription is actiat facilitating the cell cycle progression leading

to cellular transformation.

In addition to pRb, the oncoprotein E7 interacts also witlkerotellular proteins
involved inthe cell cycle regulationlts inactivation leads to the cellular transformation,
including cyclin A and E or cyclilependent kinase inhibitor p24'and p2#'** both of
which are activated by anpiroliferative signals and contribute to celicle arrest
(McLaughlinDrubin and Munger, 2009aloreover, ithas beemlso shown that EZan

attract the histone deacetylase (HDACs) proteins tockitematin and thus promote
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E2Fmediated transcriptiofLongworthet al, 2005) The protein E7 binds to the HDACs
through the zindinger-like regions at the carboxyl terminus. Further, the bigaihthe

E7 protein to HDACs is important for maintenance of the extrachromosomal form of
HPV in undifferentiated keratinocytéskongworth and Laimins, 2004)Analogous to

protein E6, the oncoprotein E7 interacts with the interfeegulatory factor 1 (IR-1)
throughits pRbbinding domain(Um et al, 2002) IRF1 is a transcription factor
influendnge x pr essi on of-b) ndared ftehmwsn tbh € thefhidst al a

cell immunity.

2.1.4.3 Protein E5

Papillomaviral protein E5 is the least understood of the three papillomaviral
oncoproteins. It is rich in hydrophobic amino acid clusterd localized to membranes
of Golgi aparatus (GA) and endoplasmatic reticulum (ERptke et al, 2000;
Disbrowetal., 2003) The characteristics of bovine papillomavirus 1 (BPV1) E5 and
HPV16 E5have beerstudied the most. Although E5 proteins of thase types show
minimal sequence similarity with each other and HPV16 E5 is almost twice as large, they

both transform cells and overlap in their function and targets.

E5 protein is not encodan all HPV types however it is likely that it plays a
significant role in viral replicative life cycle anthat its presence in viral genome
correlates with the risk of cancerhis suggests that it contributes to the function of
oncoproteins E6 and E7 ahdnce alsoa the human carcinogenegiravo and Alonso,
2004; Schiffmaret al, 2005) It has beershown that HPV16 and HPV18 E5 increases
the level of the receptor of epidermal growth factor (EGFR)matius waysensitize the
cells to EGFand stimulates the transformati@md mitogenic activity of the cells
(Tomakidiet al, 2000; Kiviet al, 2008; Wassost al, 2017) HPV16 E5 also influences
the EGFR downstream signaling pathways,ahdough that, alsthe expression of
anumber of oncogenes such agug, cfos, cyclooxygenasg (COX-2) or vascular
enddhelial growth factor (VEGF) contribuig to theindependent growtfChenet al,
1996;Kim et al, 2006;Kim et al, 2009) Further, HPV16 E5 downregulates the activity
of cell cycle inhibitors p21 and pZTsaoet al, 1996; Pedroz&aavedrat al, 2010.

HPV16 E5 influence the host cells also in EGFiRdependent way when it
promotes the celtell fusion and contributes to transformation by increasing the cellular

DNA content. Huet al demonstrated that HPV16 E5 is necessary for the formation of
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bi-nucleated cells which play an initiating role in the early stages of-hiE\ced cellular
transformatior(Hu et al, 2009) Furthermore, HPV16 E5 interacts with the 16K subunit
of vacuolar ATPase (MTPase)(Conradet al, 1993)which leads to the decreasing
acidification of endosonsefollowedby increased recycling of EGFR to the cell surface
and constitutive signalin@traightet al, 1995) HPV16 E5alsoplaysrole in evading of
immune response since it interacts with the heavy chain of humajor
histommpatibility complex | MHCI) antigen and thus restricts its transport to the cell
surface(Ashrafiet al, 2005; Ashrafet al, 2006)

2.1.5 Epidemiology
2.1.5.1 Epidemiology of HPV infection

HPV infection is the most common viral sexually transmiitéeiction worldwide
and it is estimated that approximately 440 million individuals are infected with HPV
(Malik et al, 2014) HPV is most often transmitted horizontally by sexual contagt
the penetrative sex is not required. Further, the verticabrression from infected
mothers is also possiblbut it is not very commor{Burchellet al, 2006) Most of the
infections are inapparent and are spontaneously cleared with the immune system of the
host without clinical manifestation, nevertheless theraleze rate of HRHPVSs is lower
than that of the low risk typd#/olanoet al, 2003) Only about 25 % of all individuals
infected with HPV develop precancerous neoplasia and fewer than 1 % progress to the
invasive cancefMalik et al, 2014) Based on theetaanalysis published by Brustal.,
the HPV prevalence worldwide among women with normal cytological findings was
~11% before the introduction of vaccinati¢Bruni et al, 2010) but it varied between
different continents. The HPV prevalence wasltveest among females who reported
never having sex and significantly increased with increasingtageri et al, 2011)
Themost prevalent types in the Eastern Europe wereHRR types 16, 31, 18, 39, 33,
and 66 and from the low risk types it was HP{Biuni et al, 2010) In the Czech
Republic the HPV prevalence was higher than in other countries of Eastern Europe
(Tachezyet al, 2013)and the types detestt in the Czech population (HRE, 56, 39,
45, 18, and 51) were different than those reported rfoyiket al (Bruni et al, 2010)
In 2016, Markowitz et al publisheda study reporting a decrease of prevalence of
guadrivalent HPV vaccine types after introduction of vaccination in the population of

United StategfMarkowitz et al, 2016) There was a 64 decrease in the prevalence
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among females aged 14 to 19 years and 34% decrease among those aged 20 to 24 years.
Similar results were reviewed in metaalysis by Drolegét al (Droletet al, 2015)which

reflects promising effect of vaccination programs.

Beside HPV DNA, the useful epidemiologic marker of HPV infection is the
detection of antibodies to antigens derived from H#p¥cific proteins. The presence of
antibodies specific to L1 VLPs reflects the past and cumulative exposures to the virus
(Herreroet al, 2003; Zhacet al, 2005; Tachezgt al, 2009) Our laboratory published
a large populatiobased seroepidemiological study which revealed that the
seroprevalencen the Czech Republic is aggependent andor the most common
HR-HPV typesreacheshe maximum in 3@9-yearold women and 569-yearold men
(Hamsikovaet al, 2013) This studyalso provided evidendeased dataupportingthe
implementation of HPV vaccination in the Czech Republic before the age of 13.
Antibodies specific to HPV EG6 artel7 are rarely present in healthy individuals but their
prevalence is high in patients with invasive malignant diseasssciated with HPV
infection(Zumbachet al, 2000)

2.1.5.2 Epidemiology of HPVrelated carcinomas

More than 14 million ofcancer cases are diagnosed each year worldwide
(Ferlayet al, 2015)andabout 5 % is associated with the HPV infecijBtummeret al,
2016) Cervical cancer is the fourth most common cancer in women worldwide and the
seventh overall with over 500 thousbnew cases in 201Plummeret al, 2016) and is
almost in 100% etiologically linked to the HPV infectioror the development of the
premalignant lesions and/or invasive carcinomas the persistent infection wittPM&
is necessarySchiffman and Kjae 2003; Radleyet al, 2016) An important factor for
the progression of precancerous lesions is HPV type. The most frequent type in invasive
carcinomas is HPV16 which is responsible foR4®f highgrade lesions and more than
a half of the cervical caec caseqCrow, 2012; Schiffman and Wentzensen, 2013)
Thesecond most common carcinogenic type is HPV18 (Figite 2

A recent s t uvet 3l demnbnstr&ed ithatt HPY types with lower
prevalence in cervical cancer and precursor lesions show reidugtrd immortalization
capacity and require more genetic host cell aberrations than the more prevalent types
(Schutzeet al, 2016)
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Further, to the persistent HPV infection and the progression of the disease
contribute behavioral factors such as smgki multiparity or sexualbehavior
(International Collaboration of Epidemiological Studies of Cervical Caeical, 2006;
International Collaboration of Epidemiological Studies of Cervical Cancer, 2006;
International Collaboration of Epidemiological Sieslof Cervical Cancer, 2009 the
Czech Republic, the incidence of the cervical carcinoma stagnates in time with more than
800 new cases in 201#4t{p://svod.c}. The most prevalent type in Czech women is HPV
16 which wagletected in 436 of cervical precancerous lesions and in 73 % of cervical

carcinomagTachezyet al, 2011)

Although the majority of HP\Melated cancers are cervical, the viral infection can
also lead to the carcinomas in other parts of the body (F&3byeThese cancers include
those of vagina, vulva, anus, and penis, with more than 110 thousand of new cases in
2012 (Plummeret al, 2016) There is also the evidence that HPV infection is related to
the head and neck tumors, mainly oropharyngeal camberpart about head and neck

tumors is discussad chapter2.2.

Beside the mucosal types from the genus aP¥sa, the cutaneous HPV types
might play role in the pathogenesis of cutaneous cancer. In 2009, twB\i&t&PV5
and HPV8, were classified g®ssibly carcinogenic in patients with epidermsulgsia
verruciformis witha high susceptibility to bet&Vs and skin cancgBouvardet al,

2009)

Total cancers [l Cancer attributable to HPV [l Attributable to HPV 16/18
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Figure 2-5: HPV and cancer. Left percentage distribution of HPV types is cervical
cancer. Righti comparison of total humber of cancer cases at different anatomical
location and those related to HPV infecti@row, 2012)
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2.1.6 Molecular mechanisms of HPMassociated carcinogenesis

As mentionedn 2.1.5.2 persistent viral infection with HRIPV type, especially
HPV16/18, is apreconditionfor the development of premalignant lesions and their
progression to malignant carcinom@adleyet al, 2016) Cervical cancer is preceded
by premalignant changes of different histological grading known asicak
intraepthelial neoplasia (CIN). A lowgrade lesion CIN LGL, CIN1) typically
disappears within a few months and is caused by transient HPV infection. The cellular
proliferative and antiapoptotic effects of cervical inflammation in combination tivith
low-level expression of HPV oncogenes contribute to the progressidhisoimild
dysplasia to the highgrade lesions characterized as moderate dysplasia CIN2 and/or
severe dysplasia CIN®Villiams et al, 2011) Although most of women are at some time
in their lives infected with HPV, the progression into the invasive carcinoma occurs only
in the minority of them. It suggests that some other factors are contributing to the cancer
development on molecular level such as genomic instability, HPV DNA attegrinto
the host genome, or epigenetic alterations. The mechanisms of-rétied
carcinogenesis was studied mostly in cervical camoaveverthe key events are similar

also for the carcinomas of head and neck region.

2.1.6.1 Genomic instability

Primary immune response to the viral infection or infection by other pathogens is
an inflammationWilliams et al, 2011) Chronic inflammation is referred as a cancer
promotor(Coussens and Werb, 20d&cause it induces cell proliferation and increase
formation of reactive oxygen species (ROS) or reactive nitrogen species (RNS) which
leads to the DNA damage such as DNA sirgjtanded breaks (SSB) and
doublestranded breaks (DSBsIt also ncreases accumulation of mutations and thus
genomic instabity. However, infection with HPV does not cause a typical immune
response since the virus infects the basal epithelial cells, and the HPV life cycle is nonlytic
thus the inflammation leading to oxidative stress does not occur. Moreover, the specific
immuneresponse is also influenced in HR¥sociated preneoplastic lesions where the
right function of antigen presenting cells is decregs¢etfs et al, 2009) The splice
variant of theviral oncoprotein E6, E6*, can increase ROS levels in keratinocytes which
leads to the increased DNA damdyilliams et al, 2014) Alcohol consumption and

tobacco smoking are other factors which contribute to the induction of oxidative stress in
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infected cells resulting in DNA damadé&suchiyaet al, 1993) Mehta and Laimins
(Mehta and Laimins, 2018)ave revealed that HPVs preferentially recruit DNA repair
factors to viral genomes, utilize them tbe induction of viral genomemplificationupon
epithelial differentiation(Gillespie et al, 2012; Anackeret al, 2014; Sprigg and
Laimins, 2017)and rapid reparation dDNA breaks inviral genome. Further, HPV
maintains this deregulated state with the expression of the oncoprotein E6 which mediates
the degradation of p53, a cellular guardiarthafcell cycle, and thus disruptse repair
mechanisms of the cellular DNA. Proteins E6 and E7 also induce the accumulation of
abnormal numbers of centrosomes leading to the development of aneuploidy and genomic
instability (Duensinget al, 2000; Duensing and Munger, 2002)

2.1.6.2 HR/ DNA integration

Regardless the anatomical sitee tmechanism of HRPVhduced carcinogenesis
relies on the function of the main HPV oncoproteins E6 and E7. As disans2eid4
HPV oncoproteins associate with the tumor suppressors p53 and pRb leatlieg to
degradation and thus deregulation of the tumor suppressive function. The integration of
the viral DNA into the host genome is considered as a key event in therdidt¥d
carcinogenesis. The risk of virus integration depends on the level of DNAgdama
because this event requires DSBs in both the host and virus DNA since HPV do not
encode any integrag®ett and Coleman, 2007Jhe frequency of integration is also
different for each HRHPV type. The HPV16 is found integrated56 % of cervical
tumors by contrast, HPV18 is foundtegratedin 92 % and HPV31 in 14 % dhose
tumors(Vinokurovaet al, 2008) The study of Vinokurovat al also suggests that the
integration is a consequence of the deregulated expression of oncoproteins E6 and E7
(Vinokurovaet al, 2008) Moreover, t he rtakhasnetealedtthe dy o
differences inn vitro E6/E7 immortalration capacity of different HRIPV types where
in cells infected with HPV types with reduced immadalion potential
(HPV45,-51, -59, -66, -70) higher number of genetic host cell aberrations was found
necessary for inducing of immortalizatig@chutzeet al, 2016) This may explain the

fact that there are less cervical carcinomas induced by these HPV types in population.

The frequeng of HPV16 integration increases with the severity of the cervical
neoplasia, howeveonly extrachromosomal forms of the virus were alstected irthe

invasive lesiongKlaeset al, 1999; AriasPulidoet al, 2006; Vinokuroveet al, 2008)

16



2. Introduction

It seems tht the integration is important in the HRMsociated oncogenesis, albeit not
necessary, and other mechanisms could leatdacell transformation. In highrade
cervical lesions, the region of early genes E2 and E8"E2 are often disrupted or lost during
the HPV integrationleading to the increased upregulation of the expression of the E6 and
E7 which favors oncogenedideonet al, 1995; Klaeset al, 1999; Tsakogiannist al,

2015) Further, the integration into the E1 or L2/L1 gene regions was ats@al in
high-grade malignancies, as well as in lgwade lesions(Li H. et al, 2013;
Tsakogianni®t al, 2015) Nevertheless, the viral oncoproteins E6 and E7 are always

retained and are actively transcril{@dkagi et al, 2014)

In the cases of cara@ma with extrachromosomal form of the virus, the elevation
of the copy number of viral episomepresentsne of the optioehow the expression of
viral oncogenes might be increag&rayet al, 2010) However, other studidsave not
observe the increasg number of viral oncogenes in cancers with episomal form of HPV.
Similarly, our results indicate this tendency, but the results were not statistically
significant (Pokryvkovaet al, manuscript in preparation). Other possibilities how the
expression of # viral oncoproteins E6 and E7 can be increased is the epigenetic
regulation of the binding sites in URR for the negatiegulator E2 (discussedaril.6.3
which was suggested in cervical tumors by Cheetngl (Cheunget al, 2013) or the
mutations irthe LCR that would preclude the right expression and binding of E2 protein
(Chaiwongkotet al, 2013; Cheunget al, 2013; Kahlaet al, 2014) Both of these
alternative mechanisms were studied also in our laboratory; however, ouhagrit
revealed mtationsin theE2 binding site¢Pokryvkovaet al., manuscript in preparation),
and in contraryto our expectationsthe increased methylation level of E2BSs was
observed in tumors with integrated HR}nome (Pokryvkovat al, manuscript in

preparation)

Two types of integration have been observed in Hi8Sociated neoplasms
(Jeonet al, 1995) In type I, there is a single copy of viral genome integrated into a host
chromosome, whilst in type Il a tandem of several viral genasmesgegratedvith the
last copy being disrupted. In type JImostly the 3E end of
transcriptionally active. The other copies are intact, however transcriptionally inactive
(Van Tineet al, 2004) It has been suggested by Kalan&dral (Kalantariet al, 2008)
that the other copies are silenced by epigenetic modifitatitn agreement with
Kalantariet al and Chaiwongkotet al. (Chaiwongkotet al, 2013) we observed
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hypermethylation of LCR in type Il integratétPVs (Pokryvkovaet al, manuscripin
prepaation). MoreoverPooleyet al. (Dooleyet al, 2016; Warburtort al, 2018)have

recently revealedhat tandemly integrated repeats of HPV genome can develop into a
Brd-4 dependent sup@nhancetike element. Brd4 is a chromatin binding factor which
regulates cellular transcription by bindirio the supeenhancer regions clusters of
traditional enhancers often associated with expression of oncogenes. The authors detected
highly enriched marker Brd4 at tandemly integrated copies of HPV16 in cekdswotal
neoplasia cell line W12 and have shown that it drives the strong E6/E7 oncogenes
transcription promoting the development of neoplagi2ooley et al, 2016;
Warburtonetal., 2018)

HPV integration sites are thought to be a randomly distriti@dighout almost
all chromosomes without specific hotsp@t8entzenseret al, 2004) However, it has
been observed that integration may occur also near or within common fragile sites (CFSs)
(Thorlandet al, 2003; Krauset al, 2008) the genomic regiongrone to chromosome
breaks. Wentzenseat al reported HPV integration in fragile sites in@8oftheanalyzed
integration sites of primary tumor samples of anogenital tract, head and neck region, and
cell lines (Wentzenseret al, 2004) Moreover, thentegration of virus into the host
genome often leads to the disruption or deregulation of the important target genes
including tumor suppressor genes, to chromosomal rearrangements or to upregulation of
genes involved in cancer progressi@arfenovet al, 2014; Akagiet al, 2014)
Theintegrationnear known growtttontrol genes, including frequently targetiedf C
locus, TP63 or telomerase reverse transcriptaBERT (Wentzensenet al, 2002;
Ferberetal., 2003; Wentzensept al, 2004; Peteret al, 2006) located in or near
translocation breakpoints, or in/near the transcriptionally active re@ianset al, 2011,
Schmitzet al, 2012; Khouryet al, 2013; Bodeloret al, 2016)were detected. These data
suggest that the elevated expression of the @itabproteins is not the only mechanism
leading to the oncogenesisut the prompt changes in the host genome due to the

integration are an alternative way.

2.1.6.3 Epigenetic alterations

Among other factors that can contribute to the disease progrelssiong
epigenetic alterations. During all stages of carcinogenesis, many types of epigenetic

alterations, including DNA methylation or histone modification, may occur in HPV as
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well asin host genome. These changes, which do not lead to mutations of DNtAwse

the disease as well. DNA methylation is a covalent chemical modification of cytosine by
methyltransferase enzyme leading to the formation -aiefhylcytosine and to the
inactivation of the targegene. Aberrant methylation has betscribed in aumber of

tumor suppressor genes (TSGs), cell cycle regulators or DNA repair genes in CIN lesions
and cervicatancer (reviewed iBaavedrat al, 2012) Global DNA hypomethylation in
cervical neoplastic tissues and its increase over the progressiormptEsmdeading to an
activation of certain protoncagenes has beealso observed(Kim et al, 1994)
Furthermore, the altered methylation influencing the malignant transfornretgoheen
alsoobservedn HPV genome. Kalantaet al were thdirst to claim that the methylation

of the 3E region of the L1 ge (Kalantasetag s s oc i
2004) They detected this region heavily methylated in cervical cancer, hqgwewer

level of methylation was observed in legrade lesiond.ater, also the nihylation of L2

and E5 genes has been obseilnateoplastic lesionBrandsmaet al, 2009)

As mentioned above, epigenetic alterations may be an alternative mechanism
through whicltheexpression of the main viral oncoproteins E6 Biidan banfluenced
These oncoproteins are negatively regulated by the viral protein E2 which binds to the
four conserved E2Ssin the LCR rich in the CpG motifs and thus contribute to the
deregulation of the E6 and E7 expression during disease progrebsthylation of
these sites leads to the inability to bind the E2 protein and suppression of its regulatory
function (Kim et al, 2003) Chaiwongkotet al. haverevealed in their study on cervical
lesions that the methylation of E2BSs appears to chdageg neoplastic progression
and depends on the integration status of the viral ger{@im@wongkotet al, 2013)
Similarly, Reuschenbactet al (Reuschenbaclet al, 2015) have pointed to the
association of E2BSs methylation with E2 integrity and vigghome status in
HPV-associated oropharyngeal squamous cell carcinomas, anet S&rmave shown
differential molecular signatures among cervical carcinoma cases with episomal and
integrated HPV1@Senet al, 2017) On the other hand, ithe study byBryantet al
focusing onsamples of vulvar carcinomas, no sfggant differences in the methylation
levels based on the viral status were dete@eghntet al, 2014) The methylation status
of E2BSs as an alternative mechanism leading to the incre&®&/©f expression and
thus cellular transformation in tumors with extrachromosomal form of the virus was also

studied in outaboratory. Unlikeothers, increased level of methylation in E2B&sbeen
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observed in tonsillar tumors with integrated form tbé virus (Pokryvkovaet al,

manuscripin preparation).

2.2 Head and neck cancer

Head and neck cancey the ninth most common malignancy in the world with
more than 500 thousand new cases annually world{Feidayet al, 2015; Guptaet al,
2016) The ncidence and mortality of HNC depends on gender, cancesitwuland
country. Regardless okhetherthe countryis developed or developing, there is an
increase in both parameters, except for mortality rate in the, Wwd#ch has been
decreasing in last foudecadegGuptaet al, 2016) More than 906 of these tumors are
characterized aSCCarisingfrom the epithelial cells of the mucosal lining in the head

and neck regions (e.g. oral cavity, pharynx, and adjacent regions) (Figure 2
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Figure 2-6: lllustration ofpossiblehead and neck cancergions(http://cancer.gov)

The differences in the worldwide incidence and mortality is given by the
variations in the exposure to the main risk factors. Most of the cases are associated with
smoking and alcohaonsumptionboth ofwhich increase the mutation rates in important
cellular pathwaygHashibeet al, 2009; Zygogiannet al, 2011; Gaykalovat al, 2014)
Approximately 33 % of HNC cases are associated with smoking @itashibeet al,

2009) Berthiler et al havedemonstrated that already smoking of3-6igarettes per day
is associated with a 50% increased risk of HNC. However, the duration in smoking plays
also important role since this increased tsls not beenfound among smokers with

smokingduraion shorterthan 20years(Berthiller et al, 2016) By contrast to smoking,
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nearly 4% of HNC s attributed to alcohol consumption alone and nearly 35 % of HNC
is related tdooth smoking and alcoh@Hashibeet al, 2009)

Furthermore, HRHPV infecion is also recognized as another primary cause of
HNC. The first evidence indicating the relationship between oral carcinogenesis and HPV
infection was reported by Syrjanebal (Syrjaneret al, 1983) The strongest assation
with HPV has beedescrbed fororopharyngeal carcinomas, specifically those involving
tonsils and base of tong(idordforset al, 2014) Contrary to cases related to the tobacco
use, the incidence rates of oropharyngeal carcinomas associated with HPV is increasing
(Chaturvediet al., 2008; Chaturvedt al, 2013) whichfactis influenced by changes in
sexual behavior; earlier age of sexual debut, higher number of sexual partners or
insufficient use of barrier protectig8mithet al, 2004; Gillisoret al, 2008; Rettigetal.,
2015) However, the proportion of HR®ssociated oropharyngeal cancers varies around
the world. In the USA about 480 % of oropharyngeal cases are associated with HPV,
whereas in Europe the percentages ranges from 90 % in Sweden to less than 20 % in
cowntries with the highest rates of tobacco use, namely the Netherlar2i8 §28 France
(17 %) or Germany (183 %) (Nasmanet al, 2009; Marur et al, 2010)
In the CzechRepublic, HRHPV DNA has beewletected in 18 % of oral and in 68 of
oropharyngeal arcinomas, and the seropositivity of antibodies to HPV E6/E7
oncoproteins was 56 % in patients with oropharyngeal tumdrish factfurther suppog
the etiological association of HRPV with tumors of this locatio(lTachezyet al,, 2009)
The most prevaint HRHPV type in HNC is HPV16 detectedith up to 95 % of
oropharyngeal cancers followed by HPV33 and HPL&yyani et al, 2010;
StGuily etal., 2011; Koslabovat al, 2013)

Interesting and clinically importantfact is that patients with HR¥ssaiated
carcinomas are commonly younger and have significantly better dispesdic and
overall survival compared to patients with Hif\Mependent tumorfHaftkampet al,

2008; Dayyaniet al, 2010; Rotnaglovat al, 2011) Moreover, Junget al have ato
revealedn their studythat the overall survival of the patients depends on the fact whether
the virus is transcriptionally active or ng¢fung et al, 2010) They claim that
HPV-negative and HPDNA-positive/RNAnegative patients show similar survivate

whilst tumors with transcriptionally active virwme associated with better prognosis.
Zhanget al performed an integrative analysis of genomics and transcriptomics data from

Cancer Genome Atlas and found that the replication of HPV genome andgn into
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the host genome may enhance DNA repair mechanisms since the genes involved in DNA
mismatch repair pathways were found upregulated in4d&3itive tumors, ands such

they limit the accumulation of lethalsomatic mutations(Zhang et al, 2016)
Thedifferences in survival should be given also by the diverse immunological responses
of patients with HPYpositive and HPVhegative tumors. Nevertheless, the underlying
mechanisms for this prognostic advantage of HEMted tumors are unclear andtfiar

studies are needed to clarify this observation.

The earlystage tumors are mostly treated with one treatment modality such as
surgery or radiotherapy. The treatment of advanced tumors is usually multimodal
requiring the combination of surgery withethdjuvant postoperative radiotherapy and/or
chemotherapy. Regarding the prognostic advantage of patients witipbtize HNC
and their better outcome regardless of the treatment strétmiya et al, 2006) it is
important to think about the improwent of life of the survivors and eventually
de-intensify the treatment gamens based on the HPV statusdeveloping of some new
HPV-specific treatment strategig&lozar and Tachezy, 2014Several studies are
currently testing descalation of the trément in order to reduce the side effects
(Kimple and Harari, 2014; Mirghamt al, 2015) and the first results can be expected in
the upcoming years. Besidesinlike cervical cancer whichegelo from clinically
well-defined and visible precancerousitns, oropharyngeal tumors are not usually
detected in the early stages, most likely due to the locations of the lesions in tonsillar
crypts and their worse accessibility for diagnoaisg the majority of patients present
more advanced disease wherertidical and mutilating treatment is requirétierefore,
better understanding of specific molecular mechanisms in-&83d@ciated tumorigenesis
and identification of useful and clinically relevant biomarkers of HEMted tumors will
provide more opportuties for improvement ofdiagnosics, target selected pathways

during the treatment and specify more precisely the prognosis of patients.

2.2.1 Differences in carcinogenesis of HRWositive and HPV-negative
HNC

As mentioned in chapter 2.1 WPV encodstwo main oncoproteins E6 and E7
which are the key players in HPAssociated oncogenesis where the main regulators of
cell cycle are inactivated through their function. The main mechanisms of HPV
oncoproeins functions are illustrated the Figure 2. Onthecontrary, in HPVnegative
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tumors the malignant progression is associated mostly with the mutations of the cellular
cycle key genes. In HRyWositive tumors, one of the most important cellular tumor
suppressor p53 is inactivated and degraded by thetaaivE6 and thus these tumors
basically harbor wildype p53, in contrast to HRKegative tumors which are
characterized by genetic alterations of the p53 pathways and show p53 mutations
occurring in 4673 % of casefRiazet al, 2014) In a great pardf HPV-negative tumors,

the geneCDKN2A encoding the protein pl6, is inactivated through homozygous
deletions, loss of function mutations or epigenetic alterat{bteyeset al, 2015)
Thisprotein is a cyclirdependent kinase inhibitor (CDKI) that inh®i pRb
phosphorylation through the disrupting of cyclin D1/CDK4/6 complex, and thus blocks
the progression of cell cycle. Its inactivation in HR¥gative tumors is associated with
the worse prognosis of patiefiddamazieet al, 2002) Since the exgssiam of p16 occurs
becaus®f the inactivation of the pRb, the HRbsitive tumors are characterized by the
high expression of p16 as a consequence of the pRb inactivation by oncoprotein E7 when
the transcriptional factor E2F is released and positively regpuldne expression of
CDKN2A For this reason, the p16 has been denageaisurrogate marker of active HPV
infection in cervical tumorgSanoet al, 1998; Cuschieri and Wentzensen, 2008)
However, it is not sufficient for the determination b active vird infection in
HPV-positive HNC and it is recommende to use the combination of
immunohistochemical detection of the pl6 and detection of HPV DNA
(Rotnagloveetal., 2011; Hoffmannet al, 2012)with the consideration of the tumor
location(Lukeg o 2@14)
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Figure 2-7: Main mechanisms of HP¥hduced oncogenesisadapted from
Polanskaetal., 2014)

Stranskyet al performed a wholexome sequencing analysis of head and neck
tumors of both etiologies and revealed that the mutation rate ofgdBNve tunors was
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approximately half of that found in HRNMegative tumoréStranskyet al, 2011) Another
largescale sequencing analysis performed by Agrawal revealed fourfold difference

in the mutation ratéAgrawalet al, 2011) The discrepancy in thegelts may arise from
the bioinformatics technologies or methodological nuances, howtbeeresults of both
studies are consistent with thetion of biological differences between these two types
of HNC etiologies.

The main molecular differences betwagRV-positive and HPVhegative head
and neck tumors and their frequencies are summarized in Tdblén2HP\tpositive
tumors, a broad deletion in chromosome thag beemletected including region of tumor
suppressor gen®TM participating in DNA repair ahcontrolof the progression of cell
cycle (Hayeset al, 2015) The inactivation of the genERAF3has beemevealed in
approximately 20 % of HPYpositive tumors which is implicated in the immune response
to the viral infectionfOganesyart al, 2006) Moreover, this gene is also a component
ofthe NFe B signal i ng p mtcdllveawval (Haokedet a,a2014)d
HPV-associated tumors display the evidence of induction of apoliprotein B mRNA
editing enzyme catalytic popypeptitiee (APOBEC) family of proteins
(Hendersoretal., 2014) These engmes catalyze the deamination of cytosine and
mediates mutations in genascluding proteoncogenePIK3CA which playsrole in

PIBK/AKT/mTOR pathway regulating cell cycle or proliferation.
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Table 2-1: Prevalence of genetic alterations in notable genes in HPV-associated and
HPV-negative tumors (adapted from Cleary ef al., 2016).

HPV+ HPV-
ATM very common common
CCND1 rare very conumnon
CDKN2A rare most
EGFR rare common
FGFR1 rare common
NOTCHI1 common very comumon
p33 rare most
PIK3CA very common common
Rb. rare rare
TRAF3 very common rare

Rare defined as < 5 %, common 10-20 %, very common 20-50 %, most > 50 %

Very common genetic alteration in HMégative turors is an increase of the
copy number of gene for cyclin DCCNDJ and deletion of cyclidependent kinase
inhibitor 2A/B (CDKN2A/B involved in the cell cycle regulation leading to its
progressionLechneret al, 2013; Seiwerkt al, 2015) Amplifications of EGFR and
receptors foffibroblast growth factorKGFR1) are also predominated in HMégative
tumors(Sok et al, 2006; Cancer Genome Atlas Network, 20IB)eir tyrosine kinase
activity initializes the signaling pathways leading to cell proliferatiand tumor
progression. Another alteration in head and neck tursdossof-function mutations in
NOTCH1 gene playing role as a tumor suppressbhnis leadsto amplification of
transcription factor TP63 regulating cell growth, proliferation or cell eagtim
(Candietal., 2007; Agrawakt al, 2011)

2.3 MicroRNA

MicroRNAs (miRNAs) are a cks of shortsinglestrandedandnoncoding RNAs
with the length ~21 nucleotides that play a very important role in thetqaosicriptional
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regulation of gene expssion (Bartel, 2004) MiRNAs are involved in many cellular
processes, such as development, cell growth, differentiation processes, survival, or
regulation of apoptosis in a variety of eukaryotic organisms, and the deregulated
expression of MiRNAs has beebserved in many types of human canealin et al,

2002; Ambros, 2004; Bartel, 2004; ket al, 2005; Heet al, 2005) It is suggested that

the expression of at least 60 % of human preteiing geness regulated by miRNAs

since they comprise consexsites for miRNA bindingFriedmanet al, 2009)

The investigation of mMiRNAs datdmckinto 1990s, when Victor Ambros with
his colleagues Rosalind Lee and Rhonda Feinbaum discovered that tHa gedees
not encode a protein but produces a pasméll RNAs(Leeet al, 1993) Afterwards,
they shoved that these RNAs had antisense complementaritye multiple sites in the
3 iintranslated region dfn-14 gene which factleads to the repression of thin-14
expression involved in the developmeiithe Caenorhabditis elegarneeet al, 1993;
Wightmanet al,, 1993) Several years later, the discoveryetf7 small RNA controlling
the expression of other genes involved in elkgansdevelopment supported these
observationgReinhartet al, 2000) Shortly afterwards in 2001, the term miRNA was
used at first in several related papers published in Scigmee and Ambros, 2001;
Lauetal.,, 2001; LagoQuintanaet al, 2001) Since that time, up to 48 885 mature
mMiRNA products were identified acro881 species, from that 2 693 mature miRNAs and
more than 1 984 precsor hairpins have bedadentified in humans (miRBase 22 launched
in March 2018http://mirbase.oryy

2.3.1 Biogenesis of miIRNAs

Genes encoding miRNAare located throughout the whole genome. Most of the
MiRNA genes are noncoding amdRNA is the onlyproduct However miRNAs genes
located within the intron or in the untranslated region (UTR) of the gene coding protein,
and/or within the exon of mRNAke noncoding RNAs (mIncRNAs) have bealso
found(Rodriguezet al, 2004) MiRNAs are not usually located within the coding exons
since the excision of the miRNA would lead to the loss of the coding protein transcript.
MiRNAs are grouped intalusters thatinclude phygally adjacent miRNA genes
transcribedirom the same primary miRNA (explained belowhd to &milies, which

includemiRNAs basd on thesequence similarities.
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Most of the miRNA families undergo the canonical biogenesis pathway
converting pimary miRNA transcript tolte mature miRNAKigure 28). The miRNA
genes are transcribed mostly by RNA polymerase Il (RNAP Il) or RNA polymerase llI
(RNAP 11I) in the nucleus of the cell as a primary miRNA transc(mi-miRNA)
(Leeetal., 2004; Borchergt al, 2006) The primiRNAs have a stedoop structue with
hundreds of nucleotides lengthand may contain monocistronic transcript producing
single miRNA or polycistronic cluster coding two or more miRNAs. ThenpRNAs
are typically splicedandiae 7 Emet hyl guanosine cap on
on t he (CdlirEet ald 2004) Further, the dng primiRNA is processed by
amicroprocessor complex including RNAse Il family enzyme Drosha and its cofactor
DiGeorge syndrome iical region 8 protein (DGCRS8), which generags
60 - 70 nucleotides long steftwop precursor miRNAs (prmiRNAs). Drosha contains
two tandem RNAse Ill domainsRllla and RIllb, and doubtstranded RNAbinding
domain crucial for the processifiganet al, 2004) The premiRNA is then exported out
of the nucleus to cytoplasm by Exportin 5 (Xpo5RanGTRdependent protein, which
mediates the export of pmRIRNAs with simultaneous hydrolysis of
guanosintriphosphate GTP) bounded on the cofactor RafYi et al, 2003;
Bohnsacketal., 2004)
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Figure 2-8: Canonical miRNA biogenesis pathwgy. Lin and Gregory, 2015)

The second part of the miRNA biogenesis occurs in the cytoplasm. The
premiRNA is further cleaved by the complex composed of RNase Il endonuclease
(DICER1) which leads totransactiviion of the RNA-binding protein (TRBP) and
kinaseR-activating protein (PACTdespons@enerating a mature 2Zb nucleotide long
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miRNA duplex with 2n u ¢ | e mverhahgs céhéisting of a guide strand referred as
MIiRNA, and passemy strandeferred as miRNA{Chendrimadat al, 2005;Leeet al,

2006; Fenget al, 2012) The guide miRNA strand is then lnmdedto the Argonaute
proteinsl-4 (Ago 1-4) to form the final RNAInduced silencing complex (miRISC) which

guide the mature miIRA to their target genes for pesanscriptional regulation.
ThemiRNA* strand is typically degraded, however, for some miRNAs, both strands
generated from the miRNAIRNA* duplex can be loaded to the miRISC. The strand
generated fr om cursorgsth@rbneth da so f5 gt ,h ea rpd etdh e st
as 3p. Consequently, one miRNA gene produces two different mature miRNAs with
different targets, andherefore different biological functions. The more frequent strand

loaded into the miRISC depends@onthe cell type.

The Ago 2, mostly found in humanis supported by the GW182 protein family
(Gregoryet al, 2005; Rehwinkeeét al, 2005) and has &NA cleavage activity, which
facilitates the seeking of the target mRNAar the target associatip® 7 nucleotides of
miRNA knownas fAseedo r e (Grimsonetials 2007yepending ontthe
degree of complementarity, the bindingtbé target gene, which mostly occurs in the
3 imntranslated region, induces thanslationinhibition or degraation of the target
MRNA occurring in the specific cytoplasmic foci calletb@&lies containing untranslated
MRNA (Liu et al, 2005)

Beside the most common canonical pathway of miRNA biogenssisie
alternative pathways have bedescribed. The firstree is the case of mMiRNA genes called
miRtrons that are encoded within the intronic region of the géReky et al, 2007;
Okamureet al, 2007; Berezikowet al, 2007) In this pathway, the step including Drosha
processing of prmiRNA into premiRNA is bypassed. Instead, the miRtron is spliced by
the spliceosome and debranching enzymes to generat@iRMA. This miRtronderived
premiRNA is further processed in the same way as in the canonical pathway. Other
alternative pathway is Dicendependent wheréhe premiRNA is at first classically
generated by microprocessor complex and exported to the cytoptasitater the
precursor is directly bounbdy Ago 2 cleaing the star strand and the mature miRNA
tri mmeed Eley o8 Hc | espesific rippoubtgsé @ARN) is loaded on the
MIiRISC(Cifuenteset al, 2010; Cheloufet al, 2010; Yodeet al, 2013) The combination
of bothrmentioned alternative pathways is used byRNAs called simtrons
(splicingindependent miRtrodike miRNAs) whosebiogenesis isindependent on
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DGCRS8, DICER, Xpo5, or Ago proteins. The synthesis of simtit®nsduced only in the

absence of Drosh@#avenset al, 2012)

2.3.2 Mechanisms of miRNA function

The mechanism of miRNA function and binding to the target sequeiftasiml
animals and plants. Wigmimals, miRNA binds to the mRNA target site with partial base
pairingwhich mostly lead to the translational repression with a little or no infice on
the abundance of mRNA. Witblants, miRNAs perfectly base pairs with theirgets
which induces the cleavage and degradation of mRNA. Nevertheless, despite these
differences in target recognition, there is the evidence that miRNA can induce the mRNA
degradation in animals through the interaction with additional proteins, andhéhat
translational inhibition occurs also in plantsit the underlying mechanisms are not yet
known (Huntzinger and lzaurralde, 2011)Furthermore, some evidence about
posttranscriptional activation of translation caused by miRNA functias been

publisted in recent yeard romet al, 2008)

In the case oplants, the fully omlmostcomplementary target sites of miRNAs
are | ocalized i n c oUTR@gneseRhoanessand Bartel,v2@04)l as
Thecleavagds mediated by PIWI domains of Ago pems in the miRISC which have
RNase activity and cleave the target mMRNA in the position facing nucleotides 10 and 11
of the miRNA (Ameres and Zamore, 2013)s for animals, the majority of miRNAs
forms partial WTRodf their éasget seiguices(JandskRhoaBek and
Bartel, 2004) However, thei nt er act i o WTR vhast beeralsohigentifiede
(I rometal., 2008) The complementarity is localized in72nucleotides long region on
the 5E end of t h iéseednredioNl ASuch pasifcemplereedtarity s
prevents the cleavage activity of the miRISC and additional effector proteins for the
translational repression or mRNA decay trenrequired(Bartel, 2009)

2.3.2.1 Translational inhibition

The exact mechanismsf how miRNAs block prtein production are still
intensively studiedbut there is an evidence for the inhibition of translational initiation or
elongationas well as for direct proteolysis of the synthetized peptide. Several factors are

required for the iniation and the cor continuationof translation (reviewed in
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Jacksoret al, 2010) Messenger RNAs competent for
structure and 3E pol y-Aindingproten (PABR)@ssacigitédo p | a
wi t h polfeinteBaéts with the eukaogic translatiorinitiation factor 4G (elF4G)
which throudy  &ajbinding protein elF4Btabilizes the mRNA, protects it from the
degradation and recruits the pndtiation complex. Protein GW182which is the
component of the miRISC interacts with thé\BP and deadenylase complexes
CCR4NOT promoting shortening of the polyA tail and dissociation of PABP from the
target mMRNA(Zekri et al, 2009; Zekriet al, 2013) Thisresults in the break diieloop
structure necessary for the initiation of transiatemd miRNAmediated repression of

the translation. The other mechanism how protein GW182 mediates the translational
repression is its recruitment of downstream translational repressors such asbhbkEAD
RNA helicase (DDX6) or elongation factor 4fnding potein 4ET (Suet al, 2011;
Kamenskaet al, 2014) Mechanisms independent of the GW1Bave been also
demonstrated. It has beeshown that miRNAs mediate the dissociation of
ATP-dependent RNA helicase elF4A from the dapding complex elF4F which leads

to the inhibition of ribosome binding and/or ribosomal scan(udkacet al, 2014)

The assumption that the translation might be repressed at thi@ifiatbn stage
was supported by the evidence that miRNAs and their targets were found assodmted wit
translating polysomegMaroney et al, 2006; Nottrottet al, 2006) Nottrott et al
suggested that specific proteases or factors recruiting proteases might be associated with
miRISC leading to thahibition of nascent polypeptide chain elongat{diottrott et al,
2006) whereas Petersent al proposed that miRNAs induce ribosome drop off
(Peterseret al, 2006) The support of the idea that miRNAs regulate fetims after its
initiation has beeprovidedthroughthe observation that repression ohgkation occurs
also during translation initiated independently on the cap structure through an internal
ribosome entry site (IRES) allowing caplependent association of ribosome with
MRNA (Peterseret al, 2006)

In plants, miRNAs were initially thoughtb mediate the gene silencing only
through the endonucleolytic activity of Ago proteins since they bind to the fully
complementary target sequences and they lack GW182 homolog proteins. Although
several reports suggesting translational reprassy additon to cleavage have been
publishedBroderseret al, 2008; Yanget al, 2012;Li S.et al, 2013) detailed molecular
roles of participating proteins in plant miRNA pathwayi need to be elucidated.
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2.3.2.2 mRNA degradation

The mMRNA degradation isthe main mechanism of miRNAediated
posttranscriptional regulation of gene expression in plants. In animal cells, where the
complementarity between miRNA and target mRNAngy partial,the mechanism exists
but it is less frequently uselth. such regulaon, miRNAs direct their targets to the cellular
5403 EMRNA decay pathway initiated by tF
CAF1-CCR4NOT and PAN2PAN3 deadenylase complexescruited to the target
MRNA by GW182 protein through its two conserved mdtshanet al, 2011) Target
MRNA is then processed by the decapping enzyme DCP2 and its cofactors recruited by
miRISC (Nishiharaet al, 2013) and the decapped mRNA is degraded by the major
cytopl atedmk ceoEnucl ease XRN1. T hytoglasiide gr ac
processing granules known ash&dieswhich function asthe sites for mRNA decay
becausehey are enriched for the decapping enzymes dher groteins involved in
5 B degradatior{fSheth and Parker, 2003; Cougotl, 2004) The Rbodies ale do not
contain the ribosomal component and may serve as a mRNA storage without translation
(Aizeret al, 2014)

Cortrary to animal miRNAs, plantiRNAs do not undergo deadenylation but
they directthe endonucleolytic target mMRNA cleavage through actbmgo proteins
(Ameres and Zamore, 2013) Af t er war ds, -cleaked fragrkentseared o f
uridylated by terminal uridylyl transferases (TUTases) and are accumulateubiid®
(Xuetal,2016) After t he -deavedfagmensgnighttumbgeades i
58BE decay through t he -5&x odneuccalye atsherso uXgriN e
complex called exosomerefviewed in Souret et al, 2004; Eulalioet al, 2007)
The3 ¥leaved fragments resulting from the endcleolytic cleavage contain
aS#onophosphate (@inms tagad defgr 2 Baapudehse 0 by
XRN4.

2.3.2.3 Translational activation

Although the function of most miRNAs has negative effect on the mRNA
translation, the positive regulation of translath@s beemlso dserved. Vasudevaet al

revealed in their study that miB69-3 directs the Ago protein and fragile X mental
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retardatiorrelated protein 1 (FXR1) to the Alich elements (AREs) of the tumor
necrosis factor U (TNFU) (Vasudvanethaly 8007act i v
Mo r e o v e etalrepartedran association of MIRO a  w i tntranslated regiok
of MRNA encoding ribosomal proteins which enhanced their expre@siom et al,
2008) However, @spitesuch evidence,the miRNAassociated activi@n of mRNA
translation is poorly understood.

2.3.3 miRNA and cancer

Cancer is a condition of cells with abnormal growth and deregulated expression
of genes, including miRNAs. MiRNAs influence many steps in tumor developsertt

as tumor growth, invasn, angiogenesis or formation of metastasis.

The evidence of the role of mMiRNAs in human tumors was at first reported in 2002
by Calin et al (Calin et al, 2002) who studied a regiomn chromosome 13q14,
frequently found deleted in B cell chronic lyhgeytic leukemias (BCLL).
Theyreported that this region contains two polycistronic miRNA genesIbiRnd
miR-16, and showed that the deletion of this region correlates with the downregulation
of these miRNAs expression. Following this study, they magd#®&l miRNAs and
showed that miRNA genes are frequently located in caassociated genomic regions
or in fragile sitegCalin et al,, 2004) and they first provided a list of miRNA genes that

mayplayrole in cancer.

The fact that miRNAs posttranscriptial regulate gene expression implies their
dual role in tumors. First, miRNA genesich areoften amplified in tumors negatively
regulate the expression of crucial tumor suppressors genes and thus mediate tumor
progressionThese miRNAs are commonly ddged asoncomiRs.On the other hand,
mMiRNAs normally maintain the right function of cell cycle progression and negatively
regulate oncogene expression. These miRNA genes are frequently located in fragile sites

and areoftendeleted or mutateish tumor cells

Contrary to mRNA profiles, it has been shown that tumors as well as normal
tissues of different origin have specific miRNA expression signatures called miRNome
(Lu et al, 2005; Voliniaet al, 2006) This fact of uniqueness provides to miRNAs a great
potential to be useful biomarkers for diagnosis of cancer. Furthermore, specific miRNA

profiles allow to distinguish between different tumor subtypes, for example, in human
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breast cancgBlenkironet al, 2007) in nonsmaltcell lung carcinomé@Lebanonyet al.,
2009) or in ovarian cancgforio et al, 2007)

2.3.3.1 Mechanisms of miRNA deregulation in cancer

During the recent years, the underlying mechanisms of miRNA deregulation in
cancer have become clearer, including structural gerétigcations, transcriptional

control changes, epigenetic regulation and/or defects in miRNA biogenesis machinery.

The aberrant miRNA expression in tumors is often caused by chromosomal
abnormalities of miRNA genes such as amplifications, deletions aslditions. As
mentioned aboveCalinet al. showed that more than half of miRNA genes are located in
genomic regions that are altered in cancer (breakpoint regions and fragile sites, amplified
regions, common sites for translocation, deletion or intagration)(Calin et al, 2004;
reviewed in Calin and Croce 2006jigh proportion of DNA copy number alterations
was determined also by Zhaeg al in ovarian cancer, breasancer and melanoma
(Zhanget al, 2006) Although the point mutations or singheicleotide polymorphisms
(SNP) in miRNA coding genes have been detected at very low (Baehderst al,

2007) several studiebaveindicated that these events may cause the deregulation of
MiRNA expression, for example prostate(Xu et al, 2010)or breast cance(Li et al,
2009)

Other mechanism of miRNA expression deregulation is mediated by transcription
factors activity, suchasMy ¢  or p 5 3etal @¢edlal that-8yclactivates the
expression of the oncogenic clusteiR-17-92 and this regulate the cell proliferation
and apoptosi¢O'Donnellet al, 2005) Later, the same group revealed the widespread
downregulation of tumor suppressive miRNA expressguch asmiR-15a, miR26,
miR-29, miR 30 or let7 family, induced byoncogenic eMyc (ChangT.C. et al, 2008)
Other exampl@f c-Myc function is theregulation of tumor suppressive miR2 whose
disruption results in development of hepatocetldarcinoma(WangB. et al, 2014)
Contrary to eMyc, transcription factor p53 has tumouppressive role. The most
significant miRNA family regulated by this protein is A3i4, which promotes cell cycle
arrest, cell senescence and apopt(ideset al, 2007; Hermeking, 2010Dther studies
described additional miRNAs regulated by p53, sucmi&s107, miR200, miR192 or
miR-605 regulating angiogenesis, epithetimesenchymal transition (EMT) and/or
expression ofigase MDM2(Yamakuchiet al, 2010; Pichiorret al, 2010;Changet al,
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2011; Xiaoet al, 2011) Since p53 is often lost or nated in cancer, mi34 and other
miRNAs regulated by this proteiare frequently downregulated in tumor cells.

Just as protein coding genes, miRNA coding genes are regulated also by
epigenetic modifications such as DNA methylation or histone acetylation
Hypermethylation of CpG islands in promotors is one of the most common cause of the
loss of tumor suppressive miRNA expression leading to the development of cancer
(reviewed inLopezSerraand Esteller, 2012} or an example, Faet al revealed that
fusion protein AML1/ETO triggers heterochromatic silencing of A8 expression by
CpG methylatior(Faziet al, 2007) Saito et al. showed increased expression of several
mMiRNAs after treatment of bladder cancer cells with chromatin modifying inhibitors
(Saitoet al, 2006) Further, Scott andis colleagues revealed rapid alteration of miRNA
levels followed histone deacetylase inhibition in breast carcinoma (Satst et al,

2006) Overall, usingepigenetic drugs offers the possibility to restore tharession of

tumor suppressive miRNAend throughthis process, tareat the tumor.

As mentioned above, the biogenesis pathway of miRNAs is a multistep process
including many regulating proteins and enzymes. Therefore, mutations or aberrant
expression othese components could lead to changes in miRNA expression and thus
contribute tatumor development. The key RNase Ill endcleases Drosha and DICER
have beerfound deregulated in tumors. Wadz al reported mutations of Drosha and its
cofactor DGCRS8 inl5 % of Favorable Histology Wilms Tumors (FHWT) leading to
significant decreasa expression of mature lga and mi200 family(Walzet al, 2015)

The endonuclease DICER was found upregulated in 81 % of prostate adenocarcinoma
leading to global increasof miRNA expressiorfChioseaet al, 2006) in precursor
lesions of lung adenocarcinonf@hioseaet al, 2007)andwas significantly associated

with aggressiveform of breast cancefCaffrey et al, 2013) On the other hand,
Karubeetal. revealed reduckexpression of DICER in lung tumors associated with poor
prognosis(Karube et al, 2005) Other essential components of miIRNA biogenesis
machinery are Ago proteins. Zhaagal published a study revealing upregulated Ago2
expression in gastricancer(Zhanget al, 2013) c o nt r a etwyl whoadentiffed | e r
downregulation of Ago2 expression in melangivialler et al, 2013) Further, export of
MiRNAs from nucleus to cytoplasm is provided by XPO5 which was found mutated in a
subset of human tumors Wwimmicrosatellite instabilityMelo et al, 2010) This genetic
defect traps preniRNAs in the nucleus and avoittee miRNA inhibiting function.
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2.3.3.2 MiRNAs as biomarkers in clinical management of cancer

There is number of characteristics explainingrtfeaning of the word biomarker
as a shortcut for biological marker. The Biomarkers Definition Working Group convened
by National I nstitute of Heal t h ( NI H) d e
objectively measured and evaluated as an indicataroofal biological processes,
pathogenic processes, or pharmacologic responses toheer apeut i c i nt
(Biomarkers Definitions Working Group, 2001 terms of cancer research there is an
effort to identify useful and reliable biomarkers to provdiagnostic, prognostic and
therapeutic informationSeveral biomarkers areowadayswidely used in clinical
practice such as prostatpecific antigen (PSA) for prostate cancer, human epidermal
growth factor recept or-fe@pofeinl RP2rliveraanceb r e a s
Nevertheless, there is still a need iawmarkershat coulddetect early stages of cancer
and based on their presence/absence the individual tregtovemdbe applied and/or the

prognosis of patientEs could be predicte

As mentioned above, miRNA ergssion profiles are specific faumors of
different origin, thereforethey have a potential to be useful and senshieenarkers.
Moreover, due to their small size, miRNAs are more stable than other molecules like long
MRNAs (Junget al, 2010)and are less prone to degradattaused by processing and

storageconditions

First, miRNAs as biomarkers are usable in connection with the precise diagnosis
of the primary tumor si te sinceducestthei mpr
treatment costs. For example, Feraatial performed the study using miRNA profiling
as a tool foridentification of cancer with unknown primary tissokorigin from
metastasegFerracinet al, 2011) Overall, they reached 100% accuracy foimary
cancers and 78% for metastasis. Selection of better treatment strategy can be also based
on the precise determination of tumor subtype specified by miRNA profiles. Several
studieson breast cancdBlenkironet al, 2007) ovariancancer(lorio etal., 2007) renal
cancer(Youssefet al, 2011)or lung cance(Gilad et al, 2012)have been published
distinguishing tumor subtypes by miRNAs expression patter-ur t her mor e, t
survival and prognosis depends on the stage of tumor at theftidi@gnosis which is
possible to determinate by profiling of miIRNA expression. Du Rieal performed
astudy indicating that overexpression of 2R and miR205 precedes the phenotypic

changes in the pancreatic dystdichsuggest they could functinas biomarkers for the
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early diagnosis of pancreatic ductal adenocarcin@uéeRieuet al, 2010) In addition,
miRNAs can serve as biomarkers for prediction of patisnE pr ognosi s.
Hui et al processed data from The Cancer Genome Atlabastg TCGA) and identified
mMiRNAs potentially associated with survival of patients with head reaek cancer

(Hui et al, 2016) Finally, miRNA signatures serve also as predictors of the response to
the tumor treatmeratlowing for timely modifications othe treatmenfGiovannettietal.,
2010;Xu et al, 2014)

Besidedheirpresence in solid tumonsiiRNAs have beealso found and isolated
from body fluids such as blood, plasma, serum, saliva, uaime,other, ocirculating
exosomegMitchell et al, 2008; Taylor and Gercellaylor, 2008; Michaeét al, 2010;
Hanke et al, 2010; Wang J. et al, 2014) and they are calledcirculating miRNAs.

In this extracellular environment, miRNAs are associated with Ri\#ing proteins
such as argonaute proteins, gsbmal proteins, or lipoprotein particles, which protect
them from nucleasg3 urchinovichet al, 2011; Arroycet al, 2011; Vickerst al, 2011,
Ashby et al, 2014) Moreover, miRNAs can be transported in the endosoenized
extracellular vesicles calleexosomeg¢Valadi et al, 2007) Since ithas beembserved
that the alteration of miRNA expression in tumors is reflected also in miRNA profiles
from exosomes, exosomal miRNAs, as well as other circulating miRd&&sNs to be
suitable candidates for nenvasive cancer biomarkef$aylor and Gercelaylor, 2008;
Schwarzenbach, 2015)\evertheless, the methods for isolation of circulating miRNAs
are still challenging since there is a low level of miRNA fraction in body fluids and it is
difficult to separat the exosomes with miRNAs from the rest of other extracellular
vesicles. Further, in study of Chevilletal, the most abundant exosomal miRNAs were
present on average in less than one copy per exo&oinewilletet al, 2014) Thus, the
improvement andalidation of extraction methods of circulating miRNAs is current hot

topic of biomarkersE research.

2.3.3.3 MIiRNA profiling studies

MIRNA profiling is based on the measurement of the relative abundance of
MIRNA expression specific for different spegieslogical origin or the current state of
cells. Nowadays, the main methods for miRNA profiling include reverse transcription
guantitative reatime PCR (RTgPCR)based approaches, microarragextgeneration

sequencing (NGS) based platforms, and/oextheviewed inPritchardet al, 2012;
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Chugh and Dittmer, 2012; Tiaet al, 2015) Eachof thesemethod has its advantages,
disadvantages, and limitatigremd is suitable for different applicatiofMestdagtet al,
2014) One of theimportant factos influencing the outcome of the miRNA profiling
studiesis the type ofanalyzedmaterial cell lines, fresh frozen (FF) tissueand
formalinfixed paraffirembedded (FFPE) tissues, blood or other body fluids. Batbide
material preparatigrvery importat for miRNA expression studies is the data analysis
for which thereexist a whole range of software programs adifferent statistical

approaches

The global miRNA profiling of cancerisas beerextensively studied in clinical
samples as well as in cameell lines. The aim is to uncover the changes woayduring
tumor development antb increasehe knowledge abdugene regulation of particular
disease. However, the published profiling studies are often inconsistent due to the
different methodologidaand data analysis approaches, character of samples or etiology
of the studiedtumors, and thus, it is difficult to make some precise, unique and usable
conclusion about the miRNA gene regulation of the disdasg therefore, necessary to
standardizell steps in the miRNA profiling processes.

In my thesis, | focus oneevical canceand head and neck canestwo types of
tumors bothetiologically linked to HPV infection cervical cancer in almost 100 % of
cases, in the case of HNi@ our prevous studyHPV infection was associated with more
than 60 % of oropharyngeal carcinonf@iachezyet al, 2009) Thus, these tumors serve
as unique model for the study of cancer of the same anatomical locatised by
different molecular mechanisms. Sealestudies focused on miRNA profiling of these
tumors have beepublishedrecently Hui et al, 2010; Pereirat al, 2010; Lajeret al,
2012; WangX. et al, 2014) howevey theselack the information about thetiology of
the studiedumors. The publisgtd miRNA profiling studies of cervical cancer and HNC

are discusseith more detailsn chaptel6.

2.3.3.4 HP\*encoded miRNAs

During tumor development and progressitleh o st Es mi RNA ex p |
altered. Furthermore, several viruses contributing ¢éoaiicogenesis encetheir own
MiRNAs whose expression might influence the cellular mechanisms as well as viral life
cycle. Unlike HPV several groups of human oncoviruses encode their viral specific
mMiRNAs (EpsteirBarr Virus, human herpesvirus 8, Merkékll Polyomavirus, or
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hepmtitis C virus). Tvo research groups have suggested the existence ofeHEdded
mMiRNAs (Qian et al, 2013; Wenget al, 2017) Fird, Qianet al have validated four
mMiRNAs and predicted their target genes suggesting their ralellicycle regulation,
cell adhesion and migration, or development of ca(@&net al, 2013) Several years
later they detected their expression in cervical samples at very low(\@xtahenet al,
2016) Recently, Wenget al have developed geomewide sequence analyses and
predicted other HPAéncoded miRNAs by bioinformatics approach{#éeng et al,
2017) However, no studies ai vivofunctionof these miRNAs have be@uablishedyet.

This research area is stilhexploredand additional investagion is needed.

2.3.4 MIRNAs for clinical use

As mentionedabove, because of their characteristics miRNAs may serve as
suitable biomarkers for many biological conditions and have a potential to be used not
only for diagnostics but also as a tool forrtiy. There are three therapeutic approaches
usable for the main required outcomethe sequestration of upregulated miRNAs by
artificial miRNA-binding sitestheinhibition of oncogenic miRNAby small molecules
or by chemically modified oligonucleotide(Figure 29). The first approachitilizes
specific miRNA constructs called miRNA spond&bertet al, 2007; Ebert and Sharp,
2010) (Figure2-9a) containng multiple artificial complementary sequences or binding
sites whichafter the introductiomnto cells prevent the interaction of nature endogenous
mMiRNAs. The typical miRNA sponge containsl@ miRNA binding sites. The second
method is the use of synthetic oligonucleotides complementary to endogenous miRNAs,
theso-called as antisense oligonucleotid@stagomiRs or anthiRs which bind miRNAs
and block their regulatory function (Figuré) (Krutzfeldtet al, 2005; Krutzfeldetal.,

2007) Further, the synthetic oligos function also as miRNA mimic when they substitute
the mature downregulated miRNakd bind its targets. Since these oligonucleotides are
very unstable, they need to be chemically modifikat, example by adding of

2 4©-methyl or-methoxyethyl groups on ribose minosphorothioate modificatiomgnich
increase their resistance to cellufarcleases. The third approach is the application of
small molecules that inhibit or influenegarious steps ohiRNA biogenesis or expression
and the mature miRNA isthus functionally incompeten{Velagapudiet al, 2014)
(Figure2-9c). Important questioaf this research field is the delivery of therapeutics into
the cell which can be based on viral transfer or-vical strategy using polymedrased
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nanoparticle®r liposomegBenShusharet al, 2014;Wanget al, 2015) However, all

of these strategidsave some limitationsuch as the reaction of immune system to the
antagomiRs, occurrence of toxic manifestation, effectivity of the therapeutic delivery or
assurance of sufficient absorption of the therapeutics into target cells.
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Figure 2-9: Main theapeutic strategies based miRNAs (Li and Rana, 2014)

Despite these difficulties, the therapeutics based on antisense oligonucleotides are
tested in preclinical and clinical trials. @nbne miRNA therapeutic called iMvirsen
entered clinical trial phse Il(Jansseret al, 2013) It is locked nucleic acihodified
(LNA-modified) antisense inhibitor of mi#R22, which is liverspecific miRNA playing
role in Hepatitis C Virus (HCV) infectio(Gebertet al, 2014) Another therapeutiai
clinical trial is MRX34 functionng as a delivery system fomiR-34 mimic and
substituing the function of this tumor suppressor miRN@eg et al, 2017)
Thistherapeutic may be used in variety of tumadtewever the phase | of clinical trial
wasput tohaltin 2016 becase of serious immune responses (ClinicalTrials.gov; NCT
number NCT01829971).
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3. AIMS OF THE THESIS

The thesisfocuses primarily o the analysis of mIRNA expression in
HPV-associated and HRMdependent head and neck tumors as a unique model of
carcinoma with viral and notviral etiology. The content of the submitted doctoral thesis
is a result of many yearesearch on humagapillomaviruseperformed by the group led
by RNDr.Ruth Tachezy, Ph.D., moworking in the Laboratory of Blecular andrumor
Virology in BIOCEV in Vestec. The laboratory closely coopesat@ith clinical
departments mainly those inMotol University Hospital Prague, which allog for

broadening of the studies and inclusiorclafical samplesis well

When | joinedthe laboratory @sa doctoral student, the research of miRNAs was
atits beginning witlout much experience in this field. The reseaheld beersupported
by the grant fronCzech Science Foundation (GACR) in 21 5,together with the
grant supported by Charles UniverdiAUK) in 20142015 on which | participatedsa
the principal researcher.

The main objectives of the thesis were postulated as follows:

. preparation and detailed characterization of samples for miRNA analysis

. detailed characterization of the studied tumors including the analysis of the status
of HPV genome

. characterization of miRNA expression profiles in HPV-positive and

HPV-negative tonsillar tumors and in cervical carcinomas

. characterization of miRNA expression profiles in the model system of human

keratinocyte clones

. analysis of the received data and their evaluation

. technical validation of the expression of selected miRNAs

. confirmation of the differentially expressed miRNAs on the enlarged group of
samples

. introduction of the in situ hybridization as a method for the demonstration of the

miRNA localization in the cell
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4. MATERIAL AND METHODS

The project was realized aooperatiorwith several clinical departments, namely
Departmehof Otolaryngology and Head and Neck Surgef{iedical Faculty Charles
University and Motol University Hospital in Prague, and Department of Obstetrics and
Gynecology, 2¢ Medical Faculty Charles University and Motol University Hospital in
Praguebothof which providedthe clinical samples of tonsillar drcervical tumors and
also healthy tissues. The primary and immortalized human keratinocyte clones were
provided incooperation with the University of lowa, lowa City, USA. The resthef
material wasgprovided by the archives of Department of Experimental Virology in the
Institute of Hematology and Blood Transfusi®maguewhich alsoprovided most othe
instrumental equipmentdoreover,we alsocooperated with the Institute of Pathological
Physiology, 1t Medical Faculty Charles UniversijtyPrague,with the International
Agency for Research on Cancer in Lyon in Framd@ch gave us the opportunity to use
their equipment for miRNA expression analysisand wi t h t he Ruler

in Zagreb in Croatia.

During the work on the thesis, following methods were used at most:

. 1solation of DNA and total RNA from fresh frozen samples, formalin-fixed

paraffin-embedded samples, and cell lines
. chip electrophoresis, PCR/RT-PCR/RT-qPCR, gel extraction, sequencing

» reverse line blot (RLB) hybridization

. mapping of E2 integration breakpoint
. Amplification of Papillomavirus Oncogene Transcripts (APOT) assay, Southern
blot

. TagMan Low Density Array (TLDA) analysis
. use of miRNA analysis software (Expression Suite, GeneSpring, MeV, Genex)

. in-situ hybridization
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5.1 List of publications related to the thesis

Analysis of the integration of human papillomaviruses in head and nedkimours in

relation to patientsE prognosi s

Zuzana Vojtechoa, lvan Sabol, Martina Salakova, Lubomir Turek, Marek Grega, Jana

Smabhelova, Ondrej Vencalek, Eva Lukesova, Jan Klozar and Ruth Tachezy
Int J Cancer. 2016 Jan 15;138(2):38& doi: 10.1002/ijc.29712.
IF20166.513

In this study wefocused ondetailed chareterization of the physical status of
human papillomaviruses in a set of viassociated tonsillar tumors, cervical carcinomas
and clinically unaffected cervical tissues. Using the method based on the mapping of E2
integration beakpoint APOT assay, an8outhern blot, we determined the percentage of
samples with integrated viral genome and with extrachromosomal form of the virus.
Furthermore, we determined the type and the exact site of integration. Finally, we
performed the survival analysis and reveaWatth factors influenced the disease specific
survival and if it is affected also by the physical status of the viral genome in the cells.
It represents one of tliew projects studyinghe process of integration in the samples of
head and neck tumors arill then, it wasthe first studyreportingthelack ofinfluence

of HPV integration status in head and neck cancer on disease specific survival of patients.

Contribution of the author: 6%. | processed all samples and performed mapping of E2
integraton breakpoint and APOT assay. Further, | carried out the evaluation of obtained
data and wrote the original draft of the manuscript.
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Comparison of the miRNA profiles in HPV-positive and HPV-negative tonsillar
tumors and a model system of human keratiocyte clones

Zuzana Vojtechovalvan Sabol, Martina Salakova, Jana Smahelova, Jiri Zavadil,

Lubomir Turek, Marek Grega, Jan Klozar, Bohumir Prochazka and Ruth Tachezy
BMC Cancer. 2016 Jul 4;16:382. doi: 10.1186/s128862430y.
IF20163.288

In this stug we perbrmedTLDA analysis to determine the miRNA expression
profiles in HP\associated and-independent tonsillar tumors together with
norrmalignant tissues and cervical carcinomas. Further, the miRNA expression profiles
were evaluated also in primargcaimmortalized human keratinocyte clones as a model
system and compared with the clinical samples. We defined miRNAs differentially
expressed in each group of samples and i
HPV-associated tumors. Finally, wetdanined several miRNAs as potential prognostic
markers for patients with tonsillar tumors. Overall, our results contribute to the
identification of useful and clinically relevant biomarkers of head and neck tumors with

viral and norviral etiology.

Contiibution of the author:®%. | processed and characterized all samples and performed
the TLDA analysis. Further, | contributed to the data analysis, performed the technical

validation and confirmation of the data. Finally, | prepared the manuscript.

Comparison of the miRNA expression profiles in fresh frozen and formalirfixed

paraffin -embedded tonsillar tumors

Zuzana Vojtechovaliri Zavadil, Jan Klozar, Marek Grega, Ruth Tachezy

PL0S One. 2017 Jun 23;12(6):e0179645. doi: 10.1371/journal.pone.0179645.
IF20172.806

In this study we performed the comparison of the miRNA expregsioiiles
betweer-F and macrodissected FFPE tonsillar tumors using TLDA analysis. Further, we
analyzed the influence of the used normalization method and software program on the

results. We observed low overlap of differentially expressed miRNAs between the two
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types of material and the appreciable variation between results evaluated by two types of
normalization methods. Our study highlights the importance of using the samef type
clinical material for the comparison of the miRNA expression profiles from published
studies, and testing and selecting the -pestorming normalization method for data

analysis.

Contribution of the author:8B%. | contributed to the desigr the stidy, processed the
samples and performed the TLDA analysis. Further, | analyzed the data and confirmed
the resultsAnally, | wrote the manuscript.

The role of miRNAs in virus-mediated oncogenesis

Zuzana Vojtechovand Ruth Tachezy

Int J Mol Sci. 2018\pr 17;19(4). doi: 10.3390/ijjms19041217.
IF20163.226

The review focuseon the oncogenic viruses and summarizié®e role of
virus-encoded miRNAs by which viruses regulate their own expression or influence the
host gene expression and thus contribute taimagenic processeBurther, it deals with
the role of host Es mi RNAs whose express
development. The review also discusses the question of miRNAs in some groups of
oncoviruses, including HPV, where the existenceviofis-encoded miRNAs is still

controversial.

Contribution of the author: 80 %. | contributed to the layout of the review, prepared the
original draft of the manuscript and edited the final version.

,,,,,,,,,,,,,
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RNDr. Ruth Tachezy, Ph.D., the supervisor
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5.2 List of publications unrelated to the thesis

Detection ofhuman polyomaviruses MCPyV, HPyV6, and HPyV7 in malignant and

non-malignant tonsillar tissues

Martina Sal 8kov38uyzawa WojgRmthhoovvB& chezy, e
Groller

J Med Virol. 2016 Apr;88(4):69502. doi: 10.1002/jmv.24385.
IF20161.935

Morphological and proteomic analysis of early stage ailiquid interface biofilm

formation in Mycobacterium smegmatis

Zuzana Socheomrriosva8 Petr 8] kov §, Barbora Sit.
Bezougkovsg, Ol dSich Ben &detr,Haladlh, jasoslde Weéisero R o

Microbiology. 2014 Jul;160(Pt 7):134#5. doi: 10.1099/mic.0.076170
IF20142.557
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6. DISCUSSION

The thesis focuses on the mMIRNA analysis in HP¥ssociated and
HPV-independent tumors. HPVs are related to almost 30 % afruassociated with
infectious agen{Plummeret al, 2016) The most common HPR¥ssociated tumor is
cervical carcinomavhich is linked to the viral infectioim almost100 %. Among others
HPV-related tumors are those developed in anogenital region,asueaginal, vulvar,
anal, or penile tumors, in which HPA&sociated proportion varies between995%
(deMartel et al, 2017) HPV is also etiologically linked to the development of head and
neck tumorswhich make from 20 to 90 % depending dwe tgeograbpical location.

In myresearch | focused on the study of tonsillar tumaith double etiology,and

cervical carcinomas as the most common HBEMted tumors.

The work started witta very detailed characterization of the sampiesluding
notonly the detction and typingf HPV DNA and detection of active infection, but also
the determination of the status thfe viral genome. Theaesults of theanalysis of
integration of HPVs was published in 2016 time International Journal of Cancer
(Vojtechovaet al, 2016) There are several methodological approaches which might be
used for the analysisf HPV genome statu§Ve chose three different methofds our
analysis- the mapping of E2 integration breakpoint using a set of specific primers to
detect short rearse transcript amplicortbat could be alsasedfor more fragmented
samples such as FFPE sampl eRACEbasedRapid/ s e
Amplification of cDNA Ends) method called APCassay allowg us to analyze the
exact site of integratigrio identify the structure of HPV transcripts, aaldq to detect
the transcripts derived from both extrachromosomal and integrated genomes in the same
sampleas well asn the excess of the extrachromosomal HPV cofiéseset al, 1999;
Vinokurovaetal., 2008) and finally the Southern blot, a standard method which allows
detecion of the samples with multiple tandem repeatshefviral genome(Laceet al,
2011)

Until that time, limited information about HPV integration in HN@d been
available. Several studies ointegration of HPV in HNC (Koskinen et al, 2003;
Smeetsetal., 2006; Laceet al, 2011; Denget al, 2013; Olthofet al, 2014; Gacet al,
2014)indicated that around 50 % of HPM positive HNC samples contain integrated
HPV genome Our study brought complexview of HPV integrationanalyzedwith
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different methods andntwo types of HPVassociated tumorstonsillar and cervicaks

well as withtwo types ofclinical material FFand FFPEamplesFor the analysis of FF
samples weused all three chosen methods ,afdhsel on the most sensitive
method- APOT assay, weevealed the HPV integration in 36 % of tonsillar tumors, the
extrachromosomal form of the virus in 43 % of samples and both forms in 14 % of
sampleswhich resultsagree withthe data published previous{)Koskinenet al, 2003;
Moorenet al, 2013; Olthofet al, 2014; Gacet al, 2014) although, there are some
studies revealing the integrated form in more than 60 % of HNC tuiidafkampet al,

2008; Laceet al, 2011; Khouryet al, 2013) The analysis performed on FFPE samples
revealed the integrated form tfe virus in 27 % of HNC sample®ue to the worse
quality of isolated RNA from FFPE samples, APOT assay is not applicable for the
analysisof genome status ithis type of material, thus we used only the mapping of E2
integration breakpoint. This method does not distinguish between the mixed form of the
virus and it may explain the different percentage of the integrateddetectedn this

way. The comparisorf the status of the viral genome as revealedEBymappingon
paired fresh frozen and FFPE samgleswed’9% concordanceetween these two types

of the materiallt is important to note that the differences can be also explained by the
fact that the saplesfrom the two types of the materiadll never beexactlythe same
piece ofthe tumor and that the process of fixation of FFPE samples influences the
compactness of extracted RNA. In the case of cervical carcinonoas study 60 % of
samples harbodkintegrated form of virus and the HRésitive clinically unaffected
cervicaltissues contained integrated virus in 50 % of samples.

The APOT assay also provided the opportunity to determine the type of
integration(Laceet al, 2011) In all tonsillar smples with integrated HPV genome we
detected type A transcriptsspliced from splice donor (SD) 880 to the cellular splice
acceptor (SA) site. In cervical samples we detected also the type B transcript which is
spliced from SD 880 to viral SA 3358 andntioued to the cellular sequence after
nucleotide position 349@ur results confirm the majority of the type & integrated
HPV, as published by Laa al. in keratinocyte clones and tumdtsaceet al, 2011)

The integration occurred on different humahromosomes without obvious
predilection. Nevertheless, we identified some integration sites previously detected in
cervical carcinomas, such as 17923.1, 3p26.2, or 20¢$2Hmitzet al, 2012) where
the genes encoded in these loci play role in onuegje oilgene silencingWieser, 2007,
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Chenet al, 2011) Similarly to other studies(Smeetset al, 2006; Laceet al, 2011)
weidentified the integration in loci 13q14 and 5g3Be integration in locus 3928
encoding protein TP63 was deteciadagreemst with others(Khoury et al, 2013;
Olthof et al, 2014) Moreover, in five samples HPV was integrated in the proximity of
acommon fragile sites that were previouphgsenteds affected in cervical carcinomas
and other solid tumorgRaginet al, 2004;Laganaet al, 2010) Altogether, wehave
shown that for the oncogenesimitiated by HPVs not only expression of viral
oncoproteinsbutalsootherchanges in host genome raising from the viral integratien

needed

Our study was the firgb reportthe influence of HPV genome status in HNC on
disease specific survival (DSS) of patients. We analyzed a set of 186 samples where the
HPV status was revealed by mapping of E2 integration breakpoint. We confirmed the
HPV positivity as the strongest prognastactor for patients with HNC, as published
previously(Dahlstrancet al, 2008; Rotnaglovat al, 2011) However, our results show
no statistically significandifference in DSS between patients with integrated forthef
virus or the extrachromosomatiixed one, but the patients with the
extrachromosomal/mixed form of virus seem to have better prognosis and tend to live
longer without disease recurrence. Similar results were previously published for patients
with cervical carcinomas by Shet al (Shinet al, 2014)who haverevealed the HPV
integration as a poor prognostic factor, and, further, NandiaduNambarwet al, 2009)
have shown better diseaee survival for cervical carcinoma patients with
extrachromosomal form of virus, however theisults were nastatisticallysignificant.
Recently, Nultoret al. have published a study based on TCGA data6tamples of
HNC which revealed worse overall survival of patients with integrated form of HPV

compared to those with extrachromosomal f¢kulton et al, 2018)

Until now, there are natany published studies fodag on the differences in
molecular profiles of HP\associated andindependent tumors. For the proper
understanding of mechanisms leading to the tumor developmen@gpi®priateto
determine whethethe changes in molecular profiles are influenced by the presence of
the virus or by the character of the cells in the region of the tumor developm2015,

The Cancer Genome Atlas network published a stuwdyaling the differencein
molecular alterations between HRPésitive and HPVhegativehead and neck squamous
cell carcinomasHNSCQ (Cancer Genome Atlas Network, 201Kpncaret al have

48



6. Discussion

revealed similar molecular profiles in the set of Hpd&itive tumors of vulva, anus,

cavix, and oropharynXKoncaret al, 2017) Contrary, Tuna and Amdsavedetected

similar changes in the genome of patients with F#8¥ociated tumorsvith the
epigenomic and transcriptomic profiles diffey between HPWositive
andHPV-negative tumorgTuna and Amos, 2017These data indicate that the accurate

and precise determination of the etiology of the disease is necessary for the choice of the
most appropriate and most effective medicatleading to the more personalized
treatment and prognostiadvantage of the patients. Moreover, since the lesions of
oropharyngeal tumors are most likely located in the tonsillar crypts, these tumors are often
revealed in the late stage of the disease and the prognosis of patients is thus worse. The
opportunityhw t o i mprove the patientsE prognosi
clinically relevant biomarker for the earlier and precise diagnostic of the distas®
biomarkers may be miRNAs whose signatures differ between cancer and clinically
unaffectedissues, and their expression is specific for tumors of different origin.

In the paper published in 2016 BMC Cancer(Vojtechovaet al, 2016)we
focused on the evaluation of the miRNA profiles in tonsillar tumors of viral andinain
etiology. Until that time, several studies analyzing miRNA profiles in HNC Ibeds
(Tranet al, 2007;ChangS.S.et al, 2008)and tumorgChildset al, 2009; Avissaet al,

2009; Ramdast al, 2009;Hui et al, 2010)have been published, howeyteselacked
comparability, due to the anatomical heterogeneity of the analyzed tumors, and due to the
differentmethodological approaches. Furthermarene of these studies considered the
presence of HPV. Walet al analyzed the influence of HPV oncogene E6 omiiiRNA
profiles in HNC cell linegWald et al, 2011) Lajeretal. in their first studyanalyzed

nine HPV-positive oropharyngeal tumofkajeret al, 2011) and ayear laterthey have
published a study where they enlarged the sample set with tonsillar rargiceimors
(Lajeret al, 2012) which step allowed themiod e nt i f y a -cgorroeuop noi fR NiA
that couldhave a role in HP\felated pathogenesis. Nevertheless, their studies lacked the
confirmation of transcriptionally active HPV infectiand theycombined the analysis of

FF and FFPE samplewhich certainlyeffectsthe results, as discussed beld®ecently,

Miller et al. have identified a set of miRNAs deregulated in oropharyngeal carcinomas
and validated the analysis with clinical data from Thedc@aGenome Atla@Viller etal.,

2015)
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6. Discussion

Our studyhas beeso far the only onto comparghe miRNA data obtained from
clinical sampleswith results obtained from thenodel system As a model for
HPV-associated and-independent tumors we analyzed HBR® immortalized
keratinocyte clones and/or keratinocyte clones immortalized by the human telomerase
gene. We identified groups of miRNAs specific for each group of samples, as well as
those common for tumors/clones regardigsidPV. During the analysisf the datawe
found outthat the tumor sample homogeneity in terms of the percentage of the tumor
cells is more important for the robustness of the miRNA expression study than the
samples set size. Unfortunately, the overlap between clinical samples ancsysoelel
was small and we identified concordant deregulation in only three miRNAs in each group.
In the analysis of immortalized keratinocyte clones versus primary cells we idéntifie
three miRNAs (miRL35b, miR146b5p, mMiR2055p) whose deregulation in
immortalized cells is in the agreement with otipeiblished studiegAl-Khalaf and
Aboussekhra, 2014;i Y. et al, 2015;Li J. et al, 2015) These miRNAgarticipate in
signaling pathways, tumor invasion or cell migration pathways connected with EMT. The
mMiRNAs identified as deregulatedn clinical samplesof tonsillar tumorswere also
reported to contribute to cancer developmer®nly miR-125b identified in the
comparison of HPYpositive tumors versus nanalignant tissueswvas previously

reported tgplay mle inproductiveHPV infection(Nuovoet al, 2010)

Due to the simultaneoasalysis omiRNA expression ircervical carcinomas we
were also able to identify a groupfisfe miRNAs specific foHPV-induced malignancies
(miR-141-3p, MmiR15b-5p, MiR200a3p, MiR302¢3p, and MiR9-5p). As mentioned
above,the only study performingnalogous analysis was published by Lageral
(Lajeret al, 2012) However there was no overlap with our results, maingcause of
the heterogeneity of their set of HNC galesas mentioned previouslyNamely, their
sample sencludedtumors oftonsillar as well as pharyngeal locatiamd also, theysed
different type of clinical samples, such as fresh frozeand formalinfixed
paraffirembedded ones. The importance @&f tight selection of the material type is the
subject of my third publication which is discussed below. Our results agree &ith e r E s
only in miR-21 asthe most commonly deregulated miRNA in cancers and we similarly
identified it upregulated in HP¥ssocated tonsillar tumors. Further, in agreement with
Hui et al. (Hui et al, 2013) we identified miR9 as deregulated in HRKlated tumors

since we determined its upregulation in both tonsillar as well as cervical tumor samples.
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6. Discussion

The HP\finduced activation fothe miR9 expression was studied by Lat al, who
showed that this miRNA downregulates genes involved in pathways of cell migration and
thus influences the motilitgpf the cells(Liu et al, 2014) The authorsobserved the
activation of miR9 expressio as a result of HPV E6 expressidvliR-9 has been
considered as HRYelated also by Milleet al (Miller et al, 2015)

Further, our study was the first one which performed the miRNA analysis of
HPV-positive tumors and keratinocyte clofesed ontte gatus oftheviral genome. We
utilized our results from the detailed characterization of samples and showed that miRNA
expression profiles differ in tumor tissues as well as in model system with
extrachromosomal, integrated, or mixed form of the virusnBheugh there was no
overlap in deregulated miRNAs between clinical samplesthadnodel system, we
found out that identified miRNAs target the same genetic pathways, such as p53
signaling, cell cycle regulation, or PI2Kkt signaling. Moreoverusing factor analysis
we analyzed the miRNA expression in the relation to the patient prognosis and identified
twelve miRNAs (miR196b, miR4853p, miR589, miR324-3p, mMiR3423p,
mMiR-92a1#, miR155, miR146b, miR142-3p, miR1260, miR143, and miRL42-5p)
thatmay influence it. Many of them have already been published as prognostic markers
of othercances (Lin et al, 2012; Reret al, 2017; Xieet al, 2017) or directly in head
and neck tumors of different locatio(u et al, 2015; Babaet al, 2015; Jamalet al,

2015; Bufalinoet al, 2015) Nevertheless, for obtaining more reliable resuits,study

should be confirmed oa larger set of samples.

Our further aim ofresearch was the optimizati@nd implementation of the
methodin situ hybridization ofmiRNA for determination of the miRNA location in the
cell. Since the method performed on FF tissues reqeixésnsive optimization of the
process and sufficient number of prepared slices, we perfamestil hybridization on
FFPE tissues. However, wedhim confirm the miRNA expression profiles obtained from
FF samples also on FFPE onBased on our experience from previous research about
the importancef homogenouset ofsampledor the analysesve performed the TLDA
analysis on RNA isolated from midissected FFPE tumor samples. The results were
compared with the miRNA expression profiles obtained from FF samples and our
findings were published in 2017 in Plos Ofwvojtechovaet al, 2017) Moreover, for
comparison, we processed the data by diffeseftware programs and we used two types

of normalization of data.
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6. Discussion

Thepossibility to utilizeFFPE sampleavailable in archivefor different analysis
offers the opportunity tperform retrospective studiesse the longerm follow-up data
from patiens and toextendthe studiesThe utilization of RNA from FFPE tissues is still
challenging due to the RNA fragmentation caused by crosslinks between tissues and
molecular componen{®oleshalet al, 2008) However, in the case of small RNAlseir
stabiity is not influenced by formalin fixation, probably due to their small size and
secondary structurgXi et al, 2007; Doleshagt al, 2008; Junget al, 2010) Therefore,
FFPE samples aresable for miRNA expression, atas beenshown previously
(Osaweet al., 2011;Leeet al, 2013; Gancet al, 2014; Leichteet al, 2015) also in the
caseswhen the RNA integrity numbeshowng the quality of isolated RNA isow
(Chatterjeeet al, 2015) In our study, we performed the analysis of miRNA expression
prdfiles in a set of tonsillar FFPE tumors and clinically unaffected controls and compared
them with miRNA profiles obtained from paired FF samples. We revealed that the
MIiRNA expression profiles differ between FF and FFPE samples, and, also, depending
on thecharacter of the tissue (tumor vs. normal tissue). We observed good correlation of
miRNA profiles between paired FF and FFPE samples, however, the overlap between
differentially expresed miRNAs was only 238%. Macrodissected FFPE samples
revealed lesdifferentially expressed miRNAs compared to paired FF samples. Since our
previous study revealed that the tumor tissue homogeneity is important for miRNA
expression studies, we evaluated the correlation of samples based on the number of tumor
cells. Contray to our hypothesis, we observed no relationsMppst of the earlier
published studiesomparing FFPE and FF samples wiereused only orfew miRNAs
(Li et al, 2007; Hoefiget al, 2008; Mortarinoet al, 2010; Leiteet al, 2011;
deBiaseetal., 2012) More recent studies utilized alguicroarray analyse@ui et al,
2009; RomereCordobaet al, 2012)and NGS(Menget al, 2013) Theseprojects have
revealed highr correlationof miRNA profiles between paired FF and FFPE samples,
howeverthe limitation of these studies was the small number of analyzed samiies,
lack ofmacrodissection of samplesadt, but not least, the studies were not done on HNC.
On the other hand, the results of the study of ldbw&l made on cervical tnors agree
with ours (How et al, 2015) They identified the miRNA signature in a cohort of FF
samples and were saccessfulo validat it in a cohort of FFPE samples.

Finally, to establish how the choice of normalization method and software for data

analysis influenog the results, we performed the comparison of two normalization
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6. Discussion

methods (50 percentile shift normalization and global normalization) and three software
programs (GeneSpring GX v13.1, GenEx v6.1, and MeV v4.9). The differentially
expressed miRNAs based on leamrmalization method overlap in B3 % for FFor
FFPE samplesOn the other hand, the comparison of different software programs
revealed the overlap in 9@ of differentially expressed miRNAgShus, the use of
different type of the clinical material amdrmalization methods increased the variability
of results beteen studies and partly explainde small overlaps in the obtained pattern

of differentially expressed miRNAs.
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7. Summary

/. SUMMARY

The submitted thesfecuses on the study of mMiRNA expression pieB in human
tumors related to human papillomaviruses, such as head and neck cancer and cervical
tumors. Because dheir tissue and tumor speafty and their small sizeniRNAs are
suitablecandidates for being clinical biomarkers dcimproving thecurrent diagnostic

and therapeutic possibilities

My initial paper, included into this thesfscused on the detailed characterization
of obtained samples from cooperating clinics. We performed the analysis of viral genome
status in tumorsbecausé¢he integration of the virus into the host genome is considered
as a critical step in carcinogenic progression. Based on our analysawerevealed that
in tonsillar tumors the integrated form of \gris in 36 % of samples aspecified and
described the tegration sites.Furthermore, w have shown that the integration

influences the disease specific survival of patiéotsnot statisticallignificantly.

Such characterized samples were used imthie part of my researdbcused on
miRNA profiling of HPV-positive and HPVhegative tonsillar and cervical tumors.
We characterized the miRNA expression profiles of wassociated tumors and tursor
of nonviral etiology andor comparisorwe analyzed miRNA expression profiles in the
model system of human kdimocyte clonesDuring the researchseveral important
observationdhiave beemmade. The importance of homogeneity of analyzed samples and
the standardization of screened material and ndstlod analyses of obtained data have
been revealed. All these obsations allow for improvement ofthe following
experiments. Finally, the HRWore miRNAs were dentified and will be in the
sulsequent prects evaluated in a set of HR¥®lated and nomelated tumorérom other

anatomical locations as well as analyzeatctionally.
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Analysis of the integration of human papillomaviruses in head
and neck tumours in relation to patients’ prognosis
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Integration, which leads to the disruption of the circular HPV genome, is considered as a critical, albeit not obligatory, step in
carcinogenic progression. Although cervical carcinomas with extrachromosomal HPV plasmid genomes have been described,
the virus is integrated in 70% of HPV16-positive cervical tumours. Limited information is available about HPV integration in
head and neck tumours (HNC). In this study, we have characterised the physical status of HPV in a set of tonsillar tumour
samples using different methods—the mapping of E2 integration breakpoint at the mRNA level, the 3' RACE based Amplifica-
tion of Papillomavirus Oncogene Transcripts (APOT) assay and Southern blot. Furthermore, the impact of HPV integration on
patients’ prognosis has been evaluated in a larger set of 186 patients with head and neck cancer. Based on the analysis of
E2 mRNA, HPV was integrated in the host genome in 43% of the HPV-positive samples. Extrachromosomal or mixed form was
present in 57%. In fresh frozen samples, the APOT and E2 mapping results were in agreement. The results were confirmed
using Southern blotting. Furthermore, the type and exact site of integration were determined. The survival analysis of 186
patients revealed HPV positivity, tumour size and lymph node positivity as factors that influence disease specific survival.
However, no statistically significant difference was found in disease specific survival between patients with HPV-positive
integrated vs. extrachromosomal/mixed forms of the virus.

Head and neck cancer (HNC) is the seventh most common can-
cer in men and the 13" most common cancer in women world-
wide and its incidence is on the rise in some anatomical sites'.
HNC has at least two different etiologies. Most HNC cases are
associated with smoking and alcohol consumption, which
induce mutations in important pathways™”. However, ~26% of
all HNC and up to 50% of oropharyngeal tumours are associated
with the presence and expression of mucosal high-risk human
papillomaviruses (Alfa HR-HPV; HR-HPVs)*™®. Mucosal HR-

HPVs also cause cervical cancer and other neoplasms of anogen-
ital skin and mucosae. The most common mucosal HR-HPV is
HPV16, which is found in almost 90% of HPV-positive HNC,
other common types being HPV18, HPV33 and HPV52%.
Patients with HPV-associated HNC have a better prognosis,
overall survival, and response to treatment”,

The mechanisms of Alfa HR-HPV-induced carcinogenesis,
regardless of the anatomical site, rely on the functions of
viral oncoproteins, E6 and E7, as they inactivate tumour

Key words: HPV, integration, head and neck tumours, prognosis, survival

Abbreviations: 3'-RACE: ¥-rapid amplification of ¢DNA ends; AIC: Akaike information criterion; APOT assay: amplification of papil-
lomavirus oncogene transcripts assay; DIPS-PCR: detection of integrated papillomavirus sequences polymerase chain reaction; DSS: dis-
ease specific survival; FFPE: formalin fixed and paraffin embedded; HNC: head and neck cancer; HPV: human papillomavirus; HR-
HPV: high risk human papillomavirus; ORF: open reading frame; OSCC: oral squamous cell carcinoma; SA: splice acceptor; SD: splice
donor; TGF-f: growing factor B; TSCC: tonsillar squamous cell carcinoma
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The integration of human papillomavirus (HPV) into host DNA allows for greater expression of the viral oncogenes Eé and E7.
Hence, HPV integration favours oncogenesis. But it is not mandatory for that process. In the present study of tissues from
head and neck cancer (HNC) patients, HPV was found to be integrated into the host genome in 43% of HPV-positive samples.
In the remaining positive samples, HPV was present either in extrachromosomal or mixed form. Although patients with extrac-

hromosomal or mixed virus had slightly better prognosis than patients with integrated HPV, integration was not associated

with patient survival.

suppressor proteins p53 and pRb, respectivel}rs. The early
region genes E2 and E8ME2, transcriptional regulators of HPV
early genes encoded by the E2 open-reading frame (ORF), are
disrupted or lost upon HPV integration into the host
genome” ''. Most authors agree that in the cervix, the loss of
E2 increases E6 and E7 oncogene expression and thus favours
oncogenesisw'u, Even though HPV integration is strongly
associated with high-grade lesions and cancer'” ™", some stud-
ies have not observed increased expression of the viral onco-
proteins from integrated HPV genumes'ﬁ'l?. Also, a significant
number (~30%) of cervical carcinomas harbor extrachromoso-
mal HPV plasmid genomes''. HPV integration is thought to
be a random process which occurs in almost all chromosomes
without specific hotspots'®. However, it has been observed
near or within common fragile sites'®?”, with the integration
sites located in or near translocation breakpoints, transcrip-
tionally active regions or growth control genes®' ™.

There are several methodological approaches to the study
of HPV integration; however, all have some limitations. DIP5-
PCR (Detection of Integrated Papillomavirus Sequences)™
maps chimeric virus-cell DNA sequences with the aid of
single-side-specific  ligation-mediated PCR followed by
sequencing, but it is a costly and labour intensive method that
demands high quality DNA. Another DNA amplification
method used in the past, E2/E6 DNA ratio real-time PCR™,
attempted to detect HPV genomes with defects in the E2
region. While easy to perform, this method suffers conceptu-
ally from the fact that it is unable to distinguish extrachromo-
somal plasmid HPV genomes from viral genomes integrated
in tandem repeats. More recently, methods based on next-
generation sequencing are also appearing™ >’ A very sensi-
tive and specific method is the APOT (Amplification of Papil-
lomavirus Oncogene Transcripts) assay' ', a modified 3'-RACE
(Rapid Amplification of cDNA Ends) technique. This method
provides information about the site of integration within the
host genome and also enables the identification of the struc-
ture of HPV transcripts. In addition, this technique detects the
presence of transcripts from both integrated and extrachromo-
somal genomes in the same tissue samples and is not nega-
tively influenced by large excess of extrachromosomal HPV
copies' '**. However, this method requires high-quality RNA.

Several studies have focused on the detection of HPV
integration in HNC'7?'*72*! The overall results indicate
that around 50% of HPV16-positive HNC cases harbour inte-
grated HPV DNA, slightly fewer than cervical cancer. There-

Int. J. Cancer: 138, 386—395 (2016) © 2015 UICC

fore, further analysis of HPV integration in HPV-associated
HNC might bring new information regarding the viral etiol-
ogy of this cancer. Furthermore, not many studies compared
different methods for performance in this kind of samples.

The primary aim of our study was to characterise the physi-
cal status of HPV in a set of tonsillar tumour samples using
different methodological approaches—the mapping of E2 inte-
gration breakpoint at the RNA level, the APOT assay and
Southern blot. Frozen tissue samples (FF) eligible for compara-
tive testing by the more sensitive APOT method and E2 map-
ping yielded concordant results. Therefore, the mRNA E2
mapping method was used as the only option in testing the for-
malin fixed paraffin embedded (FFPE) samples in the large
study. In a subset of frozen tissue samples HPV integration fre-
quency and pattern was evaluated and chromosomal loci
where the virus was integrated were identified. The impact of
HPV integration on patients’ prognosis was evaluated in a
larger set of 186 patients with head and neck cancer.

Material and Methods

Clinical samples

HNC samples were obtained from patients treated at the
Department of Otolaryngology and Head and Neck Surgery,
1** Medical Faculty Charles University and Motol University
Hospital, Prague in the period of 2001-2014. Inclusion crite-
ria. were the primary squamous cell carcinoma of the oral
cavity or oropharynx (ICD-10: C01-C06, C9-10) and treat-
ment done by surgery in combination with radiotherapy.

The selection criteria for FF samples were the localisation
of the tumour in tonsils, availability of the fresh frozen mate-
rial, presence of at least 10% of the tumour cells in the tissue
and HPV association as revealed by the preceding analysis of
the FFPE tissues taken from the same tumour. Fourteen
patients with HPV associated and 10 with HPV negative
tumours were analysed. HPV associated tumours were posi-
tive for HPV16 DNA, for the expression of viral HPV16 E6
mRNA and pl6é protein. HPV non-associated tumours were
negative for all three of the above mentioned parameters.

Cervical samples were collected from patients treated at
the Department of Obstetrics and Gynecology, 2™ Medical
Faculty Charles University and Motol University Hospital,
Prague from 2012-2014. From the group of six cervical

samples, we had two paired samples where the tumour and
the clinically unaffected tissue were available from the same
patient.
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Tonsillar tumour samples were taken from patients during
surgery and were sent on dry ice to pathology. One tumour
piece was fixed with tissue freezing medium and snap frozen
in liquid nitrogen and stored at —80°C. Sections were cut on
cryostat and histopathologically confirmed. The second part
of the tumour was fixed in 10% neutral formalin and paraffin
embedded. From each paraffin block, the first and last sec-
tions were histologically analysed to confirm that the sections
in between contained at least 10% tumour cells and were
suitable for viral nucleic acids isolation and analysis.

Healthy tonsillar tissues were taken from patients during
tonsillectomy, were snap frozen in liquid nitrogen immedi-
ately after removal and stored at —80°C. Cervical samples
were transported in RNAlater (Life Technologies, USA)
transport medium and processed within one week.

All study patients signed informed consent. The study has
received official institutional and ethical approval from the
Ethics Committee of the University Hospital Motol, Prague.

Processing of samples

DNA from fresh frozen tissues was isolated using the
QlAamp DNA Mini kit (Qiagen, Germany) and total RNA
was extracted by the miRVana kit (Life Technologies, USA).
Both DNA and RNA of FFPE samples were simultaneously
extracted from two 20-pm sections by the Ambion Recover-
AII"™ total nucleic acid isolation kit for FFPE (Applied Bio-
science, USA) according to manufacturer's protocol. The
detection and typing of HPV DNA was performed by PCR
with broad spectrum primers BSGP5+/6+bio and reverse
line blot hybridisation as previously described™. The cDNA
was prepared by reverse transcription of 1 pg of DNase
treated RNA (Promega, USA) with M-MLV reverse tran-
scriptase (Promega, USA). The absence of contaminating
DNA was confirmed on the RNA treated with DNAse by the
absence of human beta-globin PCR amplicon as described
previously™. The expression of HPV16 E6 mRNA was
assessed by RT PCR which amplifies the most abundant
splice variant E6*] with a length of 86 bp as described
before™.

Mapping of E2 integration breakpoint

E2 integration breakpoint was analysed on cDNA after
reverse transcription. Primers spanned the E7, E2, E4 and ES
ORF (Supporting Information Table 52). The 25 pl PCR mix-
tures were composed of 0.5 units of AmpliTaq Gold® DNA
polymerase (Life Technologies, USA), 1X PCR Gold Buffer II
(Life Technologies, USA), 200 pM dNTPs, 1.5 mM MgCl,,
12.5 pM of each forward and reverse primer, and 2 pl of
cDNA. The reaction mixture was subjected to an initial dena-
turation at 95°C for 5 min, followed by 40 cycles of denatu-
ration at 94°C for 1 min, annealing for 2 min, elongation at
72°C for 2 min, and final extension at 72°C for 3 min. The
annealing temperatures varied for each set of primers; 55°C
for the E7 and E5 sets, 50°C for the E7-E4 set, 47°C for E2B
set, and 45°C for the E2C and E2D sets. The cervical squa-

Integration of HPV and survival

mous cell carcinoma cell line SiHa containing integrated
HPV16 was used as a positive control and the HaCaT cell
line and H,0 as negative controls. Amplicons were visualised
by 3% agarose gel electrophoresis.

APOT assay
Analysis of the HPV transcripts was modified from Klaes
et al.''. Briefly, 1.1 pg of total RNA was reverse transcribed
using 10 uM adaptor-linked oligo(dT),; primer ((dT),-P3;
5-GACTCGAGTCGACATCGA-3'), 50 units of M-MLV
reverse transcriptase (Promega), and 20 units of Rnasin
(Promega) in 20 pl reaction mixture at 37°C for 1 hr. The
cDNA was amplified by PCR using HPV16 E7-specific
primer Pl and linker P3. The 50 pl reaction mixture con-
tained of 1.5 units of Tag DNA polymerase (Thermo Scien-
tiic, USA), lx (NH4):504 Tag bufter, 200 pM dNTPs,
L5 mM MgCl,, 0.25 pM of each primer, and 4 pl of cDNA.
The reaction mixture was subjected to initial denaturation at
94°C for 3 min, followed by 30 cycles of denaturation at
94°C for 40 sec, annealing at 59°C for 30 sec, elongation at
72°C for 4 min and final extension at 72°C for 7 min. Nested
PCR reaction using 4 pl of initial amplicons was done with
HPV16 E7-specific primer P2 and (dT):7-P3. The cycling
conditions were the same, except for the annealing step
which was changed to be performed at 67°C for 30 sec.
Amplicons from the second PCR were separated on 2%
agarose gels, blotted on nylon membrane (PerkinElmer,
USA) using alkaline transfer and hybridised either with an
E7-specific probe H1 or E4-specific probe H2. Hybridisation
was performed at 55°C. Probes were labelled by streptavidin-
HPR and the detection was done by the ECL detection kit
(GE Healthcare, UK) following the manufacturer’s protocol.
Amplification products longer than 300 bp were excised
from the gel, purified using the MinFlute Gel Extraction kit
(Qiagen, Germany) and sequenced using the BigDye Termi-
nator Sequencing kit (Applied Biosystems, USA). Sequence
data were analysed using BLAST software (http://blast.ncbi.
nlm.nih.gov/).

Detection of integration by Southern blotting

Southern blotting was done according to Lace et al.*'. Briefly,
2 pg of DNA from HPVI16-positive tonsillar tumours and
from HPV16-positive cervical tissues in uncut form as well
as digested with BamHI endonuclease were resolved on 1%
agarose gels, depurinated in 0.25 M HCI and blotted directly
onto positively charged nylon membranes (Hybond-XL,
Amersham Biosciences Corp., Piscataway, NJ, USA) by alka-
line transfer with 0.4 N NaOH. Hybridisation was performed
at 65°C with probes (1.5 x 10° cpm/ml hybridisation buffer)
containing an equimolar cocktail of PCR-amplified segments
of HPV16 [a-""P]JdATP/dCTP labelled by random priming
(HotPrime kit; GenHunter Corp., Nashville, TN, USA).
HPV16 plasmid, CaSki cell line and linearised HPV16 were
used as controls.
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Sample no. Type of sample® E6 E7 E7-E4 E2B E2C E2D ES HPV16 status®
RNA17A% Normal Cx + - - - + - - Integrated
RNA19A" Normal Cx + + + - + + + Extrachromosomal
RNA22 Normal Cx + = + = + + + Extrachromosomal
RNA24 Normal Cx + + + - + + + Extrachromosomal
RNAS CxCa + + + - + + + Extrachromosomal
RNAD CxCa + - + - - - - Integrated
RNA17B? CxCa - - + - - - - Integrated
RNA18B CxCa + + - - - - —~ Integrated
RNA19B* CxCa + + + - + + Extrachromosomal
ORL104 Tonsillar tumour + + + - + + + Extrachromosomal
ORL111 Tonsillar tumour + + = = = ™ = Integrated
ORL116 Tonsillar tumour + + + - + + + Extrachromosomal
ORL125 Tonsillar tumour + + + = + - = Integrated
ORL126 Tonsillar tumour + + + - + + + Extrachromosomal
ORL128 Tonsillar tumaour + + = - — = = Integrated
ORL133 Tonsillar tumour + + - - - - - Integrated

ORL136 Tonsillar tumaour + + = + + + Extrachromosomal
ORL154 Tonsillar tumour + + - - - Integrated

ORL155 Tonsillar tumour + + - + + + Extrachromosomal
ORL160 Tonsillar tumour + + - = - - —~ Integrated

ORL161 Tonsillar tumour + + - - + + Extrachromosomal
0ORL181 Tonsillar tumour + + - + Extrachromosomal
ORL187 Tonsillar tumour + + - + Extrachromosomal
SiHa CxCa cell line + + - - - - - Integrated

Type of sample — CxCa=cervical carcinoma, Cx=cervical tissue.

‘Assessment of HPV genome status — extrachromosomal =extrachromosomal/mixed.

‘Paired samples from the same patient.
“Paired samples from the same patient.

Statistics

The Cox proportional hazards model was used for the disease
specific survival (ID55) analysis. The Akaike information crite-
rion (AIC) was used for model selection. The following demo-
graphical and clinical pathological factors were included: gender,
age, education (<12 years, >12 years), smoking (nonsmoker;
ex-smoker; smoker), alcohol (nondrinker; ex-drinker; drinker),
location (oropharyngeal, oral), tumour size (T1-4), nodal status
(N0-3), tumour stage (L, 1L, IIL, IV), histological tumour grade
(G1-3), and HPV status (HPV16 E6 mRNA negative; HPV16 E6
mRNA positive with an extrachromosomal and/or mixed form;
HPV16 E6 mRNA positive with an integrated form; or HPV16
DNA positive transcriptionally silent (no HPV16 E6 mRNA
expression)). Tumour size, nodal status, tumour stage and histo-
logical grading were numeric measures.

Results
Demographic and clinical pathological characteristics

Fifty-two percent of fresh frozen tonsillar tumours were
HPV16 DNA positive (14/27), 37% were HPV16 DNA negative

Int. |. Cancer: 138, 386-395 (2016) © 2015 UICC

(10/27) and 11% were positive for another HPV type (3/27).
All unaffected tonsillar tissues were HPV-negative. All cervical
carcinomas were HPV16 DNA positive except for one tumour
positive for HPV82. Furthermore, 67% of clinically unaffected
cervical tissues (4/6) meant as negative controls were HPV16
DNA positive. Two of these morphologically unaffected tissues
were obtained from patients with cervical cancer also contain-
ing HPV16. The expression of E6 mRNA was detected in all
HPV16 DNA-positive fresh frozen samples including appa-
rently unaffected tissues.

Formalin-fixed paratfin embedded (FFPE) tumour tissues
from 186 patients were analysed. The detailed characteristics of
patients are summarised in Supporting Information Table 51.
Most patients (80.1%) were males, 62.2% were current drinkers
and 43.2% were current smokers. The most frequent HPV-
positive tumours were localised in tonsils (ICD-10:C090, C099,
C091) (68.6%; 72/105), base of tongue (ICD-10:C01)
(10.5%;11/105), and unspecified oropharynx (ICD-10: CO51,
C052, C102) (5.7%; 6/105) while in other locations (soft palate,
floor of the mouth (ICD-10: C04), and retromolar region
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Table 2. Summary of APOT assay results

Integration of HPY and survival

Detection of HPV genome

Type of sample Extrachromosomal form Mixed form Integrated form Inconclusive results
Tonsillar tumour 6/14 (43%) 2114 (14%) 5/14 (36%) 1/14 (7%)

Cervical carcinoma 1/5 (20%) 1/5 (20%) 3/5 (60%) =

Positive unaffected cemvix 2/4 (50%) 0/4 (0%) 2/4 (50%) -

(ICD-10: C062), no HPV was found and among the unspecifed
oral cavity (ICD-10: C00.3, C00.4, C06.0, C06, C03.0, C03.1,
C05.0) and tongue tumours (ICD-10: C02.0, C02.1, C02.2), one
HPV-positive sample was present. Among HPV DNA, positive
tumours, 13% were transcriptionally silent (14/105).

Analysis of HPV genome status in fresh frozen tissues
Mapping of the E2 gene at the mRNA level permitted us to
analyse the transcriptionally active viral genome form. Using
a set of primers targeting different positions of the E2 ORF,
we predicted where the integration breakpoint might be. If
the sample was positive for all tested parts of the E2 ORE,
the transcripts were considered to stem from extrachromoso-
mal HPV genomes. Transcripts of integrated HPV genomes
were expected to lack E2 DNA sequences or to be positive
only for the beginning of the analysed region. Because the
HPV region between positions 880 and 3358 nt is not found
among transcripts because of mRNA splicing, the absence of
E2B amplicons served as a control of DNA contamination; it
was negative in all samples.

Based on the E2 integration breakpoint mapping, 43%
(6/14) of HPV16 DNA positive tonsillar samples contained only
an integrated form of the viral genome, 57% (8/14) contained
an extrachromosomal or mixed form (Table 1). Viral DNA was
integrated in 60% (3/5) of cervical cancer samples and in 25%
of HPV16 positive normal cervical tissue samples (1/4).

All HPV16 DNA positive samples were evaluated by the
more sensitive and specific APOT assay. Representative
APOT assay results of selected tonsillar and cervical samples
are shown in Supporting Information Figure 51 in the sup-
plement. The standard extrachromosomal transcript has a
length of 1050 bp (E7-E1AE4-E5)"", All products with diffe-
rent lengths are derived from integrated fusion transcripts or
are artifacts that can originate from the standard extrachro-
mosomal transcript and may be formed because of mispri-
ming during the APOT assay when the (dT)17-P3 primer
binds to an A-rich region mostly around position 3821 nt.
The summary of the APOT assay results is in Table 2.

The APOT assay revealed that two tonsillar samples con-
tained the virus in a mived form. One tonsillar sample
(ORL128) where the virus seemed to be integrated based on E2
mapping was not resolved by the APOT assay: we found sev-
eral fragments which we were not able to sequence neither
directly nor after cloning to the TOPO cloning vector (TOPO
TA cloning protocol; Life Technologies) and was therefore
excluded from the comparison. Results of the APOT assay and

E2 mapping in all evaluable (N = 13) tonsillar samples were in
agreement. In cervical tumours, a mixed form was detected in
one sample. A disagreement between the two methods was
found for a single sample of clinically unaftected cervical tissue
(RNA19A) where the APOT assay only revealed an integrated
form of HPV. Overall, there was almost perfect agreement
between the two methods (Kappa value = 0.9076).

The results of some tonsillar and cervical samples with an
integrated or mixed form of HPV genome were confirmed
using Southern blotting (Supporting Information Fig. $2).
Southern blot was not performed in all samples with integrated
viral genome because of the limited amount of available DNA.
Similar to the CaSki cell line which harbours multiple tandem
repeats of the HPV16 genome, we observed this pattern in ton-
sillar tumour samples ORL133 and ORLI87. In contrast, in
sample ORL126, Southern blot analysis revealed only extra-
chromosomal HPV16 genomes whereas APOT identified both
plasmid and integrated HPV16 mRNA transcripts. The sum-
mary of comparison of all used methods is in Table 3.

By analysing the sequence data, we could also determine
which type of integration occurs in samples and assess the
splicing of HPV transcripts. All integrated viral genomes in
tonsillar samples were spliced from splice donor (SD) 880 to
the cellular splice acceptor (SA) sites (transcripts type A).
Samples with extrachromosomal genomes, both from tonsil-
lar and cervical location, had three different SA sites: SA
3358 in most samples (11/12), SA 3421 in 1/12 of samples,
and SA 3391 in 1/12 of samples and in sample ORLI161,
there were two different SA sites. HPVs integrated in cervical
samples had both transcript types. All of these samples (6/6)
were spliced from SD 880 to a cellular SA site (transcripts
type A) and two of them also had transcripts spliced to SA
3358 with prolongation into the cellular sequence (transcripts
type B). Other types of transcripts were not found.

The APOT assay gave identical results in the paired cervi-
cal tumour and unaffected tissue samples from one patient
(RNA17A and RNAIL7B), while in the other patient, HPV
genome was integrated into different chromosomes in cervi-
cal cancer and unaffected cervical tissue (RNA19A and
RNA19B), and the tumour sample contained additional
extrachromosomal genome copies.

All 20 identified fusion transcripts containing viral and
cellular sequences were analysed by a BLAST search in the
GenBank database. Summary of results is in Table 4. In ton-
sillar as well as cervical samples, integration occurred on dif-
ferent human chromosomes with no obvious predilection
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Table 3. Comparison of the results based on E2 integration breakpoint mapping, APOT assay and Southern blot

Sample no. Type of samplei. HPV status (based on E2)? HPV status (APOT assay) Southern blot analysis

RNAT7A® Normal Cx Integrated Integrated N/D*

RNA19A® Normal Cx Extrachromosomal Integrated Integrated

RNA22 Normal Cx Extrachromosomal Extrachromosomal N/D

RNA24 Normal Cx Extrachromosomal Extrachromosomal N/D

RMAS CxCa Extrachromosomal Extrachromosomal N/D

RNAS CxCa Integrated Integrated Integrated

RNA178B° CxCa Integrated Integrated Integrated

RNA18B CxCa Integrated Integrated Integrated

RNA19B® CxCa Extrachromosomal Mixed Integrated

ORL104 Tonsillar tumour Extrachromosomal Extrachromosomal N/D

ORL111 Tonsillar tumour Integrated Integrated Integrated

ORL116 Tonsillar tumour Extrachromosomal Extrachromosomal N/D

ORL125 Tonsillar tumour Integrated Integrated N/D

ORL126 Tonsillar tumour Extrachromosomal Mixed Extrachromaosomal

ORL128 Tonsillar tumour Integrated Nonspliced N/D )

ORL133 Tonsillar tumour Integrated Integrated Integrated in E
tandem repeats 5

ORL136 Tonsillar tumour Extrachromosomal Extrachromosomal N/D '-'5

ORL154 Tonsillar tumour Integrated Integrated N/D i

ORL155 Tonsillar tumaur Extrachromosomal Extrachromosomal N/D §

ORL160 Tonsillar tumour Integrated Integrated N/D @

ORL161 Tonsillar tumour Extrachromosomal Extrachromosomal N/D é

ORL181 Tonsillar tumour Extrachromosamal Extrachromosomal N/D 1-3

ORL1B7 Tonsillar tumour Extrachromosomal Mixed Integrated in ‘E
tandem repeats —

SiHa CxCa cell line Integrated Integrated N/D

'Type of sample — CxCa = cervical carcinoma, Cx=cemvical tissue.
*HPV genome status — extrachromosomal=extrachromasomal/mixed.
*Paired samples from the same patient.

“M/D, not done.

“Paired samples from the same patient.

(chromosomes 1, 3, 4, 5, 8, 13, 17, 19, 20, and X). Chromo-
somes 1 and 3 appeared in both tonsillar and cervical samples.
In paired samples of cervical tumours and clinically unaffected
tissues, the HPV was integrated into the same chromosome
(3g26.2) in one patient (RNAI7A and RNAI7B) with both
transcript types. In the second patient, the cervical cancer and
unaffected cervical tissue harbored HPV16 genomes integrated
at two independent sites on chromosomes 1g21 and 19q13.3.
Both were expressed as type A transcripts.

Six transcripts were spliced into the sequence of an intron,
one transcript was only spliced into the exon sequence and
one transcript was spliced into the 3-untranslated region of
the gene. The rest of transcripts were spliced into the inter-
genic region. In one tonsillar cancer sample, integration
occurred in the proximity of transcriptional factor TP63,
which plays a role in the development and maintenance of
stratified epithelial tissues and was reported to function in
oncogenesis. In a cervical tumour, integration occurred near

Int. J. Cancer: 138, 386-395 (2016) © 2015 UICC

the MECOM complex. This complex encodes transcriptional
regulator and oncoprotein, involved in a number of genetic
pathways. The cellular gene loci in our samples include also
genes coding for tumour suppressors (T5C22D1, CSMDI).
Products of other genes where HPV integration was detected
act as deacetylase (MACROD2), molecular chaperones
(CANX) or cytoskeletal protein (TUBDI). Five samples
showed HPV integration near the known fragile sites FRA4B,
FRAIF, FRAS5G, FRA17B and FRA19A.

Validation of the E2 integration breakpoint mapping

method

We have performed the validation of the E2 integration
breakpoint mapping on a larger patient cohort with tonsillar
tumours since this method offers an easy way how to identify
the HPV status retrospectively in formalin fixed paraffin
embedded tissues. Altogether, both FF and FFPE samples
were available from 20 patients. One sample (ORL128) was
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Table 4. Summary of integration sites

Integration of HPY and survival

Location on Region in

Sample no. Type of sample chromosome Gene code Gene name genome Fragile sites
RNAS CxCa Xpl11.3 = = Intergenic -
RNA17B CxCa 3gq26.2 MECOM MDS1 and EVI1 comlex locus Intron -
RNA1BB CxuCa chié - - Intergenic FRA4B
RNA19B CxCa 19q13.3 RPL23APS0 Ribosomal protein Intergenic FRA19A

L23a pseudogene
RNA17A Normal Cx 3g026.2 MECOM MDS51 and EVI1 Intron

complex locus
RNA19A Normal Cx 1921 = = Intergenic FRALF
ORL111 Tonsillar tumour 1q32 - — Intergenic -
ORL125 Tonsillar tumour 20p12.1 MACROD2 MACRO domain containing Intron -

2 deacetylase
ORL126 Tonsillar tumour Lg3s CANX calnexin 3'UTR FRASG
ORL133 Tonsillar tumour 8p23.2 CSMD1 CUB and Sushi Intran -

multiple domains
ORL154 Tonsillar tumour 328 TP&3 tumaour protein pe3 Intron -
ORL160 Tonsillar tumour 17g23.1 TUBD1 Tubulin delta 1 Exon FRA17E
ORL187 Tonsillar tumour 13q14 T5C22D1 T5C22 domain family Intron -

excluded because it was inclonclusive on the APOT assay
(for details see above). In the remaining 19 samples (results
are summarised in Supporting Information Table §3), perfect
agreement between the APOT assay and the E2 mapping was
obtained. Integrated form of HPV was present in four,
extrachromosomal in 11 samples and in four samples mixed
form was detected by APOT and extrachromosomal by E2
mapping. It is in agreement with the limitation of E2 method
which cant distinguish between mixed and extrachromoso-
mal forms of HPV, and with the fact that APOT has been
shown to have a higher sensitivity for the detection of the
integrated form of HPV.

The comparison of the results of E2 mapping on FF and
FFPE revealed 15/19 samples concordant (79%). In 3 of 4
discrepant samples, HPV was present in an extrachromoso-
mal form in FF and in integrated form in FFPE. In two of
these samples, the mixed form of the virus has been found
on APOT assay suggesting that both forms are present. The
outcome is dependent on the proportion of tumour cells in
the particular sample and possibly on the degradation of
RNA and therefore either one of the forms is detected
(ORL244, ORL227). The overall agreement was substantial
(Kappa value=0.683).

Survival of patients according to HPV status

The analysis of HPV status in the set of FFPE samples was
based on the presence/absence of amplicons generated by
E2D primers, and amplifiable samples were marked as extrac-
hromosomal. Integrated HPV genome was detected in 27.5%
of E6 mRNA positive tumours (25/91), whereas an extrachro-
mosomal/mixed form of HPV genome was detected in 72.5%
(66/91). In 29.2% (21/72) of tonsillar and in 33.3% (2/6) of

nonspecified oropharyngeal tumours integrated HPV genome
was found while in tumours of the base of tongue only
extrachromosomal form of the virus was detected. The sur-
vival analysis revealed HPV positivity (for the definition see
Materials and methods), tumour size and lymph node posi-
tivity as factors with influence on disease specific survival
(DSS) (Table 5, Fig. 1). Additionally, gender was also added
in the Cox model because it improved the quality of the
model. As expected, HPV positivity of the tumour was the
strongest prognostic factor (HPV16 E6 mRNA positive vs.
HPV16 E6 mRNA negative p< 0.0001). The difference in
DSS was statistically significant both for the group of patients
with HPV16 E6 mRNA positive tumours with an extrachro-
mosomal and/or mixed form of the virus as well as for those
with an integrated form only (HPV-negative vs. HPV extrac-
hromosomal/mixed p < 0.0001; HPV-negative vs. HPV inte-
grated p = 0.0037). The difference in DSS between the group
of patients with HPV-positive tumours with an extrachromo-
somal/mixed vs. integrated form was not statistically signifi-
cant (p=0.6742). The group of patients with
transcriptionally silent HPV survived better than HPV-
negative patients but the difference was not statistically sig-
nificant (p = 0.2635). When we divide this group of patients
into HPV DNA positive/plé positive and HPV DNA posi-
tive/plé negative, these subgroups behaved, in terms of sur-
vival, as patients with HPV-positive and HPV-negative
tumours, respectively (data not shown).

Discussion

Limited information has been available about high-risk
mucosal (HR) HPV integration in HPV-associated HNC.
HPV genomes replicate in the form of unintegrated plasmids
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Table 5. Factors with impact on patients’ disease specific survival
according to the Cox model

Hazard ratio
Covariate (95% confidence interval)  P-value
HPV status
Negative Referent <0.0001
Extrachromosomal 0.149 (0.059-0.380)

Integrated 0.196 (0.066-0.589) 0.0037
Trascriptionally silent  0.503 (0.151-1.678) 0.2635
Tumour size 2.224 (1.545-3.201) <0.0001
Nodal status 1.443 (1.005-2.072) 0.0472
Gender 2.786 (0.976-7.954) 0.0556

in viral persistence. Integration of HR HPV fragments in
cancers results in a break in the E2 gene region at the 3’ end
of the HPV genome and in the expression of the viral E6
and E7 oncogenes from chimeric mRNAs terminating by cel-
lular sequence. Integration has been considered a frequent,
albeit not necessary, step in the progression of precancerous
lesions to invasive carcinomas in the cervix'".

In this study, we wished to assess HPV integration status in
an extended sample set of HPV-associated HNC lesions to
determine whether HPV integration had an effect on patient
prognosis and survival. First, we have determined the physical
status of HPV genomes and the structure of viral transcripts in
a set of HPV16-positive fresh frozen tonsillar tumours in
comparison to cervical carcinomas and apparently unaffected
cervical tissue samples. All HPV 16 positive tumours were
characterised by the 3'-RACE-based method referred to as
analysis of papillomavirus oncogenic transcripts (APOT)'".
Those samples with enough material were further analysed by
the standard method of detection of HPV integration vs. plas-
mid persistence, that is, restriction enzyme digestion of tumour
sample DNA followed by Southern blotting.

We then compared the APOT results with those of a
method designed to detect the absence of 3 HPV E2 gene
sequences from E6-E7 oncogene transcripts. As expected, the
APOT assay was the more sensitive of the two methods
tested but E2 transcript mapping showed excellent agreement
with the APOT results.

The E2 transcript mapping method utilises short reverse
transcript amplicons and is applicable to mRNA samples
extracted from formalin fixed, paraffin embedded (FFPE) tis-
sues. A limitation of this assay is that it cannot detect the
presence of integrated (E2-) HPV E6-E7 mRNAs in mixed
lesions that also express HPV E6-E7 transcripts from plasmid
genomes; the E2+ mRNA-containing tumours are classified
as extrachromosomal/mixed (see discussion below). We were
able to analyse an extended set of clinical FFPE samples for
the expression of integrated (E2-) vs. unintegrated/mixed
HPV E6-E7 mRNA transcripts (E2+) to determine if HPV
integration has an effect on patient prognosis and survival.
To our knowledge, our study represents survival analysis in
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the largest sample set of patients with HPV-associated HNC.
Our results show that HR-HPV integration in HNC does not
influence the survival of patients even though those with an
extrachromosomal/mixed form seem to have a slightly better
prognosis in comparison to an integrated form of the virus.

In cervical carcinogenesis, integration of HPV genome
into cell DNA is a characteristic step in the progression of
precancerous lesions to invasive carcinomas' 2%
trast, only a few studies have focused on the analysis of HPV
genome status in HNC. In a previous study, we detected an
integrated form of the virus in 64% of tonsillar tumours in
FFPE samples by maping E2 mRNA in the region 3352 to
3535, This proportion was comparable to the data reported
by Koskinen et al. and Hafkamp et al***’. Mooren et al.
have revealed integrated HPV in 42% of tonsillar squamous
cell carcinoma (TSCC) samples by means of in situ hybri-
disation®. Recently, two studies based on next-generation
sequencing of HNC have been published™?". Khoury et al.>
have found integrated HPV16 in 63% of HNC samples but
Gao et al* only in 16% of patients with oropharyngeal squa-
mous cell carcinoma. The difference in the percentages of
integration can be explained by the use of different methodo-
logical approaches, different study populations and sample
size.

. In con-

In our analysis, by means of E2 integration breakpoint
mapping and APOT assay, we detected HPV integration in
36% of fresh frozen tonsillar tumours, an extrachromosomal
form in 43% of those samples, and both forms in 14% of
samples. The higher percentage of the extrachromosomal
form of HPV in HNC in our study of fresh frozen samples is
in agreement with the data previously published'™*"****. On
the other hand, Lace ef al. using the APOT assay have
reported integrated HPV in 67% of HNC tumours®'.

As expected, the APOT assay identified integrated forms
of HPV with higher sensitivity. Nevertheless, the excellent
agreement between the E2 mapping and APOT assay justified
the use of the E2 mapping method as a sensitive one for a
large set of FFPE samples. However, it is important to note
that the fresh frozen and formalin fixed paraffin embedded
samples will never represent exactly the same piece of
tumour, number of tumour cells and that because of the fixa-
tion and embedding procedures DNA and/or RNA extracted
from FFPE samples might be partially degraded and therefore
not amplifiable. We detected an integrated form of HPV in
27% of FFPE samples and extrachromosomal/mixed form in
73%. HPV integration was found more often in our previous
study done on a smaller number of patients with only tonsil-
lar tumours™.

The structure of virus-cell transcripts expressed from inte-
grated HPV genome corresponded with those previously
identified in cervical carcinomas and HNC''?'. All mRNAs
derived from integrated HPV genomes in tonsillar samples
were type A transcripts, spliced from splice donor (SD) 880
to a cellular splice acceptor (SA). In cervical tissues, we also
detected type B transcripts where the mRNA is spliced from
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