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Abstrakt

v CR a ve svété. Hlavnim prognostickym indikatorem pacientii s témito nadory a sou¢asné
nastrojem volby 1éCebné strategie je zatazeni do klinického stadia. Prognostické biomarkery
pro nadory hlavy a krku neexistuji, coz je zavazny klinicky problém, protoze odpovidavost na
lécbu i1 v rdmeci jednoho stadia je velmi heterogenni. Cilem této prace je tuto heterogenitu ucho-
pit pomoci studia nckterych sloZzek nddorového mikroprostfedi, zejména fibroblasti
asociovanych s nadory, a na zaklad¢ ziskanych dat poukazat na klinickou aplikovatelnost téchto
poznatka.

Metodika. Nadory hlavy a krku byly studovany vicetroviiové — na trovni séra a tkanovych
vzorkli pomoci analyzy pteziti, ale také na urovni jednotlivych subpopulaci bunék ziskanych z
nadorovych vzorkd pacienti. Bylo vyuzito metod analyzy genové exprese, metod studia bu-
nécné migrace, invazivity, bunééného ristu a byla analyzovana mira reparace dvouretézcovych
zloml DNA.

Vysledky. Bylo zjisténo, Ze transkriptom tkané ptiléhajici k tumoru byl v mnoha ohledech ,,po-
dobngjsi“ nadorové tkani a bylo mozné jej vyuzit k predikci pfitomnosti nadoru. Byl také
prokézan prognosticky vyznam BAX, BCL2, TP53 a EGF. V heterogennim prostfedi nadora
hlavy a krku byly studovany populace s povrchovymi antigeny CD44 a CD90. Populace CD44
je vyznamné zapojena do patogeneze prostiednictvim své ucasti v molekuldrné-biologickych
procesech de-diferenciace, proliferace a apoptdzy. Populace CD90+ ,,s nadorem asociovanych
fibroblasti* zasadn¢ podporuje rist vlastni nadorové populace a propiijcuje rezistenci k radio-
terapii jinym subpopulacim a je tak vyznamnym podplrnym c¢lankem nadorového
mikroprostiedi.

Zavér. Nenadorové komponenty nadorového mikroprostiedi, zejména fibroblasty asociované
s nadory, vyznamnym zpuisobem ovliviiuji patogenezi spinocelularnich karcinomii v oblasti
hlavy a krku. Tkan pftiléhajici k nddorovym buitkam je vyznamné ovlivnéna signalizaci nadoru

a jeji charakteristické znaky maji potencial slouZit jako prognosticky marker.
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Abstract

Introduction. Head and neck cancers are one of the most serious oncological diagnoses in the
Czech Republic and globally. The main prognostic indicator and a therapy-planning tool is
based on staging of tumours. Prognostic biomarkers for head and neck tumours do not exist,
which is a significant clinical problem because therapy response is very heterogeneous even
within one stage. The aim of the thesis is to propose clinically applicable conclusions by stud-
ying some parts of the tumour microenvironment, cancer-associated fibroblasts in particular.
Methods. The tumours of head and neck were studied at the level of serum and tissue samples
using survival analysis, but also at the level of individual subpopulations of cells obtained from
tumour samples of patients. Methods of gene expression analysis, analysis of cell migration,
invasiveness, cell growth were used and the analysis of repair of two-strand DNA breaks were
used.

Results. It has been found that tumour-adjacent tissue transcripts have been in many respects
"more similar" to tumour tissues, and this could be used to predict the presence of the tumour.
Also, the prognostic importance of BAX, BCL2, TP53 and EGF was revealed. In the heteroge-
neous environment of head and neck tumours, cells with surface antigens CD44 and CD90 were
studied. The CD44 population is significantly involved in pathogenesis through its participation
in molecular-biological processes of de-differentiation, proliferation and apoptosis. “Tumour-
associated fibroblasts” —the CD90+ cells strongly support the growth of tumour population and
provides resistance to radiotherapy to other subpopulations and are thus significant supportive
element of the tumour microenvironment.

Conclusions. Cancer-associated fibroblasts, a key non-tumour component of the tumour mi-
croenvironment affect the pathogenesis of spinocellular tumours of head and neck significantly.
Tissue adjacent to the tumour cells is profoundly affected by cancer signalling and thus its char-

acteristics have a potential to serve as a prognostic marker.
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Prognostické biomarkery 1.1

1 Uvod

N 24

Ceské republiky a také ve svété. OznaGenim ,,nadory hlavy a krku“ se rozumi nadory dutiny
ustni (rty, prvni dvé tfetiny jazyka, sliznice dutiny ustni), slinnych zlaz, faryngu (nazofarynx,
orofarynx, hypofarynx) a laryngu. V naprosté vétsin€ se jednd o nadory spinocelularni, ,,head
and neck squamous cell carcinoma®, HNSCC (vyjimku tvofi pravé napi. nadory slinnych
714z)"2,

Vzhledem ke svému umisténi jsou nadory hlavy a krku, resp. jejich 1écba, zejména v pokroci-
Iych stadiich, vyznamné mutilujici diagnézou. Podobné jako u jinych onkologickych malignit
je ¢asny zachyt klicovym ptedpokladem ptiznivé prognodzy>>. Ukazatelem pokrocilosti je kla-
sifikace TNM a zatazeni do klinického stadia I-IV. I ptes specifika jednotlivych lokalit plati, ze
zatimco lokalizovand stadia I-1I vykazuji dobrou prognoézu, lokalné€ pokrocily nador je terape-
uticky zvladnutelny obtizné s pétiletym prezitim 25% a 4% pro stadia IVa a IVb *; piiblizng
u poloviny diagnostikovanych s pokrocilym tumorem dochazi béhem prvnich let k recidi-
vam>®, Prognosticky nepfiznivy je také fakt, ze v 60 % dochdzi k primozachytim prave

v téchto pozdnich stadiich’.

1.1 Prognostické biomarkery

Hlavnim prognostickym indikatorem pacientti s nadory hlavy a krku a soucasné nastrojem
volby lécebné strategie je zafazeni do klinického stadia®. Nicméné& odpovidavost na 1é¢bu a
progndza pacientll i v rdmci jednoho stadia jsou velmi heterogenni. Klinicky vyuZitelné pro-
gnostické biomarkery podobné PSA pro nador prostaty, ¢i estrogenovému receptoru ¢i HER2
pro nador prsu”'® pro nadory hlavy a krku neexistuji.

V prvnich ¢astech prace bylo cilem ovéfit prediktivni, resp. prognostickou roli molekularnich
markert v rozvoji HNSCC (kapitoly 4.1, 4.2, 4.3 a 4.5). Tyto markery byly z literatury vytipo-
vany na zdklad¢ jejich vyznamné funkce v jednom znésledujicich zasadnich krokt
kancerogeneze: (1) autonomni signalizace, zvySena mira proliferace, (2) bunééna smrt, regulace
bunééného cyklu, (3) odpovéd’ na zvysSeny (oxidacni) stres v nadorovém mikroprostredi, (4)

angiogeneze, (5) schopnost zakladat metastazy a (6) odpovéd’ na radioterapii.
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1.1.1 Markery klicovych procesii kancerogeneze

V soucasnosti byly popsany desitky molekul s prediktivnim/prognostickym potencialem pro
HNSCC. Ty jsou systematicky shrnuty a roz¢lenény v kapitole Raudenska et al. ,,HNSCC Bio-
markers Derived from Key Processes of Cancerogenesis® v knize ,,Targeting Oral Cancer*
(dostupna na str. 25), resp. v prehledovém ¢&lanku Polanska et al'! dostupném na str. str. 14.
V textu niZe jsou zminény ty ,.kandidatni biomarkery*, které byly pfedmétem nasich experi-
mentalnich praci.

Nezbytnym krokem riistu bunék je proliferacni signalizace. Toho je u nadorovych bunék doci-
leno aktivaci proto-onkogeni'?, diky éemuz se tyto builky stdvaji nezavislé na exogennich
rastovych faktorech. Pro nadory hlavy a krku je klicovym proto-onkogenem receptor pro epi-
dermalni riistovy faktor (EGFR). Jedna se o transmembranovou tyrozin kinazu patfici do rodiny
ErB/HER™. K jeho fyziologické aktivaci dochazi pti navazani ligandu EGF, TGF-a, & am-
phiregulinu, ¢imz dojde k dimerizaci EGFR a autofosforylaci tyrozin-kinazové domény EGFR.
Takto aktivovany receptor aktivuje zejména signalni drahy RAS a PI3K a tim ovliviiuje proli-

® viz obrazek na str. 28.

feraci'
Na zéklad¢ studii je popséano, Ze zvySena mira exprese EGFR se vyskytuje az u 90 % vSech
spinocelulérnich nadort hlavy a krku a byva popséna jiz u premalignich 1ézi "%, Studie popisuji

112021 " yysokou mirou proliferace, s angiogenezi a s vyso-

spojitost s neptiznivou progndzou
kou mirou invazivity narodovych bunék. Ve spojitosti s EGFR, resp. s rezistenci oproti
inhibitorim novymi terapeutiky, je také studovan tyrozinkindzovy receptor pro hepatocytarni
rustovy faktor, c-Met. Jeho fyziologicka iloha je spojena s kli¢ovymi procesy béhem embryo-
geneze a hojeni ran, jmenovité napt. schopnost migrujicich bunék odloucit se of extracelularni
matrix, uniknout anoikis a z{istat v novotvorené tkani’? (viz kapitola 4.2).

Dalsi kli¢ovou vlastnosti nadorovych buné&k je Gnik bunééné smrti'>. Mezi nejzdsadné&jsi me-
chanismy ovlivnéni bunétné smrti patii mutace supresoru 7P53, sniZeni exprese apoptozu
vyvolavajicich faktor (BAX, BIM aj.)>, zvyseni exprese anti-apoptotickych proteinti(napf.
BCL-xL, BCL2) 24, &i narudeni regulace buné&ného cyklu 2°. U HNSCC bylo popsano, Ze zvy-
Sena exprese BCL-xL a BCL2 se vyznamné podili na rozvoji tohoto nadoru®S.

Jakmile populace nddorové masy preséhne velikost fadové jednoho mm?, difuze kysliku a nu-
trientl prestava bunkam stacit a v ptipad¢ jejich dlouhodobého nedostatku tento proces vyusti
v nekrozu bunck. Nadorové buiky, podobné jako tomu dochazi pfi hojeni ran, jsou schopny
indukovat novotvorbu cév. Jednim ze zasadnich plisobki je vaskularni endotelidlni rastovy fak-
tor A (VEGFA). Ten je indukovan zejména transkripénim faktorem indukovanym hypoxii
(HIF1A) &i prostiednictvim EGFR?7?%, Studie zabyvajici se HNSCC potvrzuji, Ze mira exprese
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VEGFA koreluje s rezistenci vii¢i chemoterapii a tim s hor$i prognézou pacientti a také s po-
kro¢ilosti nadoru a s hor§im celkovym piezitim 234,

Pocatecni faze kancerogeneze jsou doprovazeny procesy, které se podobaji hojeni ran. Dopro-
vodnym jevem byva chronicky zanét a zvysena mira oxidativniho stresu *°. Existuje cela fada
metod studia redoxniho stavu bunék— mikroskopicky na zékladé fluorescenénich barviv, na za-
klad¢ antioxidacni kapacity, na zdkladé miry exprese genli zodpovédnych za syntézu
antioxidantl (glutathion reduktaza, peroxidaza, aj.) ¢i na zaklad¢ exprese antioxida¢né plisobi-
cich proteintl, napt. metalothioneinu (MT)*-38. Tento protein byl ve vztahu ke spinocelularnim

nadorim hlavy a krku studovan v fad¢ studii®-#!

a na zéklad¢ nami provedené meta-analyzy
Gumulec et al. byla prokazana vyssi exprese v nadorovych tkdnich (odds ratio, OR 9,95; 95%
CI 5,82-17,03)*.

Vztah tkanové exprese geni EGF, EGFR, MKI167, BCL2, BAX, FOS, JUN, TP53, VEGF, FLTI,
MMP2, MMP9, MTIA a MT2A a spinocelularnich karcinomu je popsan ve studii Raudenska
et al. na str. 103. Jejich vztah s HPV statusem pacientli byl zkouman v praci Polanska et al.

na str. 147. Vztah sérovych hladin EGFR byl asociovan s prognézou, viz studie Polanska et al.

na str. 140, kapitola 4.5.

1.1.2 microRNA jako marker metastaz

Extenzivné studovanymi HNSCC biomarkery jsou také microRNA (miRNA). MiRNA jsou
skupinou malych nekodujicich RNA molekul s vyznamnou funkei v regulaci genové exprese
na post-transkripcni urovni. Jejich velikost se pohybuje okolo 20 nukleotidi. MiRNA se nepfte-
kladaji do proteinové struktury a svym regula¢nim plisobenim ovliviiuji bunécné procesy jako
je proliferace, diferenciace, apoptoza, metastazovani, angiogeneze a imunitni odpovéd’. Mnohé
studie potvrdily, ze miRNA je dobrym biomarkerem, protoze je rezistentni ke Stépeni ribonuk-
ledzami, vydrzi bez trvalého poskozeni extrémni pH i teplotu a jejich distribuce v tkanich a
télnich tekutinach se méni v zavislosti na druhu, stupni a stadiu nemoci®.

V této praci byla studovana exprese miR-200b-5p, miR-29¢-3p, miR-34a-5p a miR-375,
viz prace Hudcova ef al. na str. 123 a metodicka studie Hudcova et al. na str. 131. Signalni draha
TGF-B/ZEB/miR-200 je zapojena do regulace epitelidlné-mezenchymalni tranzice, miR-29
funguje v roli nddorového supresoru, protoZe potlacuje migraci a invazivitu nadorovych bunck
prostfednictvim inhibice signdlni drdhy laminin-integrin, mezi dal$i potencidlni nadoroveé-

supresorové faktory patii téZ miR-34a-5p ** a miR-375 %°.
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1.1.3 Markery odpovédi na (radio)terapii

Nédory hlavy a krku jsou typicky agresivnimi neopldziemi s vysokou mirou rekurence a ne-
piiznivou prognozou. Kviili jejich fyzikalni blizkosti k vitalnim strukturam je uziti radikalniho
chirurgického ptistupu ¢asto nemozné, nebot’ muze zplsobit vyrazné snizeni kvality Zivota pa-
cienti. V téchto ptipadech jsou preferovany nechirurgické postupy (chemo/radioterapie).
Castou limitaci t&chto piistupti je obtizné predikovatelna radiorezistence, vyskytujici se pii-
blizné u 50 % spinocelularnich karcinom@ hlavy a krku*®. Selhani radioterapie dramaticky
zhorsuje vysledky sekundarné volené ,,salvage® chirurgie v porovnani s primarn¢ provedenou
operaci’.,

Spravné rozhodnuti prvni terapeutické modality je proto klicovym krokem dramaticky ovliv-
fluyjicim pacientovo preziti. V soucasnosti neexistuji biomarkery umozilujici radiosenzitivitu
predikovat diive, neZ zapo¢ne 1é€ba. Je tomu zejména z diivodu vyrazné genetické a fenotypové
heterogenity nadorové populace, charakteristické zejména pro HNSCC; nadory hlavy a krku se
¢asto pohybuji ve spektru obou extrémi radiorezistence-radiosenzitivita*s. A¢koli v minulosti
probéhly studie poukazujici na geny s potencidlem predikovat rezistentni nadory, ,,founder*
mutace téchto genfl nejsou znamy, a tak je vypovédni hodnota takovychto markert oslabena®.
Radioterapie je tak Casto aplikovana na zaklad¢ odezvy na neoadjuvantni chemoterapii s oce-
kavanim obdobné reakce.

Miru citlivosti k radioterapii je nicméné mozné nepiimo odhadovat na zdkladé komplexnich
odpovédi bun€k na poSkozeni DNA, zejména pak pak na zdklad€ miry aktivace opravnych me-
chanismt dvoufetézcovych zlomi, typicky vyvolanych pravé radioterapii ¢i nékterymi typy
chemoterapie. Mimo tento mechanismus jsou studovany dal$i mechanismy — rezistence
k apoptoze™, poskozeni regulace bun&ného cyklu®!, schopnost délit se s poskozenim ge-
nomu™, & schopnost navritit se do bunééného cyklu i pies aktivaci senescence™. Situaci
komplikuje fakt, Ze mechanismus radiorezistence je rozdilny nejen u riznych nadort, ale do-
konce u riznych subpopulaci v ramci jednoho nédoru (a vzdjemnymi interakcemi mezi témito
subpopulacemi) >* V dalsi ¢4sti této prace (viz studie Falk et al. na str. 175) byla zaméfena po-
zornost prave na objasnéni asociace mezi mirou reparace dvoutetézcovych zlomu s prezivanim

bunék in vitro a s prognostickymi ukazateli pacientt.

1.2 Etiologické faktory nadori hlavy a krku

Nejzasadnéjsi rizikové faktory spojené s rozvojem HNSCC jsou konzumace tabaku, naduzivani

alkoholu, rizikové sexudlni chovani a v neposledni fadé také geneticka predispozice. Nekteré
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Mikroprosttedi nadoru 1.3

dédicné choroby, jako naptiklad Fanconiho anemie, vysoce predisponuji svého nositele k brz-
kému rozvoji HNSCC?>. V 80. letech dvacatého stoleti byl odhalen vliv lidského papillomaviru
(HPV) v incidenci HNSCC?®. Vyskyt HPV indukovaného HNSCC vykazuje vyznamné geogra-
fické vlivy; ve Svédsku jde o 90 % nadortl, v zemich s vysokou konzumaci tabaku je podil
indukovaného HNSCC vyrazné mensi, piiblizné 20%>’. Existuje Vice neZ sto typtt HPV %, ve
vztahu ke spinocelularnim nadortim jsou nejrizikovéjsi subtypy HPV16 a 185, Viry pred-
nostn¢ napadajici epitel tonzilarnich krypt a jsou zdrojem proteini E6 a E7. Ty inaktivuji
kli¢ové tumor supresory — TP53, RBI, P21 aj. a tim umozni priichod bunéénym cyklem!" (blize
obrazek na str. 15), ovliviiuji bunéénou diferenciaci®, genovou nestabilitu®? a antivirovou ob-
ranu %. Biologicky jsou proto HPV* a HPV™ nadory hlavy a krku velmi odli§nd onemocnéni,
byt se jednd o stejny histologicky typ tkang"-*46¢. HPV" HNSCC pacienti jsou vétsinou mladsi
a bez ptfedchozi zkuSenosti se zneuzivanim alkoholu. K dispozici je mnoho prospektivnich i
retrospektivnich diikazt podporujicich hypotézu, Ze podskupina HPV™ pacientd s karcinomem
6770 Diivodem miize byt vétsi radiosenzitivita HPV' tumort. HPV' tumory maji sice snizené
hladiny nddorového supresoru TP53 v diisledku degradace zprostfedkované virovym proteinem
E6, ale zbyly TP53 byva funkéni a nemutovany a pokud radiacni poskozeni buniky zvysi expresi
TP53, mize dojit k zastavé bunééného cyklu a spusténi bunécné smrti. Naopak u HPV™ tumort
byva TP53 ¢asto mutovany a nefunkéni za jakychkoli podminek”. Dalsi odlisnosti HPV' a
HPV™ tumori viz piehledovy ¢lanek Polanska et al na str. 14.

Druha ¢ast této prace je dedikovana biologické a klinické charakterizaci HPV"a HPV- HNSCC

tumort (viz prace Polanska ef al. na str. 147).

1.3 Mikroprostredi nadoru

V mnoha studiich byla exprese vybranych markeri v nddorové tkani porovnavana s jeho ex-
presi v okolni histologicky normalni tkani. Vzhledem k tomu, Ze nadorove buniky a histologicky
normalni tkan v okoli naddoru sdileji stejné mikroprostiedi, mohou byt tyto ,,zdravé® tkané
ovlivnény ptisobky produkovanymi nadorem’, a tak mohou byt jen stéZi povazovéany za ideélni
»kontrolni* tkan. Nékteré cytokiny a riistové faktory podilejici se na procesu neoplastické trans-
formace jsou produkovany nenadorovymi butikami vyskytujicimi se v okoli nadoru’®. Naopak,
parakrinni G€inky faktori produkovanych nddorem mohou naruSit homeostazu okolni tkané
doprovazenou zinétlivou reakci a zvySenou angiogenezi’®. Z téchto diivodi je velmi dilezité

charakterizovat vztah a komunikaci nddorovych bunégk s jejich okolim. Takto nabyté poznatky
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mohou zasadné€ ovlivnit management 1écby HNSCC pacientd. Dale predpokladame, Ze expresni

vzorce histologicky normalnich bunék sousedicich s nddorem mohou mit prediktivni vyznam.

1.3.1 Heterogenita mikroprostiedi

Jednou ze zasadnich pfi¢in selhani nechirurgickych 1écebnych modalit je skutenost, Ze solidni
nadory nevznikaji klondlné, ale jsou heterogenni populaci riznych typti bunék s riznymi vlast-
nostmi”. Ty se lisi rychlosti proliferace, odpovidavosti na 1é&bu, schopnosti indukovat zanét,
¢i schopnosti zalozit sekundarni loziska’®. Charakterizace bun&énych populaci mikroprostiedi
je tak moZnou cestou personalizované terapie. Siroce studovanymi bunéénymi populacemi na-
dort hlavy a krku jsou ty s povrchovymi antigeny THY1 (CD90) a CD4477°. Na zékladé studii
je patrné, ze bunky CD44+ jsou schopny iniciace kancerogeneze, protein se ucastni bunécné
migrace a prostfednictvim napojeni na signalni drahu EGFR zasahuje do regulace proliferace®-
87, Buiky exprimujici CD44 byvaji proto oznaceny jako ,,cancer stem cells* 3%, THY mo-
lekula se vyjma své role v diferenciaci lymfocytd vyskytuje na povrchu mezenchymalnich
bungk, tedy zejm. fibroblastii’*'%2, Jeji vyskyt na povrchu epitelidlnich bunék miize proto in-
dikovat proces epitelidlng-mezenchymalni tranzice®”.

Ve tieti ¢asti této prace (viz prace Svobodova et al. na str. 157) bylo cilem vytvofit primarni
nadorové linie odvozené z karcinomu hlavy a krku a charakterizovat jednotlivé subpopulace na
zékladé riizné exprese povrchovych CD-znakti (CD447/CD90°, CD44/CD90", CD44"/CD90",
CD447/CD90"). Cilem bylo porovnat riistové charakteristiky, tumorigenicitu, invazivitu
a schopnost migrace u téchto bunéénych subpopulaci. Déale bylo cilem studovat genové ex-
presni profily u téchto subpopulaci. Cilem bylo porovnat agresivitu jednotlivych bunéénych
subtypll identifikovanych uvnitf naddoru, ale téZ urcit ptinos, ktery by konkrétni subpopulace
mohla mit v rdmci rozvoje tumoru. Stimulace rlstu benignich, ¢i mén¢ kooperativnich subpo-

pulaci by mohla byt totiZ zajimavou strategii pro 1é€bu nddorovych onemocnéni.

12



Piehledové ¢lanky 1.4

1.4 Prehledové ¢lanky

V této sekci jsou uvedeny piehledové Clanky dale rozsifujici tématiku stru¢né nastinénou

v uvodu.

1.4.1 Klinicka vyznamnost biomarkerit HNSCC — piehledovy ¢lanek

V piedchozich kapitolach byly zminény zakladni molekularni mechanismy rozvoje spinocelu-
larnich karcinomi hlavy a krku aplikovatelné jako prognostické ¢i prediktivni biomarkery. Tato
problematika byla podrobn&ji rozpracovana v nasledujicim' ptehledovém ¢&lanku na str. 14.
,Klinicka signifikance* je dana faktem, Ze v praci jsou zminény pouze studie provedené na pa-
cientech se spinocelularnimi nadory hlavy a krku, experimentalni prace zminujici molekuldrni
mechanismy ovéfené na bunéénych ¢i zvitecich modelech, byt’ s potencialem stat se biomarke-

rem, jsou zminény aZ v nasledujici praci °* na str. 25.

Polanska H, Raudenska M, Gumulec J, et al. Clinical significance of head and neck squamous

cell cancer biomarkers. Oral Oncology. 2014;50(3):168-177.
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SUMMARY

Head and neck tumors belong among the six leading causes of cancer death worldwide. The predominant
type of head and neck tumors consists of squamous cell carcinomas (HNSCC). Early detection of primary
tumor and relapse is a key [actor for enhancing the survival rate of HNSCC patients, because high rates of
cases are recognized at advanced stages. Accordingly, biomarkers suitable for the early detection of
HNSCC are sorely needed to improve patient outcomes. HNSCC evolve through a multistep process by
the accumulation of genetic and phenotypic changes. Searching for specific biomarkers capable of char-
acterizing each degree is therefore really essential.

[n this review, genomic and gene expression alterations of HNSCC are summarized and associated with
HPV status, clinicopathological conditions, and patient history from the perspective of potential bio-
marker utilization. The emphasis is placed on non-invasive markers detectable from saliva and blood
and clinically relevant studies are mentioned in particular. These include analyses of tumorous tissues,
saliva, and blood from patients with histologically defined tumors; cell culture- and other in vitro-based

Saliva

studies with no clinical correlations are rather excluded.

© 2013 Elsevier Ltd. All rights reserved.

Introduction

Head and neck cancers include several types of cancer originat-
ing from the head or neck region, not including thyroid or skin can-
cers. The predominant (95%) type consists of squamous cell
carcinomas whilst 4-5% are salivary gland (adeno) or other carci-
nomas [1]. Head and neck squamous cell carcinomas (HNSCC) be-
long among the six most common cancers worldwide [2]. HNSCC
develop from the mucosal linings of the upper respiratory tract.
Major risk factors associated with the development of HNSCC are
smoking or tobacco chewing, alcohol consumption, use of smoke-
less tobacco products, and genetic predisposition. Tobacco smok-
ing and alcohol consumption have a synergistic effect [3].

Furthermore, human papillomavirus (HPV) infection was iden-
tified as one of the primary causes of HNSCC. About 40-80% of oro-
pharyngeal tumors are inflicted by HPV infection in the USA,
whereas HPV cancer incidence in Europe changes from 90% in Swe-
den to approximately 20% in countries with the highest tobacco

* Corresponding author at: Department of Pathological Physiology, Faculty of
Medicine, Masaryk University, Kamenice 5, CZ-625 00 Brno, Czech Republic. Tel.:
+420 5 4949 3631; fax: +420 5 4949 4340.
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! These authors contributed equally to this work.

1368-8375/S - see front matter @ 2013 Elsevier Ltd. All rights reserved.
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consumption [4]. Epstein-Barr virus (EBV) can also be a causative
agent of nasopharyngeal carcinoma [5]. Eventually, some inherited
disorders, such as Fanconi anemia, predispose to HNSCC [6].

Together with progress in treatment, early detection of primary
tumor and relapse is a key factor for improving the survival of pa-
tients with HNSCC, because high rates of cases are recognized at
advanced stages. Deeper understanding of the molecular biology
of HNSCC can provide new insights into its development and pro-
gression; it also provides various biomarkers with a potential
application for cancer screening and monitoring of the response
to therapy. Although there is a number of reviews regarding
HNSCC biomarkers |7-11], none of them currently provides a gen-
eral overview of the topic. There are rather exhaustive reviews
dedicated to specific issues, which include e.g. HNSCC and miRNAs,
HPV status, molecular characteristics, and others, In this review,
genomic and gene expression alterations of HNSCC are summa-
rized and associated with HPV status, clinicopathological condi-
tions, and patient history from the perspective of potential
biomarker utilization. The emphasis is placed on non-invasive
markers detectable from saliva and blood and clinically relevant
studies are mentioned in particular. These include analyses of
tumorous tissues, saliva, and blood from patients with histologi-
cally defined tumors; cell culture- and other in vitro-based studies
with no clinical correlations are rather excluded.
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HPV in head and neck carcinogenesis

HNSCC is a heterogeneous disease containing leastways two
divergent groups: (a) tumors caused by HPV infection, and (b) tu-
mors caused by other mechanisms. Approximately 20-25% of
HNSCC are HPV-positive, generally arising in the oropharynx
[11,12]. A majority of HPV-induced HNSCCs are caused by HPV-
16 [13]. HPV-positive HNSCC patients tend to be younger, with
no former experience of tobacco and heavy alcohol consumption.
Moreover, HPV-positive HNSCC can also be sexually transmitted;
a significant association was revealed between HPV-16 positive
HNSCC and oral sex [14].

HPV-associated HNSCCs mostly emerge in the lingual and pala-
tine tonsils, because HPV targets preferably the extremely special-
ized reticulated epithelium of tonsillar crypts [15]. Active HPV
infection results in several alterations in key cell signaling path-
ways that promote tumorigenesis. In particular, the expression of
E6 and E7 viral proteins leads to the inactivation of two key tumor
suppressors, p53 and Rb (retinoblastoma protein). The EG protein is
a small polypeptide that contains two zinc-binding domains [16]
and stimulates p53 degradation [12]; a significant decrease in
the expression of p53 and p21 was observed in the HPV 16/18 po-
sitive sinonasal-inverted papilloma compared with the HPV 16/18
negative sinonasal-inverted papilloma | 17]. Besides, the HPV-16 EG
protein can also activate telomerase [18]. Similarly as the E6 pro-
tein, the E7 protein is also a small, nuclear polypeptide. The car-
boxyl-terminus of E7 contains a zinc-binding domain. By contrast
to E6, E7 binds to Rb. The underphosphorylated Rb binds E2F and
thus prevents the E2F-mediated S-phase induction (Fig. 1) [4,19].
Under physiological conditions, the intracellular accumulation of
p16 protein inhibits the progression of cell cycle through cyclin D1
and CDK4/CDK6-mediated events. By contrast, HPV E7 overrides this
important cell cycle control, pushing the cells from G1 into S phase
[20], because the disrupted binding of E2F to Rb allows E2F to bind
DNA and induce cell growth and proliferation [21]. In sum, both E6
and E7 promote cell cycle progression through its activity at different
points of cell cycle regulation. In addition, the E7 protein induces
abnormal centrosome duplication, resulting in multipolar, abnormal
mitoses, aneuploidy and genomic instability [22].

In the context of HPV positivity or negativity, other molecular
changes should be assessed. In Fischer et al. study, p21WAF1/Cip1
was highly expressed in HNSCC samples from larynx and
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pharynx. Its higher expression was correlated with lymph node
metastases, decreased survival rate, and locoregional relapse
|23]. HPV status was not given in this study. In a more accurate
study, high p21WAF1/Cip1 expression was associated with better
outcome in HPV-positive HNSCC [24|. Furthermore, in HPV-nega-
tive HNSCC, p53 is often mutated, Rb levels are normal, and p16
protein is decreased. Other known differences include the fre-
quent hypermethylation of 74-3-3¢ and RASSFIA promoters and
the cyclin D gene amplification in HPV-negative HNSCC [25-27].
The result of the hypermethylation of these genes is similar: it
abolishes the cell cycle arrest. RASSF1A is a tumor suppressor,
which binds to microtubule-binding proteins and regulates the
cell cycle and apoptosis in response to mitogenic or apoptotic im-
pulses. The repression of cyclins A and D1 by RASSF1A results in
the cell cycle arrest [28], Protein 14-3-3c negatively regulates the
cell cycle progression by inhibiting activities of cyclin-dependent
kinases and Akt oncogenic signaling [29,30]. Furthermore, it
was demonstrated, that inactivation of 14-3-3¢ by promoter
methylation correlates with metastases in nasopharyngeal
carcinoma [31].

In addition, the selective upregulation of TCAM-1 (testicular cell
adhesion molecule 1) in HPV-positive HNSCC tissue samples was
observed by multiple researchers [32,33].

Major differences between head and neck squamous cell carci-
nomas {HNSCCs) according to the human papillomavirus (HPV)
status are listed in Table 1.

Precursor lesions and genetic progression of HNSCC

Malignant transformation of the mucosal lining is a complex ge-
netic mechanism ensuing from the accumulation of multiple ge-
netic alterations, which influence the probability and rate of
progression to invasive carcinoma, see Fig. 2 |7]. Cancerogenesis
is a multistep process; numerous studies pointed out the fact that
individual steps could be characterized by specific genetic or
molecular alterations. Therefore, potential biomarkers with regard
to tumor progression are mentioned in this chapter.

Precursor lesions

Genetic analysis of surgical margins indicated that HNSCC
frequently develops in the field of genetically altered epithelial

cell cycle
promotion

S-phase

>~

Figure 1. Main mechanisms of HPV-induced oncogenesis - Both E6 and E7 viral proteins can form specific complexes with cellular tumor suppressor gene products. The E7
protein binds and inactivates the retinoblastoma tumor suppressor Rb with a preference for the underphosphorylated, “active” form of Rb. The Rb family of proteins plays an
essential role in controlling the cell cycle by governing the checkpoint to S phase. Underphosphorylated Rb binds to the E2F transcription factor forming an Rb-E2F complex,
making E2F inaccessible for the transcription of genes associated with DNA synthesis. After the phosphorylation of Rb by cyclin-CDK complexes or Rb inactivation by E7 viral
protein, E2F is released from the Rb-E2F repressor complex and can induce the transcription of 5 phase genes. Inactivation of Rb and inhibition of feedback loop mechanism
lead to the overexpression of p16 protein. E7 viral oncoprotein can also interact with other cellular factors that control the cell cycle including the CDK inhibitor p21.
Furthermore, HPV EG proteins can bind to the p53 tumor suppressor protein and promote p53 degradation. Red arrow indicate inhibitory effect. (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of this article.)
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Major differences between head and neck squamous cell carcinomas according to the human papillomavirus status.

HPV-positive HNSCC

HPV-negative HNSCC

Risk factors

Tumor site

Histopathology

p53 pathway disturbances
Protein Rb pathway disturbances

High-risk sexual practices

Lingual and palatine tonsils
Basaloid, non-keratinizing, poorly differentiated
Degradation of wt p53 by E6
Degradation of wt pRb by E7, p16 overexpression

Cigarette and alcohol use
Non-oropharyngeal sites

Keratinizing, moderately differentiated

TP53 mutations, 17p LOH

p16™4_promoter hypermethylation, 9p LOH

Cyclin D Cyclin D gene amplified less frequently Cyclin D gene is amplified frequently
TCAM-1 Upregulation Non

14-3-3c and RASSF1A Low level of promoter methylation Promoter hypermethylation

Relative responsiveness to chemoradiation Better Worse

Relative prognosis Improved Waorse

HPV (human papillomavirus); LOH (loss of heterozygosity); pRb (retinoblastoma protein); wt (wild type). Adapted and extended from Pai et al. [11].

3p21 LOH
9p21 LOH 17p13 LOH

eee e e e 800
o0 % s un o0
slejseeane e

sle slelgeinsy

> (30

normal mucosa benign sqgamous

hyperplasia

1
1

dysplasia

113 amplification ip‘; tg:
3921, 14932 LOH d

10023 LOH

invasion

carcinoma
in situ

Figure 2. Genetic changes associated with the histological progression of HNSCC based on chromosomal material changes. LOH (loss of heterozygosity); Candidate tumor
suppressors include p16 (9p21), p53 (17p13), RASSF1A (3p21), PTEN (10g23), and Rb (13q21). Candidate proto-oncogene includes cyclin D1 (11q13).

cells that are referred to as precursor fields [34,35]. Only a minority
of the precursor fields might appear as clinically identifiable le-
sions, which show as either white or red mucosal areas (leukopla-
kia and erythroplakia). In such easy-to-diagnose precursor fields a
tumor can develop; thus, these tumors are usually soon resected.
However, the fields are not always resected entirely and malignant
transformation of an unresected precursor field might cause a local
relapse that is clonally related with the field and the primary tu-
mor [36,37]. Recently, it became possible to visualize these fields
using autofluorescence [38,39]. Furthermore, the development of
local relapse was significantly associated with the low expression
of keratin 4 and cornulin in the surgical margins of the index tumor
|40]. The authors therefore propose using those genes to verify the
resection margins. Ploidy studies of dysplastic leukoplakias dem-
onstrated that most aneuploid lesions resulted in tumor occur-
rence, but only 60% of tetraploid lesions and only circa 3% of
diploid lesions did the same [41]. Analogous studies on erythro-
plakias confirmed the potential of aneuploidy in predicting the
SCC progression [42]. Furthermore, poorly differentiated tumors
overexpress genes involved in cell adhesion, embryonic develop-
ment, motility, differentiation, and extracellular matrix, whereas
well-differentiated tumors overexpress genes involved in anti-
apoptotic pathways, metabolism, and epithelial cell differentiation
[43].

Loss of heterozygosity and chromosomal aberations

Loss of heterozygosity (LOH) is an important marker of tumor
progression and can cause inactivation of the tumor suppressor
gene, Traditional methods of mapping LOH regions include the
comparison of both tumor and patient-matched normal DNA sam-
ples. LOH studies for HNSCC show that the earliest alterations tar-
get genes located on chromosome locations 3p (RASSFIA), 9p21
(cyclin-dependent kinase inhibitors), and 17p13 (TP53) [44].

A loss of chromosomal region 9p21 is found in 70-80% of dys-
plastic lesions of the oral mucosa. At 9p21 two functionally and
structurally different cell cycle regulators, p16 (INK4a) and p14
(ARF), encoded by the gene INK4a/ARF are located. 9p21 LOH and
inactivation of the remaining alleles of INK4a/ARF by promoter

16

hypermethylation represent early and frequent events in the pro-
gression of HNSCC [35,45] together with the overexpression of
EGFR, which rises with the increasing severity of dysplasia in pre-
malignant lesions [46,47].

Chromosomal alterations which occur in connection with ad-
vanced grades of dysplasia and HNSCC include amplification of
11q13, PTEN (10g23.3) inactivation, and LOH at 13g21, 14q32,
6p, 8p, 4927 [8,9,35,48]. The amplification of 11q13 was reported
in one-third of HNSCC, where amplified cyclin D1 inflicts the can-
cer phenotype [49,50]. Genetic alterations in PTEN occur in 5-10%
of HNSCC lesions and the loss of PTEN expression can be observed
in approximately 30% of HNSCCs. The lack of PTEN expression
could be an independent prognostic factor of poor clinical progno-
sis [51]. In sum, losses of heterozygosity were more frequently
found in the histologically higher-grade lesions and in the lower-
grade lesions when a high proliferation rate was present [48].

Protein markers of tumor progression

Several studies reported increased metallothionein (MT)
protein levels in malignant tumors in the head and neck area
[52-55]. Metallothioneins seem to support proliferation and anti-
apoptotic activity and are considered to be involved in microenvi-
ronment remodelling [56]. Sochor et al. determined MT levels in
tumor tissues of patients suffering from head and neck tumors
using differential pulse voltammetry [54|. The highest MT level
was determined in the tissues of oral tumors (170 + 70 ng/g wet
weight tissue, wwt) followed by tumors of hypopharynx
(160 £ 70 pgfg wwt) and larynx (160 + 70 pg/g wwt). The rela-
tively lowest MT level was determined in oropharynx tumors
(130 £ 50 pgfg wwt). In the study of Dutsch-Wicherek et al., tissue
samples taken from patients with pharyngeal squamous cell carci-
nomas were analyzed. An increased MT immunoreactivity was ob-
served in tissue samples from tonsillar squamous cell carcinomas
in comparison to the reference group with chronic tonsillitis [56].

Furthermore, elevation of cyclooxygenase-2 (COX-2) was de-
scribed in HNSCC at both mRNA and protein levels [57]. Increased
expression of COX-2 resulted in angiogenesis promotion through
an elevated level of prostaglandins E2 and VEGF, thus leading to
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the promotion of tumor growth [58|. Angiogenesis is a crucial pro-
cess in tumor growth and subsequent metastasis. Inter alia, oral
cancer overexpressed 1 and 2 (ORAOV1 and 2) transmembrane
proteins are involved in tumor angiogenesis and regulation of cell
growth [59,60|. Overexpression of ORAOV1 as well as ORAOV2 was
reported in HNSCC [60-62]. Another mechanism included in the
tumorous angiogenesis lies in the intake and utilization of locally
stored fibroblast growth factors (FGFs). The role of FGF binding
protein (FGF-BP) in this mechanism is considered. Li et al. demon-
strated a FGF-BP mRNA expression in primary HNSCC specimens
and metastatic tumor specimens but not in adjacent control tissues
|63]. Over and above, the supporting stroma of most epithelial can-
cers contains specialized fibroblasts, known as reactive tumor stro-
mal fibroblasts or cancer-associated fibroblasts (CAFs). A relatively
specific molecular marker of CAFs is the expression of fibroblast
activation protein (FAP), which is a cell-surface protease [64].
The limited expression of FAP in normal tissues and benign epithe-
lial tumors in contrast to its abundant expression in the stroma of
many types of epithelial cancers show FAP as a promising marker
of the malignant progression of cancer cells [65],

Growth factors and their receptors play an unarguably impor-
tant role in HNSCC. EGFR, a member of the cerbB family of tyrosine
kinase receptors, has been shown to be expressed in many tumors,
including in up to 80% of HNSCC [G6], where it was associated with
poor patient outcomes [67]. The EGFR expression was namely
associated with the higher proliferative index, advanced HNSCC tu-
mor stage, and increased tumor angiogenesis [68]. While all mem-
bers of the cerbB family were overexpressed in HNSCC, the
overexpression of EGFR was usually the highest |68]. Potential bio-
markers of HNSCC progression are listed in Table 2.

Tumor progression and miRNAs

Discoveries in the expression profiling of microRNA in head and
neck oncology promise a great progress in the diagnosis, prognosis
and therapy of HNSCC. Although the microRNAs are important reg-
ulatory factors in cancer developement, our understanding of the
role of miRNAs in the HNSCC oncogenesis remains unclear. Never-
theless, some alterations consistently identified in head and neck
cancer, such as upregulation of miR-21, miR-31, miR-155, and
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downregulation of miR-26b, miR-107, miR-133b, miR-138, and
miR-139 were found [69,70].

Biomarkers of promoting metastases

Regardless of progress in the HNSCC treatment, the survival rate
of five years after diagnosing advanced HNSCC remains insuffi-
cient, approximately 50%. One reason for high mortality associated
with the late stage HNSCC is the inherent capability of tumor cells
to go through locoregional invasion due to the presence of a rich
lymphatic network and the overall high number of lymph nodes
in the neck region [71]. Even in patients without the clinical evi-
dence of lymph node involvement (NO), there is a high incidence
of occult lymph node metastases, ranging from 10% to 50% [72].
The presence of lymph node metastases is significantly associated
with the poor patient outcome [73]. The diagnosis of neck lymph
node metastases is an essential requirement for clinical staging
and treatment, and is now widely accepted as the most important
factor in HNSCC prognosis [74-76]. HNSCC invasion and nodal
metastases constitute a complicated process involving different
signaling pathways and proteins; however, some possible markers
of the metastatic process were discovered (see Table 3).

HNSCC is known to be associated with extensive chromosomal
alterations. Numerous chromosome alterations associated with the
propensity to metastasize were found (gains: 4q11-22, and Xq21-
28; losses: 8p, 6p, 11q14-24, 4q26-28, 11q, and 17p11-12)
[9,35,43]. Several genes associated with cell signaling (BEX1,
BEX2, ZNFG6, NGFRAPIL1, GPRASP2) are clustered just on chromo-
some Xq21-22, whose chromosome gain is associated with HNSCC
metastasize [43]. This may be considered an explanation why the
female sex is associated with the bad response to organ-sparing
therapy and poor outcome [77].

Rickman et al. proposed four-gene model (PSMD10, HSD17B12,
FLOT2 and KRT17) as a predictor of metastases. HPV positive sam-
ples were eliminated from the study. The four-gene model was
highly associated with the development of metastases (hazard ra-
tio 6.5; 95% confidence interval 2.4-18.1). This four-gene model
predicted the occurrence of metastases with 74% sensitivity and
78% specificity [43]. Furthermore, Rickman et al. found downregu-
lation of genes that encode proteins involved in apoptosis (CASP1,

Table 2
Potential biomarkers in head and neck cancers.
Major classes Member Function
Cell-cycle regulation p16™IEA A tumor-suppressor gene regulating senescence and cell-cycle progression [45]
TP53 A tumor-suppressor gene regulating cell-cycle progression and cell survival |[36)
PTEN A tumor-suppressor gene regulating signaling pathways controlling cell proliferation and apoptosis [51]
Cell-cycle regulation Rb A tumor-suppressor gene regulating cell-cycle progression and apoptosis [21,45|
Cyclin D1 A proto-oncogene regulating cell-cycle progression [49]
Bmi-1 Controls cell cycle and self-renewal of tissue stem cells [124
Signal transduction EGFR A transmembrane TK that acts as a central transducer of multiple signaling pathways [77]
VEGF A transmembrane TK that promotes proliferation, migration, and survival of endothelial cells during tumor growth
[125]
PIK3CA A gene encoding the p110x subunit of phosphoinositide 3-kinase (P13K) o [ 126,127
Secreted protein FGF-BP Fibroblast growth factors binding protein [63]
FAP Protein secreted by cancer associated stroma [60]
Transmembrane protein TMEM16 Calcium-activated chloride channel [60]
(ORAOVZ)
ORAOV1 A regulator of cell growth and tumor angiogenesis [59,61,62]
Transcription factors NFkB Proinflammatory transcription factor [84]
Prostaglandin metabolism Cox-2 Catalyzes prostaglandin synthesis from arachidonic acid [57,128]
Metal ion homeaostasis, MT Low-molecular weight proteins involved in heavy metal detoxification, essential metal ion homeostasis and cell
oxidative stress protection against free radicals [53]
Oncoviruses EBV A causative agent for most nasopharyngeal carcinomas, plasma EBV DNA load is an independent prognostic factor
[129,130]
HFV A causative agent for most oropharyngeal cancers |13]

EBV (Epstein-Barr virus); EGFR (Epidermal growth factor receptor); HPV (Human papillomavirus); Rb (Retinoblastoma); TK (Tyrosine kinase); TP53 (Tumor protein 53); FAP
(Fibroblast activation protein); VEGF (Vascular endothelial growth factor); MT (Metallothionein); Cox-2 (Cyclooxygenase-2); Bmi-1 (B cell-specific Moloney murine leukemia
virus integration site 1); ORAOV (Oral cancer overexpressed gene). Adapted and extended from [11].
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Table 3

Biomarkers involved in promoting metastases.
Biomarlker Function Expression HPV status References
CASP1 Apoptosis | mRNA HPV-negative [43]
CCR7 Chemokine receptor T mRNA, protein NA [131-133]
CDh44 Cell-cell and cell-matrix adhesions T MRNA, protein NA [134-136]
CEP55 Cell cycle regulation, cytokinesis T mRNA, protein NA [137]
c-Met Proliferation 1 protein NA [138]
COL17A1 Cell interactions | mRNA HPV-negative |43]
Cortactin Cell motility and invasion T mRNA, protein NA [139-142]
CXCR4 Chemokine receptor T mRNA, protein NA [131,132,143,144|
DAPK3 Apoptosis | mRNA HPV-negative |43]
DSG3 Cell-to-cell adhesion 1 protein NA [145]
DST Regulation of the cell cycle | mRNA HPV-negative [43]
Hif-1e TF, hypoxia 1 protein NA [146,147]
118 Apoptosis | mRNA HPV-negative [43]
LRPG Signaling T mRNA HPV-negative [43]
MMP-2 ECM degradation 7 mRNA, protein NA [137,148]
MMP-9 ECM degradation T protein NA [134,136,149]
MYCN Signaling T mRNA HPV-negative |43]
NBS1 Cell cycle regulation, DNA double-strand break repair T mRNA, protein NA |148,150]
NFkB Proinflammatory TF 7 mRNA, protein NA |84,151,152]
PPP2R1B Apoptosis | mRNA HPV-negative [43]
RSK2 Cell cycle regulation, proliferation, apoptosis 1 protein NA [153]
Snail TF, regulator of EMT 1 protein NA [146,148]
SPP1 (osteopontin) Secreted phosphoprotein T mRNA, protein NA |60,154]
Survivin Inhibitor of apoptosis 1 protein NA |155-157]
Twist TF, regulator of EMT T protein NA [132,146]
VEGF/R Angiogenesis T protein, mRNA NA [112,158-160]
14-3-3¢ Cell cycle regulation | mRNA, protein NA |131]

MMP (matrix metalloproteinase); ECM (extracellular matrix); TF (transcription factor); EMT (epithelial-mesenchymal transition); VEGF/R (Vascular endothelial growth

factorfreceptor); NA (not available).

DAPK3, IL18, PPP2R1B), negative regulation of the cell cycle (DST)
and cell interactions {COL17A1), and upregulation of genes encod-
ing proteins involved in signaling (MYCN, LRP6) in tumors which
have developed metastases. Thereunto, overexpression of secreted
phosphoprotein 1 (SPP1) correlated with lymph node metastasis
and lymphatic invasion in Kashyap et al. [60].

Prognosis and survival markers

Many factors can influence the prognosis of HNSCC patients.
The most important ones include the cancer type and location,
stage of disease, and cancer grade. Other factors affecting prognosis
include biological and genetic features of cancer cells, age of the
patient, and general health condition and response to treatment.

HPV status is one of major factors affecting the prognosis. Spe-
cific molecular characteristics of HPV-positive tumors are dis-
cussed in the following chapter; in this chapter, the associations
of HPV status with the prognosis are only mentioned. There are
profound prospective and retrospective evidences that the sub-
group of patients with HPV-positive oropharyngeal cancer has a
more favorable prognosis as compared to patients with orophar-
ynx cancer negative for HPV [ 19,78]. A meta-analysis of 23 studies
analyzing the survival in 1747 HNSCC patients stratified for HPV
status found a hazard ratio of 0.72 (95% CI, 0.5-1.0) for the overall
survival in HPV-positive oropharyngeal HNSCC patients, and a haz-
ard ratio of 0.51 (95% Cl, 0.4-0.7) for the disease-free survival com-
pared to HPV-negative patients [79]. Two recent studies suggest
that patients with HPV-positive HNSCC have a lower risk of second
primary cancers when compared to patients with HPV-negative tu-
mors [80,81]. In these studies, the rate of second primary cancers
in HPV-positive HNSCC patients was observed to range from 0 to
2.2% compared to 10.2-13% in HPV-negative patients. Moreover,
HPV-positive HNSCC seems to be more radiosensitive than HPV-
negative disease. It can be consequence of differences in p53
between the tumor types; although HPV-positive tumors have
reduced levels of p53 due to E6-mediated degradation, the p53

18

protein is intact and not mutated, unlike the high percentage of
HPV-negative tumors, which have mutated p53. Radiation-induced
increases of p53 levels may be sufficient to provoke programmed
cell death in the HPV-positive tumors in response to radiation-
induced damage [82]. Furthermore, the presence of p53 mutations
in surgical margins was found as an independent prognostic indi-
cator for locoregional recurrence (relative risk=7.1; p =0.021;
95% confidence interval, 0.9-56) |36]. On the contrary, the absence
of p53 mutations in surgical margins was significantly associated
with no local and locoregional recurrence (p=0.027 and
p=0.028, respectively).

For further, low EGFR and high p16 (which correlates with high-
er HPV titer) expressions were established as markers of good re-
sponse to organ-sparing therapy, whereas high EGFR expression,
combined low p53/high Bcl-xL expression, female sex, and smok-
ing were associated with a poor outcome [10,77]. There was also
some evidence of improved overall survival in patients with oro-
pharyngeal squamous cell carcinoma with raised Bcl-2, amplifica-
tion of 1193 and loss of 169 genes, and low levels of c-met, Ki67,
IMD, PLK, FHIT, nuclear survivin, or nuclear cyclin D1 [10]. On
the other hand, the lack of PTEN expression and the loss of heter-
ozygosity could be independent prognostic indicators of poor clin-
ical prognosis [48,51] as well as elevation of mRNA and protein
COX-2 levels [57,83].

An important role in HNSCC pathogenesis seems to be played by
transcription factors such as NF-kB. NF-xB is a family of transcrip-
tion factors composed of hetero- or homo-dimers from five differ-
ent subunits, NF-kB1, NF-kB2, RELA, cREL and RELB. NF-kBs are
transiently activated under physiological conditions in response
to infection or injury, but these genes are aberrantly overactivated
in cancers, promoting pathogenesis and therapeutic resistance. In
HNSCC, a major role of NF-kB in the regulation of tumorous tran-
scriptome and proteome was appointed [84]. Human head and
neck squamous cell carcinomas were among the first cancers for
which a proof was gained for incorrect constitutive activation of
NF-xB [85]. Subsequent studies have shown that NF-xB is acti-
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vated in squamous dysplasias and carcinomas and correlate with
the progression of dysplasia and decreased survival rate in patients
with HNSCC |86]. Aberrant NF-kB activation was detected in to-
bacco-associated as well as in viral-related HNSCC; these include
EBV-related nasopharyngeal and HPV associated oropharyngeal
carcinomas [85].

A key inhibitor of tumor suppressor p53 (iASPP) was found to be
up-regulated in malignant conditions. Immunchistochemical
staining indicated iASPP in both cytoplasm and nucleus. Impor-
tantly, the overexpression of cytoplasmic and nuclear iASPP was
significantly associated with T, clinical stage, lymph node metasta-
sis, and recurrence. Survival analysis demonstrated high iASPP
expression in a significantly negative correlation with the dis-
ease-free survival and overall survival [87]. Coexpression of
MMP7, MMP9, and MMP13 has also been associated with the poor
outcome in esophageal squamous cell carcinoma ESCC [88].

Non-invasive biomarkers in HNSCC

Serum, plasma, and saliva contain a number of stable markers,
whose differential expression patterns seem to be specific for cer-
tain diseases. Noninvasivity of these markers is very important for
the acquisition of healthy controls for oncological case-control
studies. Obtaining control healthy tissues from patients is not
ideal, because of the genesis of unexpected alterations in the
expression of selected mRNA, miRNA or proteins in a body bur-
dened with neoplastic processes.

Salivary markers

The uppermost advantage of saliva as a diagnostic tool is the
fact that it contains cells detached from the oral cavity and is in
a direct contact with oral cancer lesions.

Hu et al. successfully confirmed five candidate biomarkers
inclusive of myeloid related protein 14 (MRP14), Mac-2 binding
protein (M2BP), profilin 1, CD59, and catalase on oral cancer pa-
tients and matched controls [89]. Furthermore, autoantibodies
against the aberrantly expressed p53 were found in both saliva
and serum of patients with oral cancer. P53 antibodies positivity
strongly correlated with the poor treatment outcome in cancer
patients [90-92|. Moreover, Sato et al. found higher interleukin-6
(IL-6) concentrations in saliva of patients with oral cancer than
in controls [93]. Multivariate analysis revealed that postsurgery
salivary IL-6 concentration was an independent risk factor for loco-
regional recurrence in patients with oral squamous cell carcinoma
(OSCC) (p = 0.03; relative risk, 0.14) [94,95]. Brailo et al. observed
that salivary TNF-o levels and IL-6 levels were significantly higher
in patients with oral leukoplakia in comparison with healthy con-
trols [9G]. In accordance, Rhodus et al. referred significantly
increased salivary concentrations of IL-8, IL-1, IL-6 and TNF-a in
the oral cancer group in comparison with the patients with dys-
plastic oral lesions and controls [97]. IL-8 was also detected at
higher concentrations in the saliva (p < 0.01) of patients with OSCC
compared with healthy controls (p < 0.01). These results were con-
firmed at both the mRNA and the protein levels [98]. Zhong et al.
[103] found a 75% positive expression of telomerase in the saliva
of OSCC patients. Using quantitative proteomics methods, higher
levels of actin and myosin were also observed in the saliva of pa-
tients with malignant oral lesions in comparison to those with pre-
malignant lesions. Sensitivity/specificity values for distinguishing
between pre-malignant lesions and malignant lesions were 100%/
75% (p = 0.002) for actin, and 67%/83% (p < 0.00001) for myosin in
soluble saliva [99]. Salivary transferrin was also studied as a bio-
marker of early stage oral cancer detection. Increased salivary
transferrin levels in patients with OSCC strongly correlated with
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the tumor size and stage [ 100]. The tumor-specific mRNA in saliva
could also be utilized as a biomarker for oral cancer. Elevated sal-
ivary mRNA for IL-1B, IL-8, dual specificity phosphatase 1 {DUSP1),
ornithine decarboxylase antizyme 1 (OAZ1), H3 histone, family 3A
(H3F3A), S100 calcium binding protein P (S100P), and spermidine/
spermine N1-acetyltransferase (SAT) were clearly documented as
oral cancer biomarkers [101,102].

Melanoma-associated antigen proteins {MAGE) suppress apop-
tosis and support proliferation therefore have a crucial role in car-
cinogenesis [103]. MAGE expression was detected in the sputa of
HNSCC patients [104]. Since MAGE is not ordinarily expressed in
normal tissues, except for the testis, and 5-year survival of pharyn-
geal cancer patients was lower in cases with MAGE-A expression, it
could be considered as a promising marker for the detection of
HNSCC [105-108].

With regard to salivary microRNAs, miR-31 was found to be ele-
vated in HNSCC and could serve as a useful predictor for early
detection and post-operative follow-up [109]. Furthermore, two
miRNAs, miR-125a and miR-200a, were present at significantly
lower levels {p < 0.05) in the saliva of patients with oral squamous
cell carcinoma than in the saliva of control subjects [110].

Blood markers

There have been some studies of cytokines and angiogenesis
factors as potential useful serum markers of disease progression,
cancer recurrence and survival of patient with HNSCC [111]. For
example, the serum levels of VEGF were significantly higher in pa-
tients with the advanced T stage {T3 or T4) (p = 0.001), lymph node
metastases (p<0.001) and advanced stages (stage Ill or IV;
p<0.001) [112,113]. Furthermore, mean serum concentrations of
IL-8, hepatocyte growth factor (HGF), and growth regulated onco-
gene 1 {GRO-1) were increased in patients with HNSCC | 114]. Ser-
um concentrations of IL-6 were also significantly higher in patients
compared with the levels detected in healthy individuals and sub-
jects with oral premalignant lesions [98,114,115], The serum IL-6
levels were especially high in patients with the higher pT status
{p <0 .001), higher pathological stages (p <0 .001), positive bone
invasion (p < 0.001), and higher tumor depths (p = 0.005). Patients
with higher pre-treatment IL-6 levels {> 1.35 pg/mL, median level)
had worse prognoses for 5-year overall survival and disease-spe-
cific survival despite the treatment [115].

Changes in the first post-treatment serum cytokine levels were
correlated with response, progression, and survival. Post-treat-
ment increases in IL-6 or HGF were observed in patients who
had a relapse and inflammatory or infectious complications. Some
relationship between the change in the pre-treatment and first
post-treatment cytokine measurement with survival was detected
for HGF, IL-8, IL-6, and VEGF. The association between longitudinal
decreases in IL-6, L-8, VEGF, and HGF throughout the follow-up
with survival was detected with a time-dependent Cox model
(p=0.01, 0.07, 0.08, and 0.05, respectively) [114].

Furthermore, patients with HNSCCs had significantly higher
serum MMP-3, -7, and -9 titers than controls {p < 0.001). The ele-
vated MMP-3 and MMP-9, but not MMP-7, correlated with distant
metastases and poor survival (p <0.05) [116,117]. Kuropkat et al.
showed a significant increase of MMP-8 in the serum of HNSCC pa-
tients [117], and Yen et al. reported MMP-10 and MMP-1 to be
suitable markers for OSCC disclosure, with gingiva and margin as
controls [118].

Chang et al. showed serum levels of C-reactive protein (CRP),
matrix metalloproteases MMP-9, MMP-2, transforming growth
factor-beta 1 {TGF-beta 1), IL-6, and E-selectin as having power
of discrimination between leukoplakia, patients with untreated
oral cavity squamous cell carcinoma, and age- and gender-
matched healthy control groups with significant elevation trends
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of those markers from control to OSCC. All examined markers de-
creased in relapse-free patients following the treatment. However,
in patients with a relapse, IL-6, CRP, and serum amyloid A re-
mained at elevated levels [119].

High levels of MMP-2 or MMP-9 were detected in the plasma of
patients suffering from different kinds of cancer, including HNSCC
[120].

Krejcova et al. analyzed MT levels in the blood of patients suf-
fering from primary malignant tumor in the head and neck area.
Tumor blood samples originated from patients with oropharyngeal
cancer, laryngeal cancer, hypopharyngeal cancer, oral cavity cancer
and rarely occurring nasal cavity and paranasal sinus cancers.
Blood MT levels of healthy controls were lower than blood MT lev-
els of oncological patients [55]. Up-regulation of miR-31, miR-10b,
miR-24, miR-181, and miR-184 in the plasma of OSCC patients was
also found [121].

Conclusions

Poor prognosis of HNSCC is mainly due to late disease presenta-
tion and lack of suitable biomarkers to detect the disease progres-
sion. Accordingly, biomarkers suitable for the early detection of
HNSCC are sorely needed to improve patient outcomes, HNSCC
evolve through a multistep process by the accumulation of genetic
and phenotypic changes. Searching of biomarkers specific for high-
risk tumors in early stages is therefore really essential. The applica-
tion of molecular biologic techniques is promising in simplifying
earlier detection and may generate protocols for screening of can-
cer patients. Molecular profiling may also help in the prediction of
tumor behavior and responsiveness to therapy. The molecular
pathways underlying tumorigenesis are ever better understood to-
day, and therefore the number of possible biomarkers increases.
More clinical studies, which will validate the sensitivity and spec-
ificity of these biomarkers in clinical settings are needed to trans-
late these findings into potential strategies for early detection
leading to improved patient outcomes.

While the detection of biomarkers and the targeted therapy for
HNSCC have experienced a great progress, there are still significant
facets of HNSCC that are not fully understood.

There is a 4% annual risk of HNSCC patients developing a second
primary tumor [122]. These second primary tumors are thought to
result from the “field cancerization™ [11,123]. The next point of
interest could be to identify biomarkers of field cancerization and
to develop a target that would prevent disease recurrence or
appearance of second primary tumors.
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1.4.2 Biomarkery kli¢ovych procesii kancerogeneze — kapitola v knize
Kapitola v knize (str. 25) ,,Targeting Oral Cancer* editovana dr. Andrew Fribleym tematicky
navazuje na predchozi praci'! a rozsifuje ji zejména v nékolika ohledech: Systematizace vychazi

« 123 obsahuje také potencialni bio-

z vSeobecné uznavaného konceptu ,,Hallmarks of Cancer
markery, dosud ovéfené pouze na in vitro urovni ¢i na zvifecich modelech. V kapitole je
vénovana rozsahla pozornost tématu miRNA jako potencidlnich biomarkerti spinoceluldrnich

karcinomd.

Raudenska M, Gumulec J, Fribley AM, Masarik M. HNSCC Biomarkers Derived from Key
Processes of Cancerogenesis. In: Fribley AM, ed. Targeting Oral Cancer. Ist ed. ed. Switzer-

land: Springer International Publishing; 2016:115-160.
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Abstract

Head and neck squamous cell carcinoma (HNSCC) is one of the most
frequent aggressive cancers in humans. Well-known risk factors include
HPV infection, tobacco smoking, and alcohol consumption. IINSCC
overall survival rate is one of the lowest among human malignancies. The
poor prognosis of HNSCC often results from late-stage diagnosis, thera-
peutic resistance, high rates of recurrence, and frequent metastases to
lymph nodes. To date, the TNM classification is still the best evaluation of
disease progress; however, this method of staging does not pay attention to
the molecular basis of tumorigenesis. An improvement in treatment effi-
cacy and diagnostic capabilities will be realized through a better under-
standing of the pathogenesis and characteristics of INSCC, a disease that
has come to be characterized by confounding heterogeneity. This chapter
is focused on molecular markers derived from key processes of cancero-
eenesis that are involved in metastasis, treatment resistance, avoidance of
immune detection, inflammation, induction of angiogenesis, genome
instability, dysregulation of cellular energetics, cell death, cancer stem cell
biology, and rearrangement of tissues adjacent to the tumor. We will dis-
cuss biomarkers identified at different levels of cellular regulation (DNA,
RNA, miRNA, and protein markers).
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7.1 Introduction

A biomarker is a readily measurable biological
feature of an organism that reflects its specific
physiological or pathophysiological state.
Biomarkers can be utilized for detection of dis-
gase progression, assessment of remission, eval-
uation of therapy efficacy, and the detection of
adverse drug responses. Clinical and pathologi-
cal criteria are important for the management
and prediction of patient outcome. For this dis-
cussion, it is important to consider that distinct
variations in prognoses exist within patient
cohorts, even in those with very similar clinico-
pathological characteristics, because tumorigen-
esis and tumor progression in head and neck
cancers are driven by myriad signaling path-
ways. Disclosure of these pathways, and finding
biomarkers involved in them, is thus highly
important in the development of new useful
diagnostic and therapeutic targets. Twelve key
processes have been identified in head and neck
squamous cell carcinoma (IINSCC) develop-
ment [1, 2]:

1. Cell cycle disruptions (acquisition of auton-
omous proliferative signaling and avoiding
of growth-suppressing mechanisms)
Avoiding of immune destruction
Replicative immortality
Induction of angiogenesis
Tumor promoting inflammation and oxida-
live stress
6. Invasion and metastasis creating
7. Genome instability
8. Cell death modifications
9. Dysregulation of cellular energetics
10. Pluripotency and cancer stem cells forming
I1. Treatment resistance
12. Rearrangement of tumor-adjacent tissues
and formation of tumor-favorable micro-
environment

Do

In this text, the main attention will be focused
on biomarkers that play crucial roles in these 12
key processes.

7.2 Markers of Chronic
Proliferation

Chronic dysregulated proliferation is probably
the most essential characteristic of cancer cells
and is widely regarded as a “hallmark™ of malig-
nancy. Normal tissues cautiously manage the
production and release of growth-promoting fac-
tors, whereas cancer cells resist the cell cycle
control signals and grow constantly.

Autonomous Proliferative
Signaling

7.2.1

The acquisition of autonomous proliferative sig-
naling occurs through the activation of growth-
promoting proto-oncogenes into oncogenes [1].
When oncogenes are activated, cancer cells
acquire the ability to proliferate without the need
for exogenous growth factors. Epidermal growth
factor receptor (EGFR/erbB1/HER1) is a proto-
oncogene of great impact in HNSCC. The EGF
receptor family signals through ligand binding
(i.e., EGF, TGF-a, or amphircgulin) that induces
receptor dimerization and autophosphorylation of
the intracellular tyrosine kinase domain. EGFR
ligands are often overexpressed in HNSCC [3].
EGFR phosphorylation mediates the activation of
intracellular signaling pathways such as Ras/Raf/
MAPK (mitogen-activated protein kinase) and
PI3K/Akt (phosphatidylinositol 3-kinase/protein
kinase B), which regulate cell proliferation and
cell survival, respectively [4]. Forty-seven percent
of HNSCC cases show at least one molecular
alteration in the PI3K/Akt pathway, including
PI3KCA and AKT2 amplification, pl10x overex-
pression, and phosphatase and tensin homolog
(PTEN) protein downregulation [5]. Loss of
PTEN expression can be seen in approximately
30 % of HNSCCs and is considered to be an inde-
pendent prognostic indicator of worse clinical
outcomes [6]. Ras mutations occur only in 5-10 %
of HNSCC and in about 35 % of tobacco-related
oral cancers [7-9], but majority of HNSCCs dis-
play abnormally high Ras expression [10].
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Overexpression and aufocrine activation of
EGFR were observed in approximately 90 % of
HNSCC examined [3, 11] and were associated
with a poor prognosis [12, 13]. Morecover,
expression of EGFR increases with advancing
dysplasia in premalignant head and neck lesions,
indicating that EGFR alteration is an early onco-
eenic event [11, 14, 15]. Increased production of
TGF-a and EGFR mRNA in the histologically
normal tumor-adjacent mucosa of patients with
HNSCC is a likely marker of tumor-induced pre-
disposition to deregulated growth [11]. In tumor
specimens {rom patients with HNSCC, TGF-a
mRNA expression was increased 5-fold in 95 %
of histologically normal tumor-adjacent tissues
and 87.5 % of malignant regions. EGFR mRNA
was elevated 29-fold in 91 % of histologically
normal tumor-adjacent tissues and about 69-fold
in 92 % of HNSCC tumors, in comparison with
normal mucosa [11]. Aclivating point mutations
in EGIR occur rarely in HINSCC [16], but the
incidence differs between ethnic groups (04 %
in whites and about 7 % in Asians) [17]. Despite
the fact that kinase domain mutations of EGFR in
HNSCC are rare, it could help to explain the lack
of effect of EGEFR inhibitors [16].

Targeted molecular therapy against EGFR has
promising results as an adjuvant therapy in several
solid tumors, including HNSCC. Selective com-
pounds targeting the ligand-binding extracellular
region of the EGFR (immunotoxins, monoclonal
antibodies, and cytotoxic ligand-binding agents)
and the intracellular tyrosine kinase region (vari-
ous small molecule inhibitors) have been tested
[18]. Nevertheless, only a small fraction of patients
respond (0 EGFR inhibitors [18]. Even with suc-
cessful EGFR inhibition, alternative signaling
pathways can be activated through other cell-sur-
face receptors including insulin-like growth factor
receptor (IGF-1R) coupled with G protein, MET,
or [L-6R/gp130 [19-22] (Fig. 7.1). Activation of
IGF-1R can also be caused through the loss of its
negative regulator (IGFBP3) [23, 24].

SET protein (I2PP2A or TAF1p) is an inhibitor
of PP2A and is responsible for the activation of
Akt, c-Myc, and f-catenin pathways [25]. A recent

proteomic analysis of HNSCC samples identified
that the SET protein is accumulated in oral tumors
[26, 27]. SET has multiple proposed functions
such as promoting Racl-induced cell migration
[28], chromatin remodeling [29], and sensing of
oxidative stress that supports cell survival in
HNSCC [27]. On the other hand, stable SET
knockdown in HN12 cells stimulated epithelial-
mesenchymal transition (EMT) and invasion [30]
and caused an increase in the autophagic proteins
Beclin-1, LC3B, and p62 [31]. Xi et al. found that
the PP2A inhibitor cantharidin activated the
unfolded protein response (UPR) and induced
apoptosis in a panel of HNSCC cells and other
cancers. Although cantharidin may exert its cyto-
toxic effect through additional mechanisms and
the role of the UPR in cancerogenesis is not fully
elucidated, it is possible that PP2A inhibition
could have contradictory roles at different stages
of HNSCC cancerogenesis [32].

STAT3 is another important proliferative and
survival signal that is conslitutively activated in
HNSCC [33-35]. Constitutive activation of STAT3
plays an important role in many processes during
cancerogenesis by modulating increased expres-
sion of cyclin D1, VEGE, bI'GE, HIF-1¢0, MMP-2,
MMP-9, IP-10, and RANTES [33, 36, 37].
HNSCC patients express higher levels of STAT3 in
both tumor and histologically normal adjacent tis-
sues compared with epithelium of healthy control
subjects. STAT3 protein levels were 9-fold higher
in tumor-adjacent mucosa from cancer patients and
11-fold higher in HNSCC tumors compared with
healthy controls [35]. STAT3 activation may be
mediated by either EGEFR or interleukin-6 (IL.-6).

I1.-6 was increased in the saliva of oral cancer
patients (OSCC) [38] and was overexpressed in
tumor tissues and sera of patients with HNSCC
when compared with the healthy individuals
[39]. Multivariate analysis revealed that postsur-
gery IL.-6 concentrations in saliva were a risk fac-
tor for locoregional recurrence in patients with
OSCC [40, 41]. Salivary IL.-6 and TNF-« con-
centrations were notably higher in individuals
with oral leukoplakia in comparison with the
healthy subjects [42], and markedly higher levels
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Fig. 7.1 EGFR signaling pathway and alternative sig-
nals. Even with successful EGFR inhibition, substitute
signaling pathways can be activated by signaling through
other cell-surface receptors including IGF-1R, IL-6R/
gpl30, ¢-MET, or VEGFR. Activation of STAT3 by
IL-6R/gp130 involves phosphorvlation of Janus-activated
kinases (JAK), whereas EGFR activates STAT3 directly or

of 1L.-8, 1L.-6, 1I.-1, and TNF-0 were found in
OSCC patients’ saliva when compared with sub-
jects with dysplastic oral lesions and healthy con-
trols [43]. Higher IL-6 serum levels were also
observed in patients with OSCC compared to
healthy controls, results that were confirmed at
both the mRNA and the protein levels [44].
Serum IL-6 levels were also markedly higher in
patients with higher TNM stage, higher patho-
logical stages, positive bone invasion, and
increased tumor depths. Patients with high pre-
treatment levels of 1L-6 (>1.35 pg/ml. median
level) had worse prognoses for 5-year overall and
disease-specific survival [45].

Activation of STAT3 by IL-6R/gp130 involves
phosphorylation of Janus-activated kinases (JAK)
[19, 20], whereas EGEFR activates STAT?3 directly
or through Ras/Raf/Mck/Erk signaling [46].

oFGF
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through the Ras/Raf/Mek/Erk pathway [46]. STAT3 may
be negatively regulated by suppressors of cytokine signal-
ing (SOCS). Constitutive activation of STAT3 plays a
causative role in many processes in cancerogenesis
through the overexpression of cyclin D1, VEGE, bFGF,
HIF-lo, MMP-2, MMP-9, IP-10, GLUT1, Twist, or
RANTES

Conversely, STATs may be negatively regulated
by suppressors of cytokine signaling (SOCS)
[47]. Epigenetic silencing of SOCS1 and SOCS3
has been recently reported in HNSCC [48, 49].
SOCS3 expression is reduced early in tumor
development, and the overexpression of
SOCS3 in HNSCC cell lines diminished prolif-
eration, migration, and invasion. The loss of
SOCS3 function may be associated with reduced
expression due (o epigenetic silencing but also
with abnormal subcellular localization impairing
its function [50]. For these reasons, combined
inhibition of the EGFR pathway and important
intermediates in redundant crosstalk pathways
might be necessary before an improvement of
chemotherapeutic effect can be realized [21].

An excessive activation of proliferative path-
ways should hypothetically result in increased
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proliferation of cancer cells; however, there
appears to be a compromise between maximal
mitogenic stimulation and avoidance of antiprolif-
erative defenses such as senescence [1, 51, 52]. In
accordance, there are several morphological and
metabolic compartments in tumor tissue. The first
is the tumor stroma with well-differentiated cancer
cells that are nonproliferative and display lower
numbers of mitochondria. Secondly, there are less
differentiated cancer cells that are highly prolifera-
tive (higher Ki-67 expression) and mitochondria-
rich [53]. The nonproliferative subgroup of tumor
cells is probably positively selected by radiother-
apy. In accordance, patients with HNSCC with
low proliferation rate (Ki-67 <20 %) have a worse
response (o radiotherapy than patients with high
proliferative tumors [54]. High expression of
Ki-67 and EGIR suggests that early lymph node
metastasis and primary HNSCC tumors have
rather high proliferative indexes and therefore,
they should be sensitive to radiotherapy [55].

7.2.2 Disruption of Growth-
Suppressing Mechanisms

Many tumor suppressors, operating through a vari-
ety of mechanisms, have been discovered due to
their inactivation in various cancers. Important
HNSCC tumor suppressors have also been identi-
fied through the effect of human papillomavirus
(IIPV) infection. Oncogenic HPV subtypes are
able to transform epithelial tissue because of the
action of the viral oncoproteins E6 and E7 [56]. In
particular, the expression of the E6 and 7 leads to
the inactivation of two important (umor suppres-
sors, p33 and retinoblastoma protein (Rb). Viral
E6 protein stimulates p53 degradation [56] and
can also activale telomerase [57]. The E7 protein is
able to bind pRb with a preference for the under-
phosphorylated “active” form of pRb. The Rb pro-
teins play a key role in controlling the checkpoint
between the G1 and the S phase of the cell cycle.
E7 oncoprotein is also able to inactivate the cyclin-
dependent kinase (CDK) inhibitor p21 [15]. HPV
status also affects miRNA expression patterns in
HNSCC. Certain miRNAs (miR-15a, miR-16,
miR-195, miR-497 family, miR-143, mir-145, and
miR-106-363 cluster) appear to be crucial for the
HPV carcinogenesis [58].

Despite of reduced levels of pS3 in HPV-
associated tumors (E6-mediated degradation),
P53 protein is not mutated and is functional.
Radiation-induced p53 production may be suffi-
cient to provoke apoptosis. In contrast, a high
percentage of HPV-negative tumors have mutated
p53 and create resistance to chemotherapy- and/
or radiation-induced apoptosis [59]. Further-
more, promoters of tumor suppressors 14-3-3¢
and RASSFIA are hypermethylated, and there
are cyclin D gene amplifications in HPV-negative
HNSCC more frequently than in HPV-positive
tumors [60-62]. Inactivation of 14-3-3c by pro-
moter hypermethylation promotes metastasis in
nasopharyngeal carcinoma [63]; based on the
pl6 and cyclin D1 expression, patients with
downregulated p16 and overexpressed cyclin D1
had worse disease-free and overall survival [64].

Progression through the cell cycle is regulated
by the coordinated activities of cyclins and cyclin-
dependent kinases (CDK), which are regulated
through the binding of CDK inhibitors. The
CDK2AP1 (DOC-1) protein is a unique inhibitor
of CDK2 and has an important growth-suppressing
effect through association with a DNA poly-
merase o/primase complex [65, 66]. Additionally,
CDK2AP1 can induce apoplosis [67, 68]; how-
ever, its expression is often reduced in HNSCC
[69, 70] and intratumor reduction of CDK2AP1
expression i8 a negative prognostic marker in
patients with surgically resected HNSCC [70].
On the other hand, induction of CDKZ2ZAP1
expression in the tumor stroma significanily
reduced tumor cell growth and invasiveness [65].

7.2.2.1 TGF-f Signaling Pathway

Comprehensive evidence exists for the deregula-
tion of the TGEF-f signaling pathway in tumor
formation and advanced disease progression [10,
71]. In normal epithelium, TGF-f3 suppresses
tumor growth through antiproliferative and
apoplosis-triggering effects. Nevertheless, as the
tumor progresses, autocrine loops of TGEF-p are
established and tumor cells become resistant to
antiproliferative stimuli [72]. Increased TGF-p1
expression is seen in approximately 80 % of
HNSCCs and is associated with disease progres-
sion and worse survival [8, 73]. TGF-p signaling
can activate different proliferative non-Smad
pathways including Jnk/p38/MAPK, Ras, Par6,
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and PI3K/Akt [72, 74], which is in accordance
with the fact that increased TGF-p1 expression
and activated phosphatidylinositol 3-kinase/Akt
signaling are frequently observed as a conse-
quence of disrupted canonical TGF-f signals
[75]. Loss of chromosome 18q, a region encod-
ing both Smad2 and Smad4, is common in
HNSCC and loss of heterozygosity (I.OH) at the
Smad4 locus occurs in ~50 % of HNSCC [76,
77]. LOH affecting 18q has been linked to poor
survival [78]. Smad4 was downregulated not
only in HNSCC malignant lesions but also in
normal adjacent mucosa. Furthermore, Smad4
(—=/-)-deficient mice developed spontancous
HNSCC [79]. TGF-p promotes the assembly of a
cell-surface receptor complex composed of type [
(TGEFPRI) and type 1I (TGEpRII) receptor serine/
threonine kinases. Low expression of TGFPRIL
has been detected in a variety of tumors, includ-
ing HNSCC, and rises as a consequence of
genetic alterations or epigenetic silencing [80-
82]. In sum, TGFPRII expression may be reduced
in >70 % of HNSCCs [10] and correlates with
diminished tumor differentiation and more
aggressive behavior [83].

miR-211 promotes the progression of head
and neck carcinomas directly by targeting
TGERIL [84]. Although genetic alteration of
TGEFBRI by mutation or deletion is not common
in HNSCC, repression of TGFpRI expression via
hypermethylation of its promoter has been
reported [§, 85], and reduced TGFPRI expression
was associated with increased invasion and
metastasis in esophageal carcinoma [83]. TGFpRI
mutations have been detected in 19 % of HNSCC
metastases [86]; however, TGFpRI deletion does
not initiate tumor formation in the oral epithe-
lium, but instead allows progression to HNSCC
after excessive Ras activation [10, 75]. Taken
together, resistance to TGEF-f-mediated growth
inhibition may arise by different ways [87] inter
alia: (1) due to activation of non-Smad pathways
triggered by TGF-, (2) due to mutations in the
Smad4 gene [88], (3) due to Smad4 decreased
expression, (4) due to increased expression of
inhibitory Smad7 [89], (5) due to decreased
expression of TGFPRII or TGFPRI or (6) due to
mutations in the TGFARII or TGFARI genes.

7.2.2.2 Circadian Clock

Proliferation and the cell cycle regulation are also
controlled by the circadian clock [90]. To date, at
least nine mammalian core circadian clock genes
(CCGs) have been identified;: Periodl (PERI),
Period2 (PER2), Period3d (PER3), Clock,
Cryptochrome1 (CRYI), Cryptochrome2 (CRY2),
BMALI, CaseinkinaselE (CKI/E), and Timeless
(TIM). CCGs, and the proteins they encode, con-
stitute the circadian oscillator and are responsible
for circadian rhythms. Deregulation of the circa-
dian clock may lead to excessive cell proliferation
[91]. c-myc activation might be a possible mecha-
nism, as its transcription is directly controlled by
circadian regulators [92]. Many studies have
reported altered expression of clock genes in
tumors [93-96]. Mice deficient in circadian clock
eenes showed many phenotypic abnormalities,
including increased cancer incidence following
genotoxic stress [90, 92]. In PER2 mutant mice,
expression of proteins involved in tumor suppres-
sion and cell cycle regulation (Mdm-2, cyclin D1,
cyclin A, Gadd45a, and c-myc}) is altered. All nine
mentioned CCGs were markedly downregulated
in the peripheral blood leukocyies of preoperative
HNSCC patients. Restoration of CLOCK and
PERI gene and protein expression were found in
postsurgical patients with good prognosis unlike
in patients that died within one year after surgery
[97]. The expression of CRYI, CRY2, BMALI,
PERI, PER2, PER3, and CKIE genes exhibited
significant downregulation in the tumor tissues.
Downregulated expression of CRY2, PER3, and
BMAL]I was correlated with more advanced can-
cer stages. Downregulated PER3 and upregulated
TIM expression positively correlated with larger
tumor size and lower expression of PER3 corre-
lated with deeper tumor invasion. Poor survival
was related to lower expression of PERI and
PER3. These results indicate a possible associa-
tion of circadian clock genes with the pathogene-
sis and prognosis of HNSCC [98].

7.2.3 Avoiding of Contact Inhibition

In healthy tissues, cells grow inside defined
areas and quit growing when they come into
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contact with the dense extracellular matrix or
other cells, a concept referred to as contact
inhibition. Neurofibromatosis-2 protein (NF2
or merlin) plays a crucial role in the upkeep of
contact inhibition. The growth inhibitory func-
tion of NF2 is dependent upon interaction with
the cytoplasmic domain of CD44 [99], and
numerous studies have indicated that NF2 sup-
presses tumor growth and metastasis [100,
101]. 22q12.2 is the known locus for the NF2
gene and 22q is a frequent site of loss of het-
erozygosity (LOH) in HNSCC. Notably,
allelic losses on 22q tended to occur especially
in patients with stage 3 and 4 disease. Of par-
ticular interest is that laryngeal tumors had
higher rates of 22q LLOH than oral cavily or
pharyngeal tumors [102]. The phosphorylated
form of NF2 is growth promoting and predom-
inantly appeared in the presence of hyaluronic
acid—degrading enzymes (HAases); cells cul-
tured without HAases contained mostly the
growth inhibitory form of NF2 [103]. HAases
have been found to transform the expression
of CD44 isoforms, which could also play a
significant role in tumor progression [104].
On the other hand, activity of the HAase
Hyal-2 was dependent on the expression of
CD44 in both living cells and enzymatic
assays [105]. In accordance, salivary soluble
CD44 concentration was markedly higher in
HNSCC patients compared with healthy con-
trols (1.09 ng/mL for controls and 7.85 ng/mL
for HNSCC patients) [106, 107]. Similarly,
HAase levels were elevated in HNSCC patients
when compared to normal controls [108]. The
presence of extremely high molecular weight
hyaluronic acid (HMW-HA) and its binding to
the CD44 receptor (together with poor HAase)
activity played a significant role in the naked
mole rat cancer resistance. Furthermore, enzy-
matic digestion of HMW-HA abrogated con-
tact inhibition of cells [103] and cellular
reactions turned on by HA are dependent on
the HA polymer length, HMW-HA inhibiis
proliferation and has anti-inflammatory effects
[109] while low molecular weight HAs induce
proliferation and inflammation [110] (see
Fig. 7.2 and Table 7.1).

7.3 Markers of Tumor Promotion
Inflammation and Oxidative
Stress

Inflammatory reactions accompanying early
phases of neoplastic transformation create a
favorable environment for cancer expansion.
The accumulation of growth factors, cyto-
kines, prostaglandins, free radicals, and matrix
proteinases triggers pro-tumorigenic mecha-
nisms and influences protein modification,
DNA damage, and expression profile changes
in genes and miRNAs. Together with the
immunosuppressive impact of the adaptive
immune response, and interactions between
stroma and epithelium, these changes dramati-
cally support tumor expansion [132]. Many
tumors, including HNSCC, have been associ-
ated with constitutive inflammation and oxida-
tive stress [132-134]. Several studies have
reported that the synthesis of metallothionein
(MT) was induced during oxidative stress
[135-137], and two additional studies discov-
ered increased MT protein levels in HNSCC
tumors [138, 139]. The highest MT level was
found in the tissues of oral tumors (170+70
pgl/e), whereas a relatively modest MT level
was found in (umors of oropharynx (130+50
pe/e) [139]. The blood level of MT in healthy
controls was much lower than in HNSCC
patients [140]. Furthermore, increased immu-
nostaining of MT was also observed in the tis-
sue samples from tonsillar squamous cell
carcinoma in comparison with a chronic ton-
sillitis control group [141]. A positive associa-
tion between MT protein staining and tumors
(vs. healthy tissues) was demonstrated in
HNSCC patients (odds ratio, OR, 9.95; 95 %
CI5.82-17.03) [142].

The transcription factor NRF2 manages a
cellular response to electrophiles and oxidants
by triggering expression of genes important for
antioxidant defense. NRF2 is inhibited by
Kelch-like ECH-associated protein 1 (KEAPT).
Dysregulation of NRF2/KEAP1 pathway seems
to be important prior to the formation of HNSCC
[143, 144]. NRF2 expression was increased in
91.5 % of HNSCC tumors, and the expression
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growth-inhibiting

growth-promoting

| proliferation

Fig. 7.2 Role of neurofibromatosis-2 protein and hyal-
uronic acid in contact inhibition. Growth factor receptor
(GFR); protein phosphatase (PP) and ezrin-radixin-moesin
(ERM) family of band 4.1 proteins. Additional components
are likely associated with the CD44-bound complexes.
Neurofibromatosis-2 protein (NF2) plays a crucial role in
the upkeep of contact inhibition. The growth inhibitory
function of NF2 is dependent upon interaction with the

Table 7.1 Markers of chronic proliferation in HNSCC

Biomarker Mechanism

c-Met 1 protein expression

CEPS5 1 mRNA and protein expression

CCGs | mRNA and protein expression

CDK2AP1 | mRNA and protein expression

CD44 1 protein expression

Cyclin D, 1 protein expression, gene
amplification

DST | mRNA expression

MAGE 1T mRNA expression

1 signaling

|

1 proliferation

cytoplasmic domain of CD44. Furthermore, the phosphory-
lated (growth-promoting) form of NF2 predominantly
appears in the presence of hyaluronic acid—degrading
enzymes. The presence of extremely high molecular weight
hyaluronic acid (HMW-HA) and its binding to the CD44
receptor plays a significant role in the growth inhibition,
while low molecular weight HAs induce proliferation and
inflammation (Adapted from Pure et al. [110])

Detected in References
Tumor tissue [111]
Tumor tissue [112]

Peripheral blood leukocytes, [91, 97, 98]
tumor tissue

Tumor tissue [69, 70]
Saliva [106, 107]
Tumor tissue, HNSCC cell  [113-117]
lines

Tumor tissue [118]
Saliva [119]

32



Ptehledové clanky

1.4

Table 7.1 (continued)

Biomarker
MYCN
TGF-a

TGF-pI
RASSFIA

14-3-3¢
EGFR

HAase
Ras

PI3KCA

IL-8
pS53

NF2
IL-6
TNF-o
PTEN

CDK4
pRb

SET
SMAD4

STAT3

SOCS1 and SOCS3
TGFpRI

TGFRII

VEGF

AKT?2

EBV

HPV

Abbreviations: LOH loss of heterozygosity, EBV Epstein-Barr virus, HPV human papillomavirus, CCGs circadian clock

genes

Mechanism
T mRNA expression
1T mRNA and protein expression

T protein expression

| mRNA and protein expression,
LOH

|} mRNA and protein expression
1 mRNA and protein expression

1T mRNA and protein expression

T mRNA and protein expression,
gain-of-function mutations

1 protein expression, gene
amplification

1 protein expression
Inactivation, mutation, LOH

| mRNA and protein expression,
22qLOH
1T mRNA and protein expression

1 protein expression
| protein expression, LOH
1 protein expression

| protein expression, inactivation,
LOH

1 protein expression

| protein expression, LOH,
inactivation

1 protein expression, activation

| protein expression, mRNA
expression, epigenctic silencing,
abnormal subcellular localization
| protein expression, epigenetic
silencing

| protein expression, epigenetic
silencing, mutation

1 protein expression

T protein expression, gene
amplification

A causative agent for most

nasopharyngeal carcinomas; plasma

EBV DNA load is an independent
prognostic factor

A causative agent for most
oropharyngeal cancers

Detected in

Tumor tissue

Tumor tissue, HNSCC cell
lines

Plasma

Tumor tissue, HNSCC cell
lines

Tumor tissue, HNSCC cell
lines

Tumor tissue, HNSCC cell
lines

Saliva, HNSCC cell lines
Tumor tissue

Tumor tissue

Saliva, serum

Tumeor tissue, surgical
margins

Nf2-deficient tumor-bearing
mice, blood

Saliva, serum, HNSCC cell
lines, tumor tissue

Saliva

Tumor tissue
Tumor tissue
Tumor tissue

Tumor tissue, HNSCC cell
lines

HNSCC cell lines, tumor
tissue, SMAD4-deficient
tumor-bearing mice
Tumor tissue

Tumor tissue, HNSCC cell
lines

Tumor tissue

Tumor tissue, HNSCC cell
lines

Tumor tissue, HNSCC cell
lines, serum

Tumor tissue

Tumor tissue, blood

Tumor tissue, blood
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of the NRF2-reguated gene thioredoxin was
increased in 75 % of tumors [145].

Nuclear factor-kappa B (NF-kB) is a crucial
factor in inflammatory and immune pathways
that also acts as a tumor promoter [146]. In
tumor cells, NF-kB can be activated as a result
of genetic alterations and can induce the expres-
sion of angiogenic factors, inflammatory cyto-
kines, adhesion receptors, or inducible nitric
oxide synthase (iNOS) and enzymes involved in
the arachidonic acid metabolism such as cyclo-
oxygenase-2 (COX-2). NF-kB is also a major
survival factor due to its ability to induce expres-
sion of Bcl-2 [134]. Long-standing inflamma-
tory signals have been shown to induce an
epigenetic switch from healthy cells to cancer
through a positive feedback loop containing
NF-kB, Lin28, let-7, and IL-6 [147, 148].
STAT3, a transcription factor induced by 11.-6
(discussed above, section 2.1), is able to activate
miR-181b-1 and miR-21 that can trigger the
gpigenetic  switch, MiR-181b-land miR-21
deactivate the tumor suppressors PTEN and
CYLD, respectively, leading to elevated NF-kB
activity [147]. In HNSCC, a key role of NF-xB
in promoting alterations of the proteome and
transcriptome  has been recently established
[149]; and studies have demonstrated NF-xB
activation in squamous dysplasia and in tobacco-
and viral-associated HNSCC [150]. Increased
nuclear levels of NF-kB immunostaining highly
correlated with progress of dysplasia and
reduced survival in HNSCC patients [151].

Aberrant arachidonic acid (AA) metabolism,
especially altered 5-lipoxygenase (5-1.OX) and
cyclooxygenase (COX), is often involved in
HNSCC development [152]. COX-2 and 5-LOX
enhance tumor cell proliferation and are proan-
eiogenic due to the induction of FGF, VEGEF, and
MMPs [153-156]. Cyclooxygenases catalyze the
production of prostaglandins (PGs). Elevation of
(COX-2 has been described at both the mRNA and
protein level in HNSCC [157] and was associated
with an adverse outcome [158]. Prostaglandin E2
(P¢E2) is able to promote proliferation and may
also inhibit apoptosis by increasing Bcl-2 expres-
sion [159]. Furthermore, PgE2 was shown (o ele-
vate the expression of angiogenic factors prior to

tumor cell invasion and metastasis  [154].
Overexpression of inducible microsomal prosta-
glandin E synthase (mPGES) elevated the amount
of PeE2 in HNSCC cells [160]. Patients with
increased COX-2 and PgE2 tumor expression had
significantly inferior overall survival [161].
Immunohistochemical experiments showed that
an elevation in COX-2 expression was positively
correlated with the amount of Foxp3+ regulatory
T cells in the microenvironment of HNSCC, indi-
cating that COX-2 enables the expansion of the
regulatory T cells [162]. Increased expression of
COX-2 resulted in elevated levels of PgE2 and
VEGF and enhanced angiogenesis and (umor
erowth [153]. COX-2 inhibitors reduced invasion
and viability of HNSCC cells by downregulating
VEGF, MMP-2, and MMP-9 secretion [159, 163,
164]. Taken together, inflammatory mediators
such as ROS, metabolites of arachidonic acid, and
cytokings contribute to tumor progression by
inducing oncogenic mutations, resistance to apop-
osis, adaptive responses, and changes in the
microenvironment, including induction of
angiogenesis.

7.4  Avoiding Immune
Destruction

The immune system acts as an important barrier
against tumorigenesis and tumor progression.
The unatfected immune system can eliminate
cancer cells, but the effectiveness of immune
antitumor defense is often suppressed by the
tumor microenvironment. There is significant
evidence that reactivation of an antitumor
immune response ¢an cause tumor regression and
have a favorable clinical impact [165]. Tumor
cells generate high levels of proinflammatory
agents (such as ROS); nevertheless, the tumor
microenvironment sides with immune suppres-
sors rather than with immune effectors [165]. For
example, soluble phosphatidylserine (sPS)
released from tumor cells is able to interact with
the PS receptor on macrophages to trigger an
anti-inflammatory response and immune escape
[166]. The wmor immune infiltrate is also
shifted toward an anti-inflammatory status and
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mode of immunosuppression, due © the expres-
sion of surface molecules such as PD-L1 and
reduced expression of molecules that present
antigens [167].

7.4.1 Immune Cells

HNSCC patients typically display significant
immunosuppression. They have elevated Treg
(CD4+ CD25+ FoxP3+ regulatory T cells) and
increased progenitor CD344+ cells that are able to
suppress CD4+ helper T cells and CD8+ cyto-
toxic T cells at the primary tumor area. Treg pres-
ence was associated with a poor prognosis
[168-170]. Treg can inhibit T-cell reactivity and
help to expand the level of inhibitory cells by con-
verting CD4+/CD25- cells into inhibitory CD4+/
CD25+/FoxP3+ cells [171]. It also appears that an
enrichment in circulating Treg is a long-lasting
immune modification that is not overturned by
cancer therapy [172]. Cancer paticnts often dis-
play an increased neutrophil/lymphocyte ratio, a
low neutrophil and CD14 (high) CD16+ mono-
cyle activation state, and an elevated CD4/CD8
ratio, which has been related to poor survival.
In contrast, a high percentage of CD98+ Th
cells appeared (0 be associated with a better
outcome [173].

Natural killer (NK) cells are crucial for the
management of immune response and removal of
faulty cells with downregulation of MHC I mole-
cules. In HNSCC, NK cells appear to be strongly
defective. The habitual downregulation of MHC 1
molecules provides the tumor cells invisibility to
T-cell-mediated immunity; NK cells seemingly
evolved as an evolutionary response to the down-
regulationof MHC Imolecules [174]. Nevertheless,
recent studies have demonstrated that tumor cells
are able to internalize NK cells. Survey from long-
term real-time imaging experiments indicates that
almost all of the NK cells (>95 %) die within 24 h
after internalization [175]. Furthermore, internal-
ization of T cells by melanoma cells provides a
survival advantage to the tumor cells under condi-
tions of starvation [176]. Internalization of NK
cells info tumor cells requires the actin cytoskele-
tal regulator (ezrin) and leads to programmed cell-

in-cell death of NK cells [175]. Patients with
tumors expressing high ezrin levels had shorter
disease-free survival than those with low expres-
sion [177]. NK cells can be stimulated by double-
stranded RNA through Toll-like receptor 3
(TLR3). TLR3 was expressed on the cell surface
of naive NK cells but was quickly internalized due
to the action of the HNSCC microenvironment.
This TLR3 internalization presents other possible
immune evasion mechanism in HNSCC [178].

7.4.2 Surface Molecules

Host immune recognition is avoided in HNSCC
by several mechanisms, including reduced expres-
sion of MHC classes I and 11, and upregulation of
programmed cell death ligand-1 (PD-L1) and
Fasl. [179-182]. The expression of MHC class |
molecules on the cell surface is necessary for the
presentation of peptide antigens to cytotoxic
CD8+ T lymphocytes. Approximately 50 % of
HNSCC cases demonstrated a loss of class I HLA
molecules that could be correlated with regional
lymph node metastasis [181]. Downregulation of
class I major histocompatibility complex (MHC)
molecules shields tumor cells from immune rec-
ognition, In addition, upregulation of Fasl. leads
to apoptosis of T cells. Recent studies have shown
that plasma of patients with oral cancer contains
Fasl.+ membranous vesicles having the capacity
to induce T-cell death [183, 184]. The transfer of
activated T cells after blocking PD-L.1 with a neu-
tralizing antibody (10B5) delayed the develop-
ment of HNSCC and resulted in enhanced
survival, compared with the transfer of T cells
alone [167].

7.4.3 Immune Regulators

One of the mechanisms by which HNSCC tumors
can weaken host immune reactions is through the
alteration of the cytokine environment at the
tumor area. Recent studies have shown that alter-
ation of cytokine immune responses can promote
erowth and metastasis [185]. The production of
cytokines such as IL-6 and IL-10 by tumor cells
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supporis a Th2 response that is accompanied by a
substantially weakened antitumor defense [184,
186]. As a consequence of the shift from the Th1
to the Th2 type of T-cell cytokine response,
HNSCC tumors produce elevated levels of immu-
nosuppressive agents such as TGF-f that can
directly inhibit cytotoxic T cells and NK cell-
mediated immunity [187] and contribute to the
recruitment of immunosuppressive M2 macro-
phages and myeloid-derived suppressor cells
(MDSCs) [185, 188, 189]. In summary, TGF-f
mutes antitumor immunity while promoting
tumor-supporting inflammation.
Granulocyte-macrophage  colony-stimulating
factor (GM-CSF) and PgE2 usually have proin-
flammatory effects that promote the maturation of
neutrophils and macrophages in the initial phases
of inflammation. They are also secreted by the
HNSCC tumor cells to favor angiogenesis, growth,
and immune response avoidance [39]. Tumor-
produced GM-CSF has been found to stimulate
MDSC maturation and recruitment, and increased
levels of GM-CSF are related to an adverse prog-
nosis in HNSCC patients [169, 190]. Elevated lev-
els of PgE2 are associated with angiogenesis and
invasiveness in aggressive primary tumors [191]
and PgE?2 expression is associated with decreased
CD8+ 'T-cell numbers and increased immune sup-
pressor cells at the tumor area. P¢E2 can induce
the secretion of 11.-10 and repress the secretion of
cytokines by CD4+ T cells directly, and PgE2
seems to be crucial for tumor-associated immuno-
suppression  [184—186]. Monocyte chemotactic
protein 1 (MCP-1), produced by tumor cells,
attracts 11.-10- and TGF-p-secreting M2 macro-
phages leading to increased immunosuppression
[192]. The maturation of dendritic cells in patients
with HNSCC seems to be impaired by tumor-pro-
duced VEGF [ 181, 193, 194]. Furthermore, within
HNSCC tissue, plasmacytoid dendritic cells have
been shown to be defective in their capacity to
produce interferon alpha (IFN-a), a cytokine that
is important for antitumor reactivity [195]. A sig-
nificant decrcase in serum IL.-13, IFN-y, and
MIP-1p levels, and a significant increase of serum
inducible protein-10 (IP-10), in HNSCC patients
was demonsirated, regardless of primary fumor

site [196]. Neutrophil/lymphocyte ratio and serum
concentrations of IL-8, CCL4 (MIP-1p), and
CCL5 (RANTES) were significantly higher in
the peripheral blood of HNSCC patients than
controls [197].

Main HNSCC protective mechanisms against
immune reactivity are shown in Table 7.2,

7.5 Markers of Tumorous
Angiogenesis

Angiogenesis is an essential process for tumor
progression, outgrowth, and dispersion. Vascular
endothelial growth factor A (VEGF-A) is a well-
characterized agent that can induce angiogenesis.
VEGF-A expression can be upregulated by
hypoxia, through the action of hypoxia-inducible
factor 1 alpha (HIF-1a), and by oncogene signal-
ing through EGFR, Raf, MEK, and PI3K signals
[198, 199]. von Hippel-Lindau (VHL) is a tumor
suppressor gene located on chromosome 3p that is
involved in a multiprotein complex that regulates
oxygen-dependent degradation of HIF-1a [199].
Loss of heterozygosity (ILOH) within VHL was
found at a high frequency (45.5 %) in tongue
squamous cell carcinoma patients [200]. Loss of
VHL function decreases HIF-la proteolysis
under aerobic conditions and thereby elevates
expression of many HIF-la downstream genes
[201]. Furthermore, ostecopontin (OPN) expres-
sion correlates negatively with VHL expression,
suggesting OPN connection with fumor hypoxia.
Accordingly, OPN expression was associated
with HNSCC tumor progression [202, 203].
Overexpression of VEGF (in tumor tissue or in
serum of HNSCC patients) as a result of hypoxia
or oncogene signaling was correlated with resis-
tance (o cytotoxic treatment, worse prognosis, and
advanced disease [204-208]. In a meta-analysis
of 1002 HNSCC patients, VEGF was signifi-
cantly associated with decreased survival [209].
There are many other factors playing important
role in angiogenesis, including platelet-derived
growth factor (PDGE), epidermal growth factor
(EGF), hepatocyte growth factor (HGF), prostaglan-
dins, TGF-p, COX-2, and IL-6 [10, 36, 73, 153, 154,
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Table 7.2 HNSCC protective mechanisms against immune reactivity

Mechanism

Escape from immune
recognition

Modulation of the
cytokine response

Induction of immune
suppressor cells

Biomarker

Loss of MHC

T PD-L1 expression
T FasL expression

T ezrin expression

Internalized TLR3
T PgE2, COX-2

 TGF-p

TIL-10

T VEGF

t GM-CSF
| IFN-a and IFN-y
MDSCs recruitment

M2-skewed macrophages
recruitment

Treg (CD4+ CD25+ FoxP3+
regulatory T cells)
expansion

CD34+ progenitor cell
expansion

Consequence

| presentation of tumor antigens
T T-cell apoptosis

T T-cell apoptosis via Fas-Fasl.
1 internalization of NK cells,
NK cell apoptosis

NK cell impairment
Decreased levels of CD8+ T
cells; expansion of the
regulatory T cells (Treg)
Inhibition of cytotoxic T cells
and NKs; MDSCs and
M2-skewed macrophages
recruitment

M2-skewed macrophage
activation and promotion of a
Th2 response

Impaired maturation of dendritic
cells

MDSCs recruitment

| antitumor reactivity
Suppression of T-cell
proliferation and activity
Downregulation of T-cell
activity and secretion of high
levels of growth factors,
angiogenic factors, and matrix
remodeling enzymes
Suppression of CD8+ T cell-
and CD4+ helper T cell-
mediated immunity
Suppression of CD8+ T-cell-
and CD4+ helper T-cell-
mediated immunity

References
[179-181]

[167. 182]

[183, 184]

[175]

[178]

[162, 184—186, 191]

[185, 187-189]

[184, 186]

[181, 193, 194]
[39]

[195, 196]
[185, 188, 189]

[192]

[168-170]

[168-170]

Abbreviations: MHC major histocompatibility complex, GM-CSF granulocyte-macrophage colony-stimulating factor,
MDSCs myeloid-derived suppressor cells, TLR3 Toll-like receptor 3

210]. Oral cancer overexpressed 1 and 2 (ORAOV1
and 2) are transmembrane proteins involved in
tumor angiogenesis and regulation of cell growth via
VEGF induction [211, 212]. Overexpression of
ORAOV1 as well as ORAOV2 was reported in
HNSCC [212, 213]. Loss of transforming growth
factor-beta type 1l receptor (TGFpRII) is commonly
observed in human HNSCC and leads to increased
inflammation and angiogenesis [10].

Fibroblast growth factors (FGF) provide
another angiogenic signaling mechanism in the
tumor microenvironment. Basic fibroblast growth
factor (bFGF) is a potent inducer of angiogenesis

and 1s usually found immobilized on the extracel-
lular matrix within the tumor milicu. Expression
of the secreted binding protein for fibroblast
erowth factors (FGF-BP) appears to be a mecha-
nism by which immobilized FGF can be activated
[214, 215]. FGF-BP is produced extensively by
primary HNSCC tumors and some metastatic
¢ells but not in normal adult mucosa [216].
Hasina et al. studied the expression of cyto-
kines FGF-2, VEGE, I1.-8, and HGF in HNSCC,
dysplastic, and healthy samples and demon-
strated different ways by which particular tumors
can provoke angiogenesis [217]. The highest
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expression of all studied cytokines was in
HNSCC tissues, and two distinct tumor clusters
were identified with regard to angiogenesis. One
egroup of tumors had significanily increased
microvessel density with high levels of FGF-2
and VEGF and relatively low levels of 11.-8 and
HGF. The second group of tumors displayed
lower microvessel density and expressed low
levels of FGF-2 and VEGF and higher levels of
IL.-8 and HGF. This might have some relevant
therapeutic consequences, because it 18 not ratio-
nal to inhibit angiogenesis by targeting mole-
cules that are poorly expressed in treated type of
tumor.

NF-B is also vastly important for angiogenesis
in tumors. Some NF-kB downstream genes are pow-
erful angiogenic agents, such as VEGE IL-8, and
COX-2[134, 218]. Thrombospondin-1 (TSP-1) was
recently identified as a target gene of Ras-modulated
Mpyc activity, which represses TSP-1 expression and
increases tumor angiogenesis. In HNSCC patients,
TSP-1 was found to be downregulated [219, 220].

Thus far, clinically tested antiangiogenic thera-
pies have unfortunately demonstrated very disap-
pointing effectiveness, primarily in regard (o
overall survival. Several studies have reported that
drugs targeting VEGE can suppress the growth of
primary tumors but may also promofe fumor metas-
tasis [221, 222]. Furthermore, anti-VEGE agents
induced the production of several cytokines (gran-
ulocyte colony—stimulating factor, placental growth
factor, osteopontin, IL-6, erythropoietin) that may
promote  VEGF-independent angiogenesis and
metastasis [223]. Another possible unwanted side
effect of VEGE inhibitors is suppression of peri-
cyles on tumor vessels. As a resull, leaky and
immature vessels facilitate the entry of tumor cells
and consequent metastatic spread [224].

7.6  Genomic Instability
and HNSCC Progression

Progression of HNSCC is usually associated with
vast chromosomal abnormalities and subsequent
alterations in gene expression. Recently, the pres-
ence of more subtle expression regulators such as
microRNAs was discovered.

7.6.1 MicroRNA (miRNA)

Many dysregulated miRNAs have been identified
that contribute to  HNSCC  progression.
Microarray analysis disclosed ten miRINAs that
could differentiate malignant head and neck can-
cer samples from paired normal fissues; seven
miRNAs (miR-29b-1%, miR-181a, miR-181a-2%,
miR-181b, miR-221%, miR-744, and miR-1271)
were upregulated in cancer samples while three
miRNAs (miR-95, miR-101, and miR-141) were
downregulated [225]. Some miRNAs seem to be
related to the progression of carcinoma or prema-
lignant lesion in head and neck malignancies.
miR-21, miR-181b, and miR-345 expression
were positively correlated with increased lesion
severity [226] and miR-137 and miR-193a were
reported to be tumor suppressors that were often
epigenetically silenced during oral carcinogene-
sis [227]. With the exception of only a few miR-
NAs, all reported HNSCC miRNA studies to date
have shared little in common; thus, the exact
importance/contribution of particular miRNA
species remains (o be elucidated. Upregulation of
miR-21, miR-31, miR-10b, miR-181, and miR-
221 and downregulation of miR-133a/b, miR-
138, miR-139, miR-375, and miR-200c¢ are,
however, trends that have been consisiently iden-
tified in HNSCC [228-232]. Increased expres-
sion of miR-21, miR-18a, and miR-221 and
decreased miR-375 and the ratio of miR-221/
miR-375 expression were found to have a high
specificity and sensitivity for diagnosis of
HNSCC [233].

7.6.2 Chromosomal Aberrations

Chromosomal rearrangements resulting in very
complex karyotypes are often found in IHINSCC;
in fact, more than 70 % of tumors are aneuploid
[234]. Several genes associated with the DNA
damage response pathway are frequently altered
in HNSCC, including BRCAI, BRCA2, FANCD?2,
and FANCG. Other cancer-related genes linked
to hereditary cancer syndromes such as VHL,
MLHI, XPC, RBI, [235], and recently discov-
ered germline alterations in RADSIC, are also
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known to be mutated in HNSCC [236]. SMAD 4
deficiency (loss of chromosome 18q) is a com-
mon mutation that suppresses Fanc-/Brca-
mediated DNA repair and increases genomic
instability [8]; and recent findings suggest that
interactions with tobacco and polymorphisms in
XRCCI and XRCC2 could increase the risk of
HNSCC [237-239]. Furthermore, viral E7 pro-
tein is able to disrupt centrosome duplication
causing abnormal mitosis, aneuploidy, and
increased genomic instability [240]. NK cell
internalization is another mechanism that results
in aneuploidy. It is hypothesized that NK cell
internalization might facilitate the development
of aneuploidy in tumor cells by interfering with
cell division resulting in disturbed chromosome
segregation and/or cytokinesis [175]. To date,
more than 30 sites of significant chromosomal
aberrations and 15 frequently mutated genes
including TP53, CDKN2A, HRAS, PIK3CA,
NFE2L, and NOTCHI have been discovered in
HNSCC patients. Most of these genetic altera-
tions occur also in lung squamous cell carcinoma
[144, 241]. Genomic regions most frequently
amplified (>35 %) were located on 3q (candidate
genes AIS (p40/p73L), SSR3, CCLNI, hTERC,
SKIL, ECT2, PIK3CA, SST, TP63, and TFRC)
[242, 243]), 5p, 8q (candidate gene Myc), 9q,
11q (candidate gene CCND1), 20q, and 7p (can-
didate gene EGFR on 7p12); 7p and 3q amplifi-
cation occurs in carly tumor development [234,
235, 244]. Regions most frequently deleted

3p LOH

9p21 LOH 17p13 LOH

ST padman
e B i

normal mucosa benign sgamous

hyperplasia

Fig. 7.3 Genetic changes associated with the histologic
progression of HNSCC based on changes of chromosomal
material. Loss of heterozygosity (LOH); candidate tumor
suppressor genes include pl6 (9p21), p53 (17pl3),
RASSF1A (3p21), FHIT (3p14.2), VHL (3p25), PTEN

dysplasia

(>40 %) involved chromosomes 3p (FHIT gene
maps to 3pl4.2, VHL to 3p25, RASSFIA to
3p21), 8p, 9p (candidate genes pl6/CDKN2A),
13q, and 18q [235, 244]. The loss of 18q is asso-
ciated with a worse clinical outcome [245].
Rearrangements that often occur in higher grades
of dysplasia and SCC include PTEN (10923.3)
inactivation, 11ql3 amplification, and TLOH at
6p, 8p, 13921, 14932, and 4q27 [246-249].
Amplification of 11q13 was found in about one-
third of HNSCC, with amplified cyclin D1 play-
ing crucial role in promoting the cancer
phenotype [250, 251]. Gain on chromosome
8q22.3, the location of YWHAZ (14-3-3 zcta), is
found in 3040 % HNSCC cases [252]. LOH
analyses suggest that initial alterations target
crucial genes located on chromosomes 3p
(RASSFIA and VHL), 9p21 (cyclin-dependent
kinase inhibitors), and 17p13 (TP53) [200, 253]
(Fig. 7.3). LOH of the 9p21 region occurs in
70 % of dysplastic lesions in oral tissues simul-
tancously with promoter hypermethylation; sub-
sequent inactivations of the remaining alleles of
14*%F and p16 are crucial events in HNSCC pro-
oression [126, 248].

Some studies revealed that distinct chromo-
somal aberrations can be connected with clinical
parameters such as losses at 11p13-pl4, 10g23-
q26, 11q14-24, 17q11, 8p, 8q, and 6p and gains
at 4q11-22 and Xq12-28 that are significant for
metastatic carcinoma [ 118, 234, 248, 249]. Some
genes involved in cell signaling (NGFRAPILI,

1113 amplification

3q amplification 6p, 8 LOH
7p amplification 4q27 LOH
13921 LOH 1023 LOH

14q32 LOH

invasion

carcincma
in situ

(10g23), NF2 (22q12.2), and Rb (13¢21). Candidate
proto-oncogenes include CCNDI1 (11ql13), CCLNI
(3925.31), EGFR (7p12), PIK3CA (3q26.31-26.32), AIS
(3q), and ORAOVI1 (11q13) (Adapted from Polanska
etal. [15])
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GPRASP2, BEXI, BEX2, and ZNF0) reside on
chromosome Xq21-22, whose amplification is
associated with HNSCC metastasis [118]. This
could possibly help explain why the female sex
is associated with a bad response to organ-spar-
ing therapy and poor outcome [120].
Furthermore, LOH affecting 18q, 22q, and 3p25
and amplification at 14q23-q24.2 (HIF-1a gene)
and chromosomal gains on 1q and 16gq have
already been linked to poor survival [78, 102,
200, 245, 254, 255].

7.6.3 HNSCC Subtypes

With regard to the presence of known genetic
alterations occurring in tumors, HNSCC can be
divided into four subtypes, which will be dis-
cussed below [144].

7.6.3.1 Classical Subtype (CL)

Comprising ~18 % of HNSCC, CL is also
found in lung squamous cell cancer and is
associated with alterations of the oxidative
stress genes KEAP1, CUL3, and NFE21.2
[143, 144, 256]. This subtype manifests
genomic alterations typical for SCC (deletion
of 9p and 3p, amplification of 3q, and gene
amplification of CCND1 and EGFR). The CL
subtype is also associated with heavy smoking
and exhibits elevated expression of genes
induced by cigarette smoke exposure, includ-
ing NFE21.2, GPX2, and AKR1C1/3 [144]. In
particular, TP53 mutation, CDKN2A loss of
function, and larynx subsite co-occurred in
most classical subtype tumors [256].

7.6.3.2 Atypical Subtype (AT)

About 24 % of HNSCC is AT. This subtype demon-
strates no amplification of EGFR, is HPV-positive,
and expresses high levels of PI3 kinase (PIK3CA);
the name atypical was used due to the lack of EGFR
amplification or 9p deletion. AT tumors show a
clear HPV+ signature represented by increased
expression of transcription factors such as RPA2,
CDKN2A (pl6), and LIG] [144, 257]. Additionally,
the atypical subtype is characterized by an occur-
rence of activating mutations in PIK3CA [256].

7.6.3.3 Mesenchymal Subtype (MS)

MS accounts for ~27 % of HNSCC and mostly
contains mutations in FGFR! and FGFR2. The
name mesenchymal was chosen because of the
significant expression of epithelial to mesenchy-
mal transition (EMT) markers (VIM, DES,
TWISTI, and the growth factor HGF) observed in
these tumors [ 144, 258]. MS tumors typically have
alterations in innate immunity genes, infer alia
high expression of CD56 (NK cell marker) [256].

7.6.3.4 Basal Subtype (BA)
Thirty-one percent of HNSCC are of the BA sub-
type, which appear similar to basal epithelial
cells in airways for which they were named. BA
cells have a characteristic gene expression pat-
tern inclusive of higher expression of EGFR,
COLI7A1, and the transcription factor TP63. An
inactivation of NOTCH1 with intact oxidative
stress pathways and rather rare allerations of
chromosome 3q are typical for the BA subtype.
Morcover, the basal subtype included tumors
with co-mutations of the HRAS and CASPS8 and
with 11q13 and 11q22 co-amplification [256].
The CL and AT subtypes demonstrate higher
expression of ALDHI and SOX2 compared to MS
and BA. BA seems (o express less SOX2 than
healthy tonsil tissue [256]. Both of these genes
have been hypothesized to be cancer stem cell
markers due to their role in self-renewal and plu-
ripotency [259, 260]. The BA subtype expressed
significantly more 7P63 than any other subtype.
Patients in the HPV-negative AT subgroup gener-
ally have the most adverse outcome [144].

7.7  Replicative Immortality
and Stemness

An intrinsic cellular mechanism allows normal
cells to divide only a finite number of times and
blocks cell division beyond a certain limit.
Limited telomerase activity usually results in telo-
mere erosion and activation of proliferative barri-
ers (senescence and crisis/apoptosis) [1]. The
ability of cancer to escape these barriers 1s due o
several mechanisms; reversible polyploidy [2],
CDK1 or survivin overexpression, p33 inactivity,
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and telomerase activation have been well charac-
terized [1, 261-263]. Telomerase activation can
be caused inter alia by the HPV-16 viral E6 pro-
tein [57]. It has been hypothesized that telomeres
are involved in unrestricted proliferation by pre-
venting erosion of the chromosomes [263]. In
accordance, the levels of telomerase activity in
HNSCC tissues are significantly higher than those
in the normal tissues [264] and expression of
telomerase in saliva of the oral cancer patients
was also increased [265]. Furthermore, Mao et al.
detected telomerase activity in 100 % of exam-
ined HNSCC cell lines, in 90 % of invasive
tumors, in 100 % of dysplastic lesions, and in
100 % of examined hyperplastic lesions, whereas
no normal tissues or hyperkeratotic lesions had
detectable elomerase activity [266]. Multivariate
analysis revealed that overall stage, tumor depth,
and telomerase activity were independent vari-
ables associated with poor survival [267].
Telomerase expression in peripheral blood mono-
nuclear cells (PBMCs) was correlated with N
stage and the prognosis of IINSCC patients [204].
At the RNA level, miR-21, let-7, miR-107, miR-
200c, and miR-138 appear to have complex roles

Table 7.3 Biomarkers of stemness

in the modulation of immortality, stemness, and
epithelial-mesenchymal transition (EMT) in
HNSCC [230]. HNSCC tumor cells are morpho-
logically and functionally heterogeneous which
implies they arise from specific progenitor cells
and not merely from the clonal expansion of a
single mutated cell with telomerase activation
[268]. Substantial evidence has shown that a small
subpopulation of cancer stem cells (CSC) is
responsible for tumor initiation and progression.
CSCs are described as a small percentage of cells
in a tumor that are able to self-renew and produce
daughter cells. CSCs are associated with a spe-
cific state of differentiation (¢.g., mesenchymal
features) [269, 270]. EMT is a process by which a
polarized epithelial cell develops a mesenchymal
phenotype, and it appears to be involved in the
process leading to the acquisition of stemness by
epithelial tumor cells [271]. CSCs are highly
important for disease prognosis due (o their cru-
cial role in recurrence and metastasis. Possible
biomarkers associated with CSCs in HNSCC are
summarized in Table 7.3. All mentioned stemness
markers are usually associated with bad
prognosis.

Biomarker Mechanism Detected in References

ABCG2 T mRNA and protein CSC-like subpopulation of tumor cells [272]
expression

ALDHI1 1 protein expression CSC-like subpopulation of tumor cells [273, 274]

CD44 T mRNA and protein CSC-like subpopulation of tumor cells, [275-279]
expression peripheral blood

Oct4 T mRNA and protein Tumor tissue, HNSCC cell lines [55, 280]
expression

Sox T mRNA expression CSC-like subpopulation of tumor cells [269]

Nanog T mRNA expression CSC-like subpopulation of tumor cells [269]

CD133 1 protein expression CSC-like subpopulation of tumor cells [281-283]

Telomerase T protein expression, CSC-like subpopulation of tumor cells [2]
activation

HMGA2 T mRNA and protein Tumor tissue, CSC-like subpopulation of ~ [268]
expression tumor cells

ZEB1/2 T expression Tumor tissue, CSC-like subpopulation of ~ [283]

tumor cells

ADAMI17 T expression Tumor tissue, HNSCC cell line [284, 285]

BMI-1 T mRNA and protein Tumor tissue, CSC-like subpopulation of  [268, 286-288]
expression tumor cells

c-Met 1 protein expression Tumor tissue, CSC-like subpopulation of ~ [111, 289]

tumor cells

(continued)
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Table 7.3 (continued)

Biomarker Mechanism Detected in References

miR-200c¢ | expression Tumor tissue, CSC-like subpopulation of  [230, 288]
tumor cells

Beta-catenin T protein expression Primary HNSCC cell line, CSC-like [280]

subpopulation of tumor cells

GRP78 T protein expression Tumor tissue, CSC-like subpopulation of ~ [290]
tumor cells

LGRS T mRNA and protein Tumor tissue, HNSCC cell lines [291]

(also known as  expression

GPR49)

STAT3 t mRNA and protein Tumor tissue, mouse embryonic stem [35, 292, 293]
expression cells, epiblast stem cells

S100A4 T mRNA and protein Tumor tissue, CSC-like subpopulation of ~ [294]
expression tumor cells, HNSCC cell line

7.8 Invasion and Metastasis

Many studies have investigated variances in
expression profiles of primary and metastatic
HNSCC and discovered that specific gene expres-
sion changes are required for metastasis [295].
One of the key processes facilitating metastasis is
EMT, the process by which a polarized epithelial
cell develops a mesenchymal phenotype. EMT is
associated with elevation of invasiveness, recur-
rence, and a worse prognosis in many cancers,
including HNSCC. During EMT, low E-cadherin
expression and increased vimentin are common
[271, 296]. E-cadherin transcriptional repressors
such as Snail (SNAIT), Slug (SNAI2), ZEB-1/2,
SIP-1, E12/EAT [297, 298], and Twist [299] have
traditionally been implicated in  promoting
EMT. Slug was extremely elevated in the HNSCC
cells in response to hypoxia [300]. Smad2 loss
can increase EMT; the absence of Smad2 can
increase Smad3/4 binding at the Snail promoter
thereby increasing Snail transcription and trig-
gering EMT [8]. Finally, Bmi-1 also regulates
Snail expression and promotes metastasis [301].

Dysregulation of miRNAs has also been
reported during EMT and metastasis, For exam-
ple, Twist can activate the expression of miR-
10b [302] promoting migration and invasion
[230, 303], an association between cancer metas-
tasis and miR-211 expression in OSCC is known,
and miR-211 expression was increased in (umors
with vascular invasion and correlated with poor

prognosis [84, 304]. Overexpression of miR-181
was associated with vascular invasion, lymph
node metastasis, and worsened survival rates.
Ectopic expression of miR-181 promoted inva-
sion and cell migration but did not apparently
promote nor support anchorage-independent
growth of OSCC cells. Increased miR-181 levels
were found in both tumor tissues and plasma
[305]. Oncogenic miR-31 was found (o increase
HIF1-oc expression and tumorigenicity in
HNSCC [306]. Reduced miR-138 expression
was found in highly metastatic cells. Renewed
expression of miR-138 reduced invasion, caused
cell cycle arrest, and promoted apoptosis [307,
308]. MiR-138 has been reported to modulate
invasivity and migration through targeting the
Ras homolog gene family, particularly RhoC and
Rho-associated kinase ROCK2. Restricted miR-
138 expression may cause elongated, spindle-
shape cell morphology, enhance cell stress fiber
production, and increase cell migration and inva-
sion [309]. miR-34¢ is another suppressor of
metastasis that targets ¢-Met (o inhibit cell
erowth and invasivity [310]. miR-203 inhibits
HNSCC lung metastasis by repression of pro-
metastatic factors affecting extracellular matrix
remodeling (SPARC), cytoskeletal dynamics
(LASPI1), and cellular metabolism (NUAKT).
Expression of miR-203 and its signaling net-
work corresponds with HNSCC overall survival
[311]. Results also indicated that stem rencwal
factor Bmi-1 is a direct target of inhibition for
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miR-203 [312]. Furthermore, transfected miR-
133a, miR-133b, and miR-145 (tumor suppres-
sor miRNAs) inhibited cell proliferation and cell
invasion in esophageal squamous cell carcinoma
(ESCC) cells. miRNAs with binding sequences
in the 3'UTR of fascin homolog 1 (FSCNI,
actin-binding protein) decreased oncogenic
FSCNI expression [313]. Renewed expression
of miR-141 and miR-200c significantly
decreased the migration potential of HNSCC
cells [314]. Salivary miR-31 is elevated in OSCC
and may serve as a useful predictor for early
detection and postoperative follow-up [315],
while miR-200a and miR-125a are significantly
under-expressed in the saliva of OSCC patients

Table 7.4 Biomarkers involved in metastasis

[316]. In plasma, miR-31 [317], miR-10b [318§],
miR-24 [319], miR-181 [305], and miR-184
[320] are upregulated in OSCC patients.

EMT appears to be involved in the process
leading to CSC’s occurrence; hence, the biomark-
ers associated with stemness (Table 7.3) can also
serve as melastasis markers, For example, e¢le-
vated expression of ¢-Met supports invasion and
metastasis of oral tongue carcinoma [321, 322].
Other crucial metastasis markers are shown in
Table 7.4. In high-grade HNSCC, dysregulation
of E-cadherin and NF-kB signaling can be found
together with loss of tight and adherens junctions.
Subsequent transformation of cells to a spindle
shape enables movement through the basal

Biomarker Function Expression Detected in References
ALDH1A3 Aldehyde dehydrogenase T mRNA, protein  Tumor tissue, HNSCC  [55]
cell lines
CASP1 Apoptosis | mRNA Tumor tissue [118]
CAV-1 Signal transduction, T mRNA, protein  Tumor tissue, HNSCC  [55, 325]
vesicular transpott, and cell cell lines
receptor localization
CCR7 Chemokine receptor T mRNA, protein  Tumor tissue, HNSCC ~ [326-328]
cell lines
c-FLIP Procaspase-8-like regulator T mRNA, protein  Tumor tissue [329]
of death ligand—induced
apoptosis
CEPS5 Cell cycle regulation, T mRNA, protein  Tumor tissue [112]
cytokinesis
HSulf-1 Modulation of heparin- J mRNA HNSCC cell lines [330]
binding growth factor
signaling
COL17A1 Cell interactions J mRNA Tumor tissue [118]
Cortactin Cell motility and invasion T mRNA, protein  Tumor tissue [331-334]
CXCR4 Chemokine receptor T mRNA, protein  Tumor tissue, HNSCC  [326, 327,
cell lines 335, 336]
DAPK3 Apoptosis J mRNA Tumor tissue [118]
DDR2 Receptor tyrosine kinase T mRNA, protein  Tumor tissue, HNSCC  [337]
cell lines
DSG3 Cell-to-cell adhesion 1 protein Tumor tissue, lymph [338]
nodes, HNSCC cell
lines
DST Regulation of the cell cycle | mRNA Tumor tissue [118]
Hif-Tor TF, hypoxia T protein Tumor tissue, HNSCC ~ [299, 339]
cell lines
IL18 Apoptosis J mRNA Tumor tissue [118]
LRP6 Signaling T mRNA Tumor tissue [118]
Nuclear LKB1 Serine/threonine kinase | nuclear protein ~ Tumor tissue [340]
(continued)

43



Piehledové ¢lanky

1.4

Table 7.4 (continued)

Biomarker Function Expression Detected in References
LOX Lysyl oxidase family, T mRNA, protein  Tumor tissue [341]
important modulators of the
ECM
MMP-2 ECM degradation T mRNA, protein  Serum, HNSCC cell [112, 342, 343]
line, tumor tissue
MMP-3 ECM degradation T mRNA, protein  Serum [344]
MMP-7 ECM degradation T mRNA, protein  Tumor tissue, HNSCC  [55]
cell lines
MMP-9 ECM degradation T protein Serum, tumor tissue [278, 343-346]
MYCN Signaling T mRNA Tumor tissue [118]
NBS1 Cell cycle regulation, DNA  t mRNA, protein  Tumor tissue, HNSCC  [342, 347]
double-strand break repair cell line
NE-«xB Proinflammatory TF T mRNA, protein  Tumor tissue, HNSCC  [149, 323,324,
cell lines 348]
Notchl Single-pass transmembrane 1 protein Tumor tissue [349]
receptor
PPP2R1B Apoptosis | mRNA Tumor tissue [118]
RAC1 Rho family of Ras-related T protein HNSCC cell lines [350]
guanosine triphosphate
(GTP)-binding proteins
RSK2 Cell cycle regulation, T protein Tumor tissue, HNSCC  [351]
proliferation, apoptosis cell lines
Smad2 Mediates TGFf signaling |} mRNA, protein  Tumor tissue [8,352, 353]
Snail TF, regulator of EMT 1 protein Tumor tissue, HNSCC  [8, 299, 301,
cell line, CSC-like 342]
subpopulation of tumor
cells
Survivin Inhibitor of apoptosis 1 protein Tumor tissue, HNSCC  [262, 354, 355]
cell lines
Twist TF, regulator of EM'T T protein Tumor tissue [299, 327]
TLR-4 Interleukin-1R receptor T mRNA, protein  Tumor tissue, HNSCC  [55, 356]
family cell lines
TRIM-29 TF 1t mRNA, protein  Tumor tissue, HNSCC  [55]
cell lines
VEGF/R Angiogenesis T protein, mRNA  Serum, tumor tissue, [204, 207, 345,
HNSCC cell lines 349, 357]
miR10b, miR211, Gene expression regulators 1 Plasma, HNSCC cell [84, 230,
miR 181, lines, tumor tissue 303-306, 358]
miR31
miR138, Gene expression regulators | HNSCC cell lines, [307, 308, 310,
miR34c, tumor tissue 311, 314]
miR203
miR200c
miR141

Adapted and extended from Polanska et al. [15]

MMP matrix metalloproteinase, ECM extracellular matrix, TF transcription factor, EMT epithelial-mesenchymal
transition

have elevated expression in HNSCC cells with
severe metastatic phenotypes suggesting  that
these proteins could have a crucial importance in

membrane and promotes metastasis [323, 324].
Masood et al. showed that ALDHIA3, CAV-1,
MMP-7, OCT-4, TRIM-29, and TLR-4 proteins

44



Ptehledové clanky

1.4

the metastatic potential of HNSCC cells [55].
Rickman et al. compiled a list of metastasis pre-
dictor genes in a four-gene model (FLOT2,
HSDI7B12, KRT17, and PSMD10) that excluded
HPV-positive samples. The four-gene model was
highly predictive for expansion of metastasis
(hazard ratio 6.5; 95 % confidence interval 2.4—
18.1) and predicted occurrence of metastasis with
74 % sensitivity and 78 % specificity [118].
Furthermore, it was reported that tumors with
developed metastases had decreased expression
of genes associated with apoptosis (PPP2RIB,
CASPI, IL18, DAPK3), negative cell cycle regu-
lation (DST) and cell interactions (COLI7AI),
and increased expression of signaling genes such
as MYCN and LRFP6.

7.9 Cell Death Modifications

Impairment of apoptosis is an important con-
tributor to the development of HNSCC. HNSCC
cells evolve many survival mechanisms that
allow malignant cells to evade apoptosis. One
of these mechanisms is loss of function of TP53
tumor suppressor. TP33 is a crucial damage
sensor that triggers apoptosis [ 1]. Alternatively,
tumors may evade apoptosis by elevated expres-
sion of anti-apoptotic agents (Bcl-2, Bcl-xL)
[359] and survival signals (survivin [262, 354,
355]), by downregulation of proapoptotic fac-
tors (Bax, Bim, Puma) [360], or by mechanisms
associated with cell cycle disruption, In partic-
ular, Bel-xL and Bcl-2 overexpression strongly
contribute to the development of HNSCC [361];
they inhibit apoptosis through prevention of
cytochrome c release from mitochondria which
impedes formation of the apoptosome, caspase
activation, and cell death, NF-kB is also a major
survival factor able to upregulate many survival
proteins including Bel-2 [134, 149, 323, 324,
348, 362]. Activation of the Wnt/f-calenin sig-
naling pathway inhibits mitochondria-mediated
apoptosis in HNSCC [363]. MiR-21 was found
to target PTEN, programmed cell death 4
gene (PDCD4), and tropomyosin 1 (TPMI) to
inhibit apoptosis, stimulate (ransformation, and
enhance colony formation [364-366]. Recent

studies demonsirated that miR-21 is also a key
player in the STAT3 anti-apoptotic signaling
pathway [147].

Anoikis is a type of programmed cell death
that liquidates anchorage-dependent cells when
they become detached from the extracellular
matrix (ECM); however, the detached cancer
cells are often resistant to chemotherapy or other
cytotoxic and inflammatory stresses and do not
undergo anoikis. Anoikis is caused by many fac-
tors including insufficient energy production.
Osteopontin is able to upregulate energy metabo-
lism. Interaction between osteopontin-a, which
elevates the cellular glucose level, and osteopon-
tin-c¢, which exploits this glucose to ensure energy
production, is important (o overcome conditions
that lead to anoikis [367]. Resistance to anoikis is
a critical step in metastasis as cancer cells are
better able to survive during invasion and intru-
sion into the blood and lymphatic system [368].
Wnt-/p-catenin-mediated inhibition of apoptosis
and anoikis is dependent on the death receptor
signaling pathway [363]. Mutation of 7P53 can
also participate in resistance to anoikis. For
example, serine substitution of proline at codon
151 of TP53 is a gain-of-function mutation lead-
ing to anoikis resistance and tumor progression
in HNSCC [369]. Furthermore, growth factors
secreted by endothelial cells (e.g., VEGE) could
protect HNSCC against anoikis [370]. 14-3-3
zeta [252], Bel-x(L) [361], Mcl-1 [371], CAV-1
[55, 325], and c-FLIP [329] also repress anoikis
in HNSCC cells. Bitl is downregulated in meta-
static cancer [368]. Other well-known key play-
ers in HNSCC such as IGF-1R, EGFR, MAPK,
RAS, NF-kB, Twist, RACI, and TGF-p have
been shown to suppress anoikis [372, 373].

Autophagy is an important physiological pro-
cess that is usually very low during homeostasis
that can be induced by cellular stress [374]. The
induction of autophagy together with blocked
apoptosis in hypoxic areas allows survival of
tumor cells and promotes an aggressive pheno-
type in immunocompetent murine HNSCC mod-
els. On the other hand, autophagy defects are
associated with neurodegeneration, liver failure,
aging, and some types of cancer [375]. The role
of autophagy in cancerogenesis is complicated
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and probably confexi-dependent. On one hand,
failure to induce autophagy promotes cancer ini-
tiation due to persistent oxidative stress, DNA
damage, and inflammation. On the other hand, a
high level of autophagy facilitates survival of
cancer cells under starvation and probably con-
tributes to treatment resistance [376-378]. Schaaf
et al. demonstrated that ULK1, unfolded protein
response {(UPR), and hypoxia-regulated genes are
associated with autophagy induction, hypoxia
tolerance, and a worse clinical outcome in
HNSCC patients [379]. ULK1 triggers autophagy
by phosphorylating Beclin-1 and activating
VPS34 lipid kinase [380].

7.10 Biomarkers of Treatment
Response

Many biomarkers associated with drug resistance
that are common in cancer stem cells, EMT, and
resistance o cell death were discussed earlier.,
Chemical inhibition of the Ras-related guanosine
triphosphate (GTP)-binding protein Racl, which
controls the organization of the actin cytoskeleton
thereby regulating cell adhesion, polarity, motility,
and EMT, resulted in significant improvement of
HNSCC sensitivity to ionizing radiation and cis-
platin [373]. Treatment-resistant HNSCC were
reported to be CD44 high/EGFR low [381].
Furthermore, many conventional therapies fail
because they utilize apoptotic mechanisms that
require intact p53 signaling [382] or that can be
inhibited by anti-apoptotic proteins such as Bcl-xL
or Bel-2 [383, 384]. Bel-x1. expression was corre-
lated with resistance (o radiotherapy (regardless of
p33 status) [385, 386] and with resistance to che-
motherapeutic agents such as cisplatin, bleomy-
cin, vincristing, doxorubicin, and etoposide [385].
High Bcl-2 expression inhibits cisplatin-induced
apoptosis and predicts poor response to cisplatin
therapy in advanced OSCC [387]. In univariate
and in multivariate analyses of tumor biopsy spec-
imens, the simulianeous detection of bel-2 protein
overexpression and p33 gene mutation was associ-
ated with greater risk of locoregional failure and
worse S-year survival in HNSCC patients treated
by radiotherapy [384]. Downregulation of miR-

296 could significantly decrease the expression of
Bcl-2, P-glycoprotein, and MDR1 and upregulate
the expression of Bax [388].

Hypoxia in tumors modulates release of many
angiogenic factors and cytokines and is associated
with resistance to radiotherapy, treatment failure,
and worse prognosis in HNSCC patients. Toustrup
et al. developed a hypoxia classifier based on the
expression of 15 genes [389]. The expression of
miR-210 in head and neck cancer was in line with
other approaches for assessing hypoxia and was
correlated with locoregional disease recurrence
and poor overall survival [390]. Hypoxia is also
involved in creation of polyploid giant cancer
cells that are important contributors to resistance
[2, 391]. Moreover, the interaction between
HIF-o/MIF and NF-kB/IL-6 axes plays an impor-
tant role in the hypoxia-induced accumulation of
MDSCs and tumor growth in HNSCC [392].

Excision repair cross complementation group
1 (ERCC1) is a crucial element in repairing of
interstrand DNA  cross-links.  Accordingly,
ERCCI may cause resistance to mitomycin C
(MMC) and platinum chemotherapeutics and
might be used to predict a reduced therapeutic
response [393, 394]. ERCC1+ cells exhibit ele-
vated chemoresistance and appeared to be radio-
sensitive and less hypoxic [395]. High ERCC1
expression was associated with better overall sur-
vival rates in HNSCC. Nevertheless, patients
with oropharynx SCC presenting with high
ERCCI expression remain disease-free and have
increased survival rates when compared (0 non-
oropharyngeal squamous cell carcinoma patients
with high ERCC1 expression despite treatment
modalitics and HPV status [396, 397].

Oral cancer overexpressed 1 (ORAOVI)
seems to be a crucial oncogene in OSCC. The
ORAOV1 gene is often amplified in esophageal
SCC and is reported to enhance tumorigenicity
and tumor growth and, together with pyrroline-5-
carboxylate reductase (PYCR), is associated with
resistance to oxidative stress—generating thera-
pies [398]. Moreover, the antioxidant capacity of
lactate may also contribute to radioresistance in
malignant tumors [399].

Subpopulations of Hoechst 33342 dye—resistant
cells termed “side population” (SP) cells manifest
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stem cell characteristics [272]. Hoechst 33342 dye
and also many kinds of cytostatics are exported out
of the cell by the ATP-binding cassette (ABC) fam-
ily of proteins including MRP1, MDR1, ABCG2,
and ABCB5 [401, 402]. SP cells from OSCC are
more chemoresistant, are more tumorigenic, and
show self-renewal characleristics [272]. Finally,
ABCC2/G2 inhibition in HNSCC cells with MK571
sodium salt hydrate markedly enhanced cisplatin
sensitivity [400]. It was also suggested that the
expression of ABCG2 is predictive for tumorous
transformation of oral leukoplakia [401]. Likewise,
elevated ABCBS5 expression correlated with OSCC
recurrence and progression [402]. ABCG2 and
podoplanin protein expression may be useful mark-
ers of erythroplakia progression; 91 % of erythropla-
kic arcas showing immunohistochemical positivity
for both markers in the suprabasal layer of the oral
epithelium became cancerous [403].

Cells in the tumor microenvironment (TME)
have also been shown to induce tumor chemoresis-
tance: (1) by the local release of cytokines that
promote tumor growth and survival, (2) through
specific interactions between tumor cells and
ECM, (3) by oncologic trogocytosis, (4) by the
transformation of primary cancer cells into cancer
stem cells, and (5) by the creation of unique niches
of tumor cells that provide survival advantages to
the tumor following anticancer drug exposure or
hypoxia (including upregulation of growth factors
production by the siromal cells) [404].

7.11 Deregulation of Cellular
Energetics

HNSCC cellular profiles have demonstrated
many differences in the concentration of many
metabolites, including lactate, fumarate, aspar-
tate, alanine, phenylalanine, glycine, isoleucine,
tyrosine, valine, taurine, NAD+, acelate, cre-
atine, glutamine, UDP-sugars, myoinositol glu-
tathione, and AMP/ADP [405]. As glucose is the
main fuel required for ATP production in
HNSCC cells [406], glutamine and glutaminoly-
sis appear to be a major carbon source [405].
The glutamate/glutaming ratio was increased in
HNSCC cells compared to normal human oral

keratinocytes, indicating elevated glutaminoly-
sis [405]. Glucose transporter GLUT1 expres-
sion was associated with poor survival and
increased tumor growth [407].

Many in vitro metabolic studies have indi-
cated that HNSCC cells are glycolytic with
increased L-lactate production (Warburg effect).
Recent in vive studies demonstrated that meta-
bolic diversity and metabolic symbiosis occur in
HNSCC (see Fig. 7.4) [53]. The idea of a sym-
biotic relationship within the tumor microenvi-
ronment is supported by the fact that the
Warburg effect exists in stromal cells rather than
in cancer cells themselves. Cancer cells are able
to consume lactate generated by stromal cells
[408-411]. Accordingly, increased lactate levels
in HNSCC tumors are associated with the occur-
rence of metastases [412, 413]. Curry et al.
reported that MCT1 and MCT4 are functional
biomarkers of metabolic symbiosis in HNSCC
[53]. MCT4 transports L-lactate and ketone
bodies out of cells and may also serve as a bio-
marker of oxidative stress [414-416]. On the
contrary, MCT1 transporter imports ketone bod-
ies and L-lactate into the cell. High MCTI1
expression causes an increase in oxidative phos-
phorylation (OXPHOS) and decreases glycoly-
sis [411, 417]. The expression of MCT4 is
triggered during hypoxia and oxidative stress
through the activation of HIF-1a [418].
Significant MCT4 immunostaining was discov-
ered in a vast majority of cancer-associated
fibroblasts (CAFs) and differentiated carcinoma
cells and was absent in adjacent normal stromal
fibroblasts [53].

Interestingly, the cell proliferative index of can-
cer cells (determined by Ki-67 expression) was
highly correlated with OXPHOS and MCT1
expression (p<(0.001). According to the metabolic
characteristics, three distinct tumor areas were dis-
closed: (1) mitochondrial-rich and highly prolif-
erative cancer cells (MCT1+/1ow MCT4/Ki-67+/
TOMM20+/COX+), (2) mitochondrial-poor and
nonproliferative cancer cells (MCT1-/MCT4+/
Ki-67-/TOMM20-/COX-), and (3) mitochon-
drial-poor and nonproliferative stromal cells
(MCT1-/MCT4+/Ki-67-TOMM?20-/COX-) [53].
Nonproliferative populations (Ki-67-/MCT4+)
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Fig. 7.4 Metabolic symbiosis in HNSCC tumor tissue.
Highly proliferative cancer cells rely on oxidative phos-
phorylation and are mitochondrial-rich with high expres-
sion of MCT1. MCT1 transporter imports ketone bodies
and L-lactate into the cell. Cancer-associated fibroblasts

have also been shown to influence clinical out-
come, possibly due to the ability to provide an
energy source for highly proliferative subpopula-
tions of cancer cells. MCT4 positivity in low-pro-
liferative epithelial cancer cells was associated
with poor clinical outcome (tumor recurrence;
p<0.0001). Similarly, MCT4 positivity was a spe-
cific marker for CAFs (p<0.001) and was predic-
tive for higher tumor stages (p<0.03) [53].

| lactate intake

(CAFs) and nonproliferative cancer cells rely on glycoly-
sis and are mitochondrial-poor with high expression of
MCT4. MCT#4 transports L-lactate and ketone bodies out
of cells. Cancer cells are then able to consume lactate gen-
erated by stromal cells (Adapted from Curry et al. [53])

7.12 Tumor Microenvironment

Tumors are not merely huddles of malignant cells
but are in fact complicated well-organized com-
plex tissue networks able to recruit many other
cell types. Cooperation between tumor cells and
nonmalignant cells creates the tumor microenvi-
ronment (TME). The nonmalignant TME cells
play a complex role and promote all stages of
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tumorigenesis [1]. The TME in HNSCC includes
many different cell types such as carcinoma-
associated fibroblasts (CAFs), normal fibroblasts,
myofibroblasts, endothelial cells (and their pre-
cursors), smooth muscle cells, pericytes, and
immune cells [419]. Key TME cells and their
properties are summarized in Table 7.5,

CAFs are critical elements of the TME par-
ticipating in invasion, proliferation, and metasta-
sis. These cells originate in normal fibroblasts
located in close proximity o the tumor or in cir-
culating mesenchymal stem cells [420]. Mutation
of TP53 in tumor cells is associated with
increased CAF migration to the TME, while
intact p53 protein inhibits migration [421]. Oral

CAFs exhibit cytokerating, MMP-2, vimentin,
and o-SMA-—positive staining, whereas normal
oral fibroblasts express only vimentin [159].
Marsh et al. highlighted the limited prognostic
value of TNM staging and suggested that an
SMA-positive stroma rich for myofibroblasts
might be a powerful marker for the prediction of
OSCC mortality [422]. CAFs express high levels
of MCT4, which is a marker of glycolytic metab-
olism, oxidative stress, and L-lactate and ketone
bodies export from the cell [53].
Proinflammatory factors known to be che-
moattractants for macrophages and neutrophils
are significantly upregulated in CAFs (e.g.,
CXCL-1, CXCL-5, and CCL-2) [423-425].

Table 7.5 Key cells of the HNSCC tissue microenvironment

Markers
a-SMA, integrin a6, FAP,

Cell type

Cancer-associated
fibroblasts

MCT4+, MCT1-

CD4+CD25+FoxP3+
CD8+, TCR, Fas, PD-1

Regulatory T cells
Cytotoxic T cells

Th2 suppressor cells CD4+
CD34+
CD11b+ Grl+ CD31+

CD34* progenitor cells
MDSCs

Th17 T helper cells
CCR6, IL-23R, ROR2C

Tumor-associated
macrophages (M2)

Tumor-associated
neutrophils
Endothelial cells

Adapted and extended from Curry et al. [419]

tenascin-C, desmin, NG2, POSTN,
PDGFR «/f, palladin, podoplanin,

CD4+, CD161 downregulation,

Secreted factors References

HGE, FGF-2,1GF-2, [53, 420, 422,
CCL-2, CXCL-1, 425-427, 441-444]
CXCL-5, CXCL-12, [440]

TGF-p, MMP-2,
MMP-9, VEGF, PDGF,
type IV collagen,
Coll5-binding integrins,
tenascin-C and
tenascin-W, PGE-2
1L-10, 1L-12, TGF-p
Perforin, granzymes,
granulysin

IL-4, IL-6, IL-10
TGF-p

IL-10, arginase, ROS,
RNS, VEGF

IL-17A, IL-17F, 1L =21, [447, 448]
1L-22, 1L-26

1L-10, IL-6, PDGEF
TGF-p, MIF, EGF,
CSF-1, MMP-9,
CXCL-2,CXCL-8,
VEGEF, ROS, RNS,
PGEs, CCL-17, CCL-18,
CCL-22

MMP-9, VEGF, HGE,
elastase, ROS, PGEs
1L-6, CXCL1, CXCLS,
endothelins

[184, 445]
[184, 445]

[184, 445]

[184, 445]
[188, 392, 446]

[134, 436, 437,
449-451]

[450-452]

[159, 430]

Abbreviations: ROS reactive oxygen species, RNS reactive nitrogen species, MIF macrophage migration inhibitory

factor
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CAF-produced FGF-2 and VEGF then boost the
process of angiogenesis. Known factors that stimu-
late tumor cell proliferation (SDF-1/CXCL-12,
insulin-like growth factor-2 (IGF-2), and HGF)
are also secreted by CAFs. Moreover, CAFs
enhance tumor invasion through the secretion of
tenascin-C, tenascin-W, HGF, and MMPs along
with TGF-p [420, 426]. CAFs and cancer cells
can produce sphingosine-1-phosphate (S1P) and
prostaglandin E2 (generated by COX-2 activa-
tion) that can cause chemoresistance and can
enhance cell survival through the PI3K-Akt/PKB
pathway [427, 428]. Taken together, CAFs can
promote tumor progression in several aspects
through their ability to produce elevated levels of
various growth factors, cytokines, ECM proteins,
and MMPs [429].

The ability of cancer cells to produce angio-
genic factors to create and maintain tumor vascu-
lature has been well described; and the important
influence of factors produced by endothelial cells
on the tumor cells, in this regard, is also known,
Gene expression analysis demonstrated that EGE,
IL.-6, and [1.-8 are upregulated in cocultures of
endothelial cells and HNSCC [430]. Inactivation
of EGF, IL-6, or IL-8 secreted by endothelial
cells (with antibodies or gene silencing) blocked
phosphorylation of Akt, ERK, and STAT3 in
tumor cells. Bcl-2 signaling is known to trigger
the production of EGE, 1L-6, and I1.-8, which
could be a mechanism for the upregulation of
these cytokines in tumor-affected endothelial
cells [430]. Bel-2 gene expression is remarkably
higher in the tumor-associated endothelial cells
of HNSCC patients compared to endothelial cells
derived from the normal oral mucosa [431]. Zeng
et al. reported that Jaggedl (the Notch ligand),
induced via growth factors and mitogen-
activaling protein kinase, caused Notch activa-
tion in endothelial cells adjacent to HNSCC and
promoted capillary-like sprout formation [432].
Mast cells, also known as a mastocytes, are gran-
ulocytes that directly cooperate with endothelial
cells to stimulate angiogenesis [433]. Enhanced
mastocyte numbers during HNSCC progression
correlated with angiogenesis [434, 435].

Macrophages are usually the most common
immune cell population in the TME. Recruitment

of circulating monocyte precursors (riggers their
differentiation into tumor-associated macro-
phages (TAM). The CCL-2 chemokine produced
by tumor cells may be an important TAM che-
moattractant along with other molecules such as
TGF, VEGF, PDGF, and macrophage colony-
stimulating factor (M-CSF) [134]. The pheno-
type of TAM resembles M2 cells with pro-tumor
functions such as inhibition of Thl adaptive
immunity, production of growth and survival fac-
tors (e.g., EGE 1L.-6, and 11.-8), the secretion of
angiogenic factors (e.g., VEGF, PDGF, TGF),
and a variety of chemokines. TAM can also
induce the degradation and remodeling of ECM,
via the expression of MMPs, and suppress Thl
adaptive immune responses through the produc-
tion of immunosuppressive mediators (e.g.,
IL-10, PGE2, TGF) and chemokines capable of
recruiting Th2 cells (e.g., CCL.-17, CCL-18, and
CCL-22) [436, 437]. Taken together, TAM plays
an important role in support of tissue remodeling,
tumor progression, and angiogenesis, while sup-
pressing Thl-type adaptive immunity [438].
Tumor cells are challenging opponents. The
high level of genetic instability in cancer has
proven to be a difficult barrier to overcome with
specifically targeted therapies. Tremendous
redundancy of the key pathways driving (umori-
genesis is another challenge that we have not
been able to conquer and, with single target thera-
pics, probably never will. It is necessary to
achieve complex knowledge of tumor biology in
order (o create more effective therapies. If we are
not able to hit tumor cells directly, therapies might
need to be focused to eliminate malignant col-
laborators or to interrupt communication between
tumor cells and their host cells in the TME. CAFs
appear o be genetically stable and might provide
reliable targets for immunotherapy [439].
Activated CAFs express some specific molecules
such as alpha-smooth muscle actin (x-SMA),
fibroblast activated protein (FAP), tenascin-C
(TN-C), periostin (POSTN), neuron-glial anti-
ecn2 (NG2), PDGFR ofp, podoplanin, and palla-
din [440]. TME-directed therapies can also target
proteins and networks that mediate crosstalk
within tumor stroma. For example, targeling
Galectin-1 in CAFs inhibited OSCC metastasis
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by

downregulating MCP-1/CCL2 expression

[425]. A more comprehensive approach such as
this, in which the complexity of malignancy is
taken into account, could produce promising
results and provide more effective treatments.
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1.4.3 Role zinku a médi u HNSCC - review a meta-analyza

Vseobecny trend identifikovat prognosticky vyznamné molekuly se typicky zamétuje na stu-
dium na urovni genomiky ¢i proteomiky. K odlisSnostem nadorovych a nenadorovych bunék
patii ale také alterace metabolismu'? — typicky vznikajici jako konsekvence selekéniho tlaku
hypoxie v nadorovém lozisku. Diagnosticky potencidl je proto mozné spatfovat také na irovni
metabolomiky ¢i metalomiky.

Kovy jsou typickymi kofaktory Sirokého spektra enzymt. Od sedmdesatych let dvacatého sto-
leti vzrostl pocet studii poukazujicich na fakt, Ze zejména zinek a méd’ jsou vyznamnymi
regulaénimi mechanismy fyziologickych procesi. Ve studiich zejména poslednich let je pouka-
zovano na fakt, Ze tyto kovy zasahuji do vyznamnych ,hallmarks® — do regulace apoptozy,
genové exprese, diferenciace bun¢k. Zmény v hladinach téchto kovi jsou pak spojeny s rozvo-
jem patologii v&. nadorovych®® %.

V meta-analyzach Gumulec ef al. zamé&fujicich se na studium hladin zinku®’ a zinek-vazajiciho
proteinu metalothioneinu*? bylo prokazano, Ze u spinoceluldrnich a ovarialnich nadorti dochézi
k signifikantnimu nérlstu exprese zinek-vazajiciho metalothioneinu v nddorové tkani a naopak
k poklesu této molekuly u hepatocelularnich karcinomu. Signifikantni pokles koncentrace zi-
necnatych iontti byl prokazan nejen v prostatické nddorové tkani, ale také u hepatocelularnich
nadori, nemalobunéénych karcinomt plic a u naddoru §titné zlazy. Zajimavym zjisténim prace
byl fakt, Ze u karcinomil prsu byl prokézan signifikantni vzestup koncentrace zinku oproti kon-
trole v nddorové tkani.

Na tato review navazuje prace Ressnerova et al.”®

na str. 72, zaméfujici se vyhradné na diagnos-
ticky a terapeuticky potencidl té€chto kovli u HNSCC. Vyjma zinku je v praci fokusovano také
na méd’ a jeji transportni mechanismy. Bylo zjisténo, ze v séru pacienti s HNSCC dochazi
k signifikantnimu snizeni hladiny zinku a ke zvySeni koncentrace médi a méd’-vazajiciho ceru-
loplazminu. Naopak, v nddorové tkani bylo zjiSténo signifikantni zvySeni jak zinku (a zinek-

vazajiciho metalothioneinu), tak médi (viz obr. na str. §83).

Ressnerova A, Raudenska M, Holubova M, et al. Zinc and Copper Homeostasis in Head and
Neck Cancer: Review and Meta-Analysis. Current Medicinal Chemistry. 2016;23(13):1304-
1330.

Impakt faktor (2016): 3.455 Pocet citaci (6/2018): 3
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Zinc and Copper Homeostasis in Head and Neck Cancer: Review and

Meta-Analysis
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Abstract: Metals are known for playing essential roles in human physiology. Copper and
zinc are trace elements closely dependent on one another and are involved in cell prolifera-
tion, growth, gene expression, apoptosis and other processes. Their homeostasis is crucial

Jaromir G

and tightly controlled bv a resourceful system of transporters and transport proteins which deliver copper and
zine ions to their target sites. Abnormal zine and copper homeostasis can be seen in a number of malignancies
and also in head and neck cancer. Imbalance in this homeostasis is observed as an elevation or decrease of
copper and zinc 1ons in serum or tissue levels in patients with cancer. In head and neck cancer these altered
levels stand out from those of other malignancies which makes them an object of interest and therefore zine
and copper 1ons might be a good target for further research of head and neck cancer development and pro-
gression. This review aims to summarize the physiological roles of copper and zinc, its binding and transport
mechanisms, and based on those, its role in head and neck cancer. To provide stronger evidence, dysregula-

tion of levels is analvsed by a meta-analvtical approach.

Keywords: Zinc, copper, ceruloplasmin, metallothionein, cancer, head and neck tumour, metallomics, meta-

analysis.

1. INTRODUCTION

Cancer is a major public health problem and after
heart diseases the second leading cause of death. The
most common cancers include lung, breast, prostate
and head and neck. While a lot of attention is focused
on the first three neoplasia, tumours of head and neck
are discussed relatively less frequently. Every year,
650,000 patients are newly diagnosed with this cancer
and 350,000 of these patients die every year due to this
disease. That makes head and neck cancer the sixth
most common type of cancer worldwide [1]. In the
USA in 2015 there were expected to be 45,780 new
cases and 8,650 deaths of patients with cancer of the
oral cavity and pharvnx [2]. The attention these tu-
mours should attract is based on a very poor prognosis
- the five year survival outcomes of patients are approx.
40-50 %.

*Address correspondence to this author at the Department of Patho-
logical Physiology, Faculty of Medicine, Masaryk University,
Kamenice 5, CZ-625 00 Brno, Czech Republic; Tel: +420-5-4949-
8526; Fax: +420-5-4949-4340; L-mail: j.gumuleci@med.muni.cz

0929-8673/16 $58.00+.00
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The vast majority of head and neck cancers are
squamous cell carcinomas. Anatomically, cancers of
head and neck may arise from the epithelium of any
part of the upper aerodigestive tract including the oral
cavity, nasal cavity, nasopharynx, oropharynx, hypo-
pharynx, larynx and paranasal sinuses. Alcohol
consumption, tobacco smoke [3] and also infection
with human papillomavirus (HPV) [4] have a role in
the pathogenesis of head and neck cancer.

Early detection is key for the successful therapy of
any malignancy and this is also applicable for tumours
of the head and neck. However, alternative diagnostic
techniques and novel anticancer agents are needed. Di-
agnosis of this type of cancer has several limitations.
There are numerous tumour markers for the most
common types of cancers — prostate (prostate-specific
antigen PSA), breast (CA15-3, CA27.29, BRCA,
HER?2, oestrogen receptor ER, CEA and others), lung
(EGFR, cytokeratin fragments 21-1, ALK and others).
However, no such casy-to-detect substance has been

© 2016 Bentham Science Publishers
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described for head and neck cancer. Therefore it is nec-
essary to dig deeper into the molecular mechanisms of
cancer and focus on mechanisms that can be targeted
by specific therapies.

Since the Seventies, numerous pieces of research
have pointed out the fact that various metals — notably
zinc and copper — are important regulators of physio-
logical and pathological processes. However, the ex-
pansion of molecular biology has tended to downplay
the role of metallomics, but in recent years it has been
pointed out that metals are involved in crucial proc-
esses such as apoptosis, gene expression or cell differ-
entiation. Consequently it is not surprising that an al-
teration of the metal-level-regulators may lead to the
development of various diseases, including cancers.

Recently, it has been found that the levels of zinc
ions and zinc-binding protein metallothionein differ in
head and neck tumours compared to other epithelial
malignancies — prostate, breast, gynaecological, lung
and others [5, 6].

This review aims to summarize the physiological
roles of copper and zinc and based on those, the role of
these ions in head and neck cancer will be outlined, as
well as possible diagnostic and therapeutic implications
for this disease.

2. PHYSIOLOGICAL ROLE OF ZINC AND
COPPER

Up to 10 % of human protecome encodes zinc-
binding proteins (ca. 2800 proteins). [7]. Zinc plays an
essential role in catalysis and gene expression, it is also
involved in apoptosis, signalization, regulation of cell
differentiation, proliferation [8, 9] and is also a funda-
mental element for the immune system [10]. Zinc plays
an essential catalytic function in hundreds of enzymes
from all classes of enzymes [11]. Zinc finger proteins
are involved in the initiation of transcription and gene
expression and are typical for having zinc finger tran-
scription motifs which interact with DNA, RNA or pro-
teins [8, 12].

Copper is also an essential component in gene ex-
pression, cellular respiration, free radical defence, syn-
thesis of melanin pigment, connective tissue biosynthe-
sis, erythropoiesis and cellular iron metabolism and
also affects enzyme activity as an allosteric component
of catalytic centres of several cuproenzymes. Copper
plays a role in oxidation—reduction reactions due to its
ability to cycle between oxidised, Cu(Il), and reduced,
Cu(]) states [13, 14].
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Zinc and copper are trace elements heavily depend-
ent on each other. In this chapter, physiological mecha-
nisms will be described, ranging from copper and zinc
uptake to transport to the target sites in the body.

2.1. Dietary Requirements, Daily Intake and Toxic
Levels

Zinc and copper are both trace elements required for
survival, thus deficiency or overload has fatal conse-
quences. It is therefore necessary to maintain dietary
requirements to avoid these conditions which can lead
to various types of diseases including cancer.

2.1.1. Zinc

USDA reports the daily reference intake to be 11
mg/day and 8 mg/day for males and females, respec-
tively. Although the majority of the Western population
is without signs of deficiency [15], rare cases of zinc
deficiency illustrates the role of this transition metal: it
leads to growth retardation, sexual and skeletal matura-
tion delay, behavioural changes [16] and dysregulation
of immunity functions [17]. On a cellular level, it can
have a pro-apoptotic effect [18] and upregulates p53
expression [19]. However, low intracellular zinc leads
to increased oxidative DNA damage and reduces the
ability of p53, NF-kB, and activator protein 1 (AP1) to
bind to consensus DNA sequences [20]. Zinc defi-
ciency might be connected with the development of
cancer [19]. However, not only zinc deficiency, but
also zinc overload can be connected with an increased
risk of neoplastic formation [21]. These consequences
are discussed in a later part of this text. Upper limits of
zinc intake were established as 35 and 45 mg/day for
female and male, respectively. High zinc intakes can
also cause dysregulation of other trace elements' me-
tabolisms, for example copper deficiency [16].

2.1.2. Copper

The average normative requirement for healthy
adults is 0.9 mg/day [16]. Similarly to zinc and accord-
ing to numerous studies, copper deficiency is a rather
marginal problem [13, 22]. It manifests with haema-
tologic abnormalities such as anaemia and neutropenia
[23, 24]. High zinc and iron intakes can result in copper
deficiency [23, 25, 26]. Patients with Menkes disease
have systemic copper deficiency [27] resulting from
inherited mutations in the gene encoding Menkes cop-
per-translocating P-type ATPase — ATP7A [28]. Pa-
tients with Wilson’s disecase accumulate copper in tis-
sues, especially in the liver [29]. This is due to a muta-
tion in copper-translocating P-type ATPase — ATP7B
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[28]. P-type ATPases are described in a later part of
this text.

The upper limit to the safe range of population
means the intake of copper for adults has been set at 12
mg/day for men and 10 mg/day for women [16]. The
richest dietary sources of copper are considered to be
viscera — especially liver, shellfish, nuts, seeds and
grains. The major source of excessive copper is mostly
from drinking water [30]. On the other hand, fruit,
vegetables and dairy products tend to have a small
amount of copper [13, 31]. The amount of copper in
foods depends on the soils on which the food is grown
and the contamination before and after the food reaches
the market place [31].

2.2. Intestinal Absorption

Copper(I) and zinc(II) received in the diet are trans-
ported though the enterocytes to the portal circulation
with the cooperation of various metal-binding proteins
and transporters. Here we describe the mechanism of
copper(I) and zinc(Il) uptake from the lumen of the
intestine through the membrane of the enterocytes.

2.2.1. Zinc

Exogenous zinc(Il) is absorbed via the small intes-
tine. The highest rate of zinc(Il) absorption is in the
jejunum compared to the other parts of the small intes-
tine [32] A negative regulatory mechanism exists: in-
creased dietary zinc(IT) uptake causes decreased
zinc(I) absorption and increased excretion and vice
versa [33]. In addition, intestinal absorption is stimu-
lated with the presence of glucose [32].

Because zinc(Il) cannot pass through membranes
freely, special transport proteins evolved. These trans-
porters belong to the ZIP and ZnT families and are dis-
cussed in a subsequent chapter of this review. Although
the majority of these transporters are localised on all
cells, some are mentioned here due to their particular
role in enterocytes.

The major transporter mediating the transfer of
zinc(I1) to enterocytes is ZIP4. It is a protein located on
the apical side of enterocytes (see Fig. 1) [34, 35]. In
the case of zinc(Il) deficiency, the gene expression of
this transporter clevates accordingly [34]. Another
zinc(Il) transporter ZIP5 has an antagonistic function,
compared to ZIP4 (see Fig. 1). Although this trans-
porter is expressed ubiquitously, in the intestine it is
located on the basolateral surface of the enterocytes
and contrary to ZIP4 is degraded during periods of die-
tary zinc(IT) deficiency [36, 37]. Along with the knowl-
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edge of the antagonistic roles of ZIP4 and ZIPS5, these
proteins might play an important role in the control of
zinc(II) homeostasis, presumably by removing zinc(Il)
from the blood in periods when the dietary zinc(Il) in-
take is abundant [36]. In this way the above-mentioned
autoregulatory intake mechanism is maintained.

ZnT-1 transporter is also localized on the baso-
lateral surface of enterocytes [38]. It controls zinc(II)
efflux from the enterocytes into the circulation (see
Fig. 1) [39]. Zinc(II) supplementation in rats led to the
elevated expression of ZnT-1 protein and elevated lev-
els of ZnT-1 mRNA [38].

Zinc(Il) is ubiquitously localised in all the tissues
and fluids of the human body. The total amount of
zinc(Il) in a healthy human body is approximately 2 g
[16]. Most of the zinc(Il) can be found in muscle and
bone tissue. The highest concentrations of zinc(Il) in
humans can be found in the liver, kidney, pancreas,
eye, prostate, prostatic secretions and sperm [9, 33].

2.2.2. Copper

After digestion of food in the stomach and duode-
num, copper is absorbed in the small intestine [13]. The
gastrointestinal system of humans is able to absorb 30—
40 % of copper from the diet [40]. When dietary cop-
per intake is high, more copper is absorbed, but copper
uptake is less efficient. When the dietary copper intake
is low, a higher percentage of copper is absorbed and
this metal is absorbed more efficiently [41]. As previ-
ously mentioned, high zinc intake can result to copper
deficiency. This is due to an antagonistic effect of zinc
on copper absorption. [42, 43].

Metallothionein (MT) is an important zinc binding
protein which has however a higher binding affinity to
copper than to zinc [44, 45]. Larger zinc intakes induce
MT synthesis, therefore if MT is present in excess it
binds copper to a significant extent. This complex of
metallothionein and copper is then excreted which in
turn can lead to copper deficiency when this happens
for a long period of time [46, 47].

Similarly to zinc, copper is also transported to cells
by special transporters. Copper(I) is present in oxi-
dized form in the intestinal lumen. Metalloreductases
from the STEAP metalloreductase family (genes-
STEAPI, STEAP2, STEAP3) reduce copper(Il) to cop-
per(D) state. This reduced form is required for transport
through the membrane. STEAP proteins also stimulate
copper(l) uptake into the cells in vitro [48].

Transport of copper(I) to the intestinal cells happens
via Ctrl transporter (see Fig. 1) [49].
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inferior vena cava

small
intestine

Fig. (1). Copper and Zinc homeostasis in body. Zinc(1l) from the diet enters the enterocytes via ZIP4 transporter. Within the
cell binds to the Metallothionen (MT) — mobile pool and to the Zn-binding proteins- immobile pool. This intracellular zinc
binding might be applicable to every cell in the body, not only to the enterocytes. Zinc efflux from the enterocytes to the portal
circulation is provided by the ZnT1 transporter. ZIPS transporter is responsible for zinc influx from the blood to the cell. Cop-
per(I) enters the enterocytes via DMT1 and Ctrl transporters (Steap reductase is not shown). Within the enterocytes binds to
Atox1 which delivers copper to the Golgi network to ATP7A. ATP7A translocates from the Golgi to the basolateral site of the
cell and promotes copper(I) efflux to the portal circulation. In the plasma, zinc(II) binds to the a2-macroglobulin and albumin.
Albumin delivers zine(II) to the liver from which is distributed to the target organs. Copper(Il) in the plasma is present in oxi-
dised form and carried by albumin and transcuprein to the liver where copper(l) incorporates to the ceruloplasmin (Cp). Ceru-
loplasmin is then transported by circulation to the target organs. Excess copper(I) is secreted into the bile by ATP7B transloca-
tion to the apical site of hepatocytes and excreted from the body.

Another type of copper(I) uptake pathway in en-
terocytes is via DMT1 (known also as DCTI1 and
Nramp2) metal transporter (see Fig. 1). DMT]1 trans-
porter is located on the apical side of the intestinal
cells. It’s the only transporter responsible for iron ab-
sorption from the lumen of the intestine. Apart from
iron, this transporter is capable of the transport of other
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divalent ions e.g. Cd*', Mn®", but it has been discov-
ered that DMT] is also a physiologically relevant cop-
per(I) transporter. According to Arredondo at least 50
% of copper(l) transport is via DMT1 transporter. Also
uptake competition between iron and copper(l) is ob-
served: iron uptake is depressed when extracellular
copper is elevated and vice versa [50, 51].
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Johnson et al. found out that men had significantly
lower copper absorption (64 %) than women (71 %),
but this difference disappeared at the age of 60 and
older. The body of a healthy 70 kg human adult con-
tains 80—-120 mg of copper [16, 31, 52] and according
to Linder, there is 10 mg of copper in the liver, 8.8 mg
in brain and 6 mg in blood [53].

2.3. Serum Transport

After delivery to the bloodstream, free zinc(Il) and
copper(Il) ions are maintained in the pico- to nanomo-
lar range, because of its reactivity the majority is bound
to special carriers delivering ions to the target sites of
the human body. Due to differential mechanisms in-
volved in serum transport, zinc and copper are dis-
cussed in separate chapters.

2.3.1. Zinc

Plasma concentration of zinc(Il) ranges from 12-16
uM [17]. However, zinc(Il) plasma levels are signifi-
cantly higher in the morning than in the afternoon.
Zinc(IT) plasma levels of men are significantly higher
than in women, but this varies with age. Mean serum
zinc(Il) levels in men change from low in childhood,
increase during adolescence and progressively decrease
in the older adult. In females, this trend is much less
pronounced [54, 55].

The major zinc(Il) binding protein in plasma is al-
bumin which binds 60 % of plasma zinc(IT).

Albumin is synthesized in the liver, then released to
plasma where it acts like a carrier for poorly water-
soluble molecules, metal ions and other compounds.
Albumin is important for the maintenance of the on-
cotic pressure and is an important antioxidant [56]. De-
crease of zinc(Il) concentrations in plasma in the eld-
erly population might be due to an increase in oxidative
stress in ageing people when zinc ions are being dis-
placed from albumin [57, 58]. In terms of albumin
binding, other conditions such as inflammation play a
distinctive role in zinc(IT) depletion [58].

Following albumin, 30 % of plasma zinc(Il) is
bound by a2-macroglobulin and the remaining 10 % is
bound to transferrin [59]. After absorption of zinc(IT)
from the intestine into the circulation, albumin delivers
zinc(IT) to the liver and then it is transported to the tar-
get tissues (see Fig. 1) [60].

2.3.2. Copper

Plasma copper(Il) is oxidized. Plasma or serum
copper(Il) in healthy individuals is in the range 0.8—1.2
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ng/ml [16]. Its levels increase with age attaining a
maximum in the 60’s and then slowly decreasing [31].

Following absorption, copper(I) is transported in
serum via albumin and transcuprein [61] to the liver
where it is incorporated into liver synthesized cuproen-
zyme ceruloplasmin which ultimately carries six cop-
per atoms strongly coupled in the molecule. Ceru-
loplasmin is then secreted to plasma (see Fig. 1) [62-
64]. Ceruloplasmin is a multifunctional major copper-
containing protein, binding more than 95 % of total
serum copper(Il) [16, 31].

The remaining amount of copper(Il) is bound to al-
bumin and to a lesser extent, amino acids [31]. Apart
from copper(Il)-transport abilities, [65] ceruloplasmin
also acts as ferroxidase, accordingly it also plays an
important role in the metabolism of iron [66, 67]. Ceru-
loplasmin is an antioxidant because of its superoxide
radicals-scavenging activity [68] and is also an acute
phase reactant so its plasma levels are elevated during
pregnancy, infections and inflammation [68, 69]. Ceru-
loplasmin is also involved in tissue angiogenesis [70]
and coagulation [71].

2.4. Cellular Transport and Intracellular Buffering

In a similar way to plasma, free zinc(I) and cop-
per() ions are maintained in very small amounts in
cytosol. This is due to transporters and transport pro-
teins within the cells which can be considered as a
“shuttle service™ due to its ability to provide influx,
intracellular delivery and efflux of copper(I) and
zinc(Il) depending on the needs of the individual cell.

2.4.1. Zinc

Zinc(Il) is transported through the membranes via
zinc transporters. There are two zinc-transporter fami-
lies — ZIP (SLC39) family, responsible for the influx of
zinc(ID) to the cytoplasm from the outside of the cell or
from the organelle lumen and ZnT (SLC30) family re-
ducing the cytoplasmic zinc(IT) by efflux from the cy-
toplasm to the outside of the cell or to the organelles
[72, 73]. Both of these families are widespread, from
prokaryotic to eukaryotic organisms, including bacte-
ria, fungi, plants and mammals [74-77]. Although they
have different numbers of transmembrane domains,
both ZIPs and ZnTs share similar characteristics in a
long loop region with histidine rich motifs. It’s sup-
posed that these motifs might be liable for binding of
the metal during transport [72, 76]. Members of both of
these transporter families are described in a number of
reviews [77-79].
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ZIP transporters were first described in Saccharo-
myces cerevisiae [80]. ZIP transporters have 14 mem-
bers in humans [74, 77]. It is assumed that ZIP trans-
porters have eight transmembrane domains [72, 76].
ZnT transporters were {irst described by Nies and Sil-
ver [81]. have 10 members in humans [82] and can be
divided into three subgroups, but only II and III are in
mammals [74]. It is assumed that most of the transport-
ers from the ZnT family have six transmembrane do-
mains [38, 83]. ZIP and ZnT transporters play an im-
portant role in various diseases including cancer: these
mechanisms are discussed in a subsequent chapter.

The majority, 99 %, of total body zinc(Il) is local-
ized intracellularly and bound or associated with pro-
teins and for that reason free intracellular zinc(ll) is
very low — approx. < 0.01 % [9, 84] and forms a non-
protein bound zinc pool. 90 % of total zinc(II) in intra-
cellular compartment binds tightly to the large number
of zinc-binding metalloproteins, metalloenzymes and
nucleoproteins where zine(lI) is a structural component
or cofactor. This tightly bound zinc(ll) forms an im-
mobile, nonreactive zinc pool [8, 85]. The rest, about
10 % of total intracellular zinc(IT) binds loosely to zinc
ligands, such as ZnHistidine, ZnCysteine, ZnAspartate,
ZnGlutamate, ZnCitrate and mainly to metallothionein.
This fraction of zinc(I1) binding proteins acts as a mo-
bile, reactive zinc(1l) pool (see Fig. 1) [83] and forms a
buffering system which protects zince(Il) from unlim-
ited and unspecific binding with “wrong™ metallopro-
teins. Without this buffering system, many metallopro-
teins would be dysfunctional and potentially cause cell
death [86]. Nevertheless, according to the Maret study,
to date there is still a lack of evidence regarding the
clear chemical definition or molecular basis of terms
such as: labile, mobile, rapidly exchanging/highly ex-
changeable or loosely bound zinc. Consequently this
author proposes to designate the pool as “free zinc™
without dependence on the coordination environment
of the zinc ions to proteins [87].

Metallothionein (MT) — the major mammalian en-
dogenous cysteine-rich zinc-binding metalloprotein —
binds three divalent metal ions with its f-domain and
four divalent metal ions with a-domain [88]. MT buff-
ers zinc(Il) in cytosol and thus contributes to the main-
tenance of very low free zinc(II) levels [84]. It transfers
zinc(I1) to enzymes and this distribution is possible in
both directions — from enzymes to thionein (the apo-
form of metallothionein) and from metallothionein to
the apoenzymes [89]. It has been demonstrated that MT
also protects cells against oxidative stress by quenching
radicals and the expression of metallothionein is in-
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creased by ROS and oxidative stress [90-92]. When
there is an excess of zinc(ll) within the cell, MT (and
also efflux transporter ZnT-1) expression is induced by
zinc(II) itself which binds to the metal regulatory tran-
scription factor 1 (MTF-1) [93]. MTF-1 then translo-
cates to the nucleus where it binds to metal responsive
elements of metallothionein and ZnT-1 promoters and
starts gene expression [94].

2.4.2. Copper

Copper(l) transport into the cell is provided by a
family of Ctr transporters [95]. In a human genome,
genes SLC31A1/CTR1 and SLC31A2/CTR2 are en-
coding proteins Ctrl and Ctr2. both genes are located
in 9q31/32. [96, 97]. Members of Ctr family transport-
ers are structurally conserved from yeast to mammals
[98].

Ctr]l and Ctr2 have copper(l) and cis-platin as pre-
dominant substrates [97, 99], their expression is age
dependent [100] and are expressed in all tissues and
organs, with the highest expression in liver [96].

Ctrl transporter is responsible for high-affinity cop-
per(I) uptake (see Fig. 2) and was first described in
Saccharomyces cerevisiae in 1994 [95]. The physio-
logical role of copper(l) transporter Ctrl was studied in
mice with inactivated CTR1 genes by targeted mutage-
nesis. In mice with homozygote deletion of CTR1
(with complete deficiency for Ctrl), early embryonic
lethality was observed and mice died in utero in mid-
gestation, suggesting that Ctr] copper transporter plays
an important role in mammalian embryonic develop-
ment [101]. Ctrl is also important for copper(I) uptake
in the brain [101] and spleen [102]. Overexpression of
Ctrl leads to enhanced copper(I) uptake in mice [103,
104].

Localization of Ctrl transporter depends on the cell
type. Some carcinoma cell lines (HeLa, A549, H441,
HepG2) have Ctrl located in cytoplasmic vesicular
compartments around the nucleus [105]. Localization
of Ctrl transporter in the polarized epithelial cells of
the intestine is still unclear and results of various stud-
ics are contradictory. Expression of Ctrl occurs mainly
near the apical membrane [106, 107]. Ctrl in entero-
cyles is essential not only for dietary copper(l) uptake
and delivery to peripheral tissues, but is essential for
prevention of copper(l) hyperaccumulation in intestinal
epithelial cells. This was demonstrated in CTRI
knockout mice [49]. Another study detected Ctrl trans-
porters at the basolateral surface of enterocyvtes sug-
gesting that it mediates the uptake of copper from the
bloodstream to the enterocytes [51].
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Another member of the Ctr family is Ctr2 trans-
porter. Ctr2 transporter is a low-affinity copper(l)
transporter and is localized in endosomes, lysosomes
[108] and in plasma membrane [109]. However its
function in copper(l) uptake to the cells is poorly un-
derstood.

Free copper(I) within the cells is toxic and this hap-
pens particularly when there is excess copper(l) in the
organism. In that case free copper(l) starts to accumu-
late, reacts and makes highly reactive hydroxyl radicals
which are the most powerful oxidizing radicals that can
appear in biological systems and can damage lipids,
proteins and nucleic acids [110-112]. However, simi-
larly to zinc(Il), there is less than 0.01 % of free cellu-
lar copper(l) in the cell cytoplasm [113] because only
bounded copper(l) is found within cells. Inappropriate
copper(l) binding with other cellular components must
also be prevented. For that reason, a highly specialized
system of copper(l) chaperons exists inside the cells.
Chaperons deliver copper(I) to intracellular targets
[114-116]. There are three recently discovered main
copper-delivery pathways connected with chaperons —
Copper transport protein ATOX1 (Atoxl), Copper
chaperon for superoxide dismutase (CCS) and Cyto-
chrome ¢ oxidase copper chaperone (Cox17). Here
their functions are briefly described.

Copper transport protein ATOX1 (Atox1) (gene -
ATOX1) [117] is a human homologous copper chaper-
one first discovered in saccharomyces cerevisiae as
metal homeostasis factor ATX1 (gene - ATX7) [118].
When copper(l) crosses the plasma membrane, it binds
to Atoxl chaperon and is delivered to membrane-
bound copper-transporting P-type ATPases in trans-
Golgi network [114, 117]. P-type ATPases accept cop-
per(I) from Atox1 and transport it through the mem-
brane into the lumen of Golgi where copper(I) incorpo-
rates into various cuproenzymes, and is then delivered
to the secretory pathway [119, 120]. P-type ATPases
are located in trans-Golgi membrane and their main
role is to supply copper(I) to cuproenzymes when there
is an excess of copper(l), P-type ATPases can translo-
cate to the basolateral (ATP7A) or apical (ATP7B)
membrane of the cell where they induce copper(l) ex-
cretion to avoid its accumulation [119, 121].

In different organs, different types of P-type
ATPases occur.  Copper-transporting  ATPasel
(ATP7A) (gene - ATP7A) is expressed in most of the
tissues of human body but not in the liver. It is sug-
gested that after copper(I) crosses the membrane of
enterocytes and Atox1 delivers copper(I) to the Golgi,
ATP7A is responsible for copper(l) transports to the
portal circulation [122] by translocating from the Golgi
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to the basolateral surface of the cells (see Fig. 1) [123].
Copper-transporting ATPase2 (ATP7B) (gene- ATP7B)
type is expressed primarily in the liver but it can also
be found in the placenta and kidney [124]. After cop-
per(I) from the portal circulation crosses the membrane
of hepatocytes in liver, it binds to Atoxl in cytosol.
Atox!1 delivers copper(l) to ATP7B. ATP7B translo-
cates from Golgi to the vesicular transport system and
delivers excess copper(l) for secretion into the biliary
canaliculi at the apical surface of the cells (see Fig. 2
and 2) [30]. Atoxl also delivers copper(I) to the liver
for synthesis of cuproenzyme ceruloplasmin (see Fig.
2) [120].

Copper chaperon for superoxide dismutase (CCS)
(gene - CCS) delivers copper(I) to Cu/Zn Superoxide
dismutase (SOD1) (Gene - SODI) which scavenges
superoxide anions (see Fig. 2) [125, 126]. CCS chap-
eron consist of three protein domains. Domains [ and
III contain metal binding motif. The central domain II
is strongly homologous to its target SODI1, interacts
with SOD1 and secures the enzyme during copper(I)
insertion. SOD1 is normally homodimer, but forms
heterodimer with CCS during copper(I) transfer [127-
130]. SOD1 is localized primarily in the cytosol [131],
but can be found in the intramembrane space of mito-
chondria together with its CCS chaperon (see Fig. 2).
SOD1 enters the intramembrane mitochondrial space
immature and is converted to an active holoenzyme
inside the mitochondria [132] where it protects mito-
chondria from oxidative damage [133, 134]. Even
though a CCS chaperon is necessary for SOD1 activa-
tion in humans, activation of SODI without copper(I)
CCS chaperon was observed in yeast [135, 136].

Another copper(I) chaperon is Cytochrome ¢ oxi-
dase copper chaperone (Cox17) (gene- COXI17) that
delivers copper() to the mitochondria where is needed
for cytochrome ¢ oxidase (Gene — CCO) [137]. Cyto-
chrome c¢ oxidase is a large transmembrane protein
complex localized in the inner membrane of mitochon-
dria and acts as a dimer [138]. Cytochrome ¢ oxidase is
known as Complex IV — the last enzyme of the eukary-
otic respiratory chain, where it catalyses the reduction
of molecular oxygen to water [139-141]. Mitochondrial
genome encodes three structural subunits from a total
of 13 subunits. Cytochrome ¢ oxidase subunit 1 Coxl
(gene — COXI) and cytochrome ¢ oxidase subunit 2
Cox2 (gene — COX2) are encoded by mitochondrial
genome. Subunit Cox1 contains copper(I) binding cen-
tre CuB and Cox2 subunit contain copper(I) binding
centre CuA [142]. In these binding centres copper in-
sertion occurs [137, 143, 144].
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Fig. (2). Copper delivery pathways in hepatocyte in liver. Copper(Il) from portal circulation is reduced to copper(I) by Steap
reductase and imported to the hepatocyte via Ctrl transporter. Purple pathway — copper(l) binds to Atox1 chaperon which
delivers copper(l) to the ATP7B in trans-Golgi network. Copper(I) is then incorporated to the ceruloplasmin (Cp) which exits
the cell to the blood plasma. When there is excess of copper, ATP7B translocates to the vesicular transport system and delivers
copper(I) for secretion to the apical site of hepatocyte. Green pathway — copper(]) is distributed by chaperon Cox17 to cyto-
chrome ¢ oxidase in the inner membrane of mitochondria. Cox17 transmit copper(I) to Scol and Sco2. Those insert copper(I) to
the CuA (A) binding centre in the Cox2 subunit of cytochrome ¢ oxidase. Cox17 also transmits copper(I) to Cox11 which de-
livers copper(I) to the CuB (B) binding centre in the Cox2 subunit of cytochrome ¢ oxidase. Blue pathway — metallothionein
(MT) binds copper(I) when copper(I) resources are low and acts as a copper(l) reserve for chaperones. Red pathway — CCS
chaperon delivers copper(I) for Cu/Zn Superoxid dismutase (SOD1) which is localized in cytosol or in the intramembrane
space of mitochondria together with CCS.

In mammals, a large array of accessory proteins is
involved in the insertion of copper(l) to the copper(I)
sites of cytochrome c-oxidase. After crossing the mem-
brane of the cell, copper(I) binds to the Cox17 chap-
eron that delivers copper(I) to the Scol. Sco2 and
Cox11 mitochondrial inner membrane proteins [137,
145]. Scol and Sco2 cooperate in the mediation of
transfer of copper(I) to the Cox2 subunit and thus to its
binding centre CuA [143, 146]. Coxl1 is delivering
copper(I) to the Cox1 subunit and its copper(l) centre
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CuB (see Fig. 2) [144]. In yeast, cells lacking Cox17
gene have a respiratory deficiency (Cytochrome oxi-
dase deficiency) on account of the inability to create a
functional cytochrome oxidase complex. However
overexpression of protein Scol was able to suppress
mutations in Cox17, it was also found that cells lacking
Scol have respiratory deficiency [137]. In contrast to
yeast, in humans, both Scol and Sco2 are necessary for
the mitochondrial respiratory chain.
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Metallothionein also plays a role in copper(I) ho-
meostasis and might be considered a copper(I) chap-
eron although in particular it responds to zinc(II) status
[147]. MT binds excess copper(l) in the liver in Wil-
son’s disease [148] but in healthy humans MT does not
frequently bind copper(I). However in the case of cop-
per(I) deficiency when copper(I) resources in the liver
are low, MT starts to bind copper(l) and acts as a cop-
per(I) reserve and provides copper(l) to chaperones
(see Fig. 2) [149].

3. ZINC AND COPPER IN HEAD AND NECK
CANCER

The previous chapter outlined an important role of
both zinc and copper ions. As a consequence of dys-
regulation of those physiological mechanisms, changes
in serum and/or tumour tissues occur immediately.
Pathophysiological consequences of the dysregulation
in neck spinocellular cancers will be discussed in asso-
ciation with altered levels of these metals and their
binding proteins.

3.1. Serum/Tissue Levels Dysregulation

Zinc and copper are involved in many essential bio-
logical processes. Dysregulation of these processes is
also connected with cancer, therefore zinc and copper
mechanisms and dysregulation in zinc and copper lev-
els in plasma or cancerous tissue are the subject of
many studies. It has been revealed that in patients with
a combination of low zinc and high copper levels the
risk of cancer mortality is increased significantly [150].
This link between mortality and the combination of low
zinc and high copper levels is however not yet fully
explained. Several hypotheses have been published to
date; The significant role of immune system dysregula-
tion together with oxidative damage is anticipated. Low
zinc levels are associated with a depression of immune
function [151], which in turn through cytokine modula-
tion promote inflammation, angiogenesis and metasta-
sis [152]. High copper levels, on the other hand, are
associated with oxidative damage and may promote
inflammatory processes [153].

A number of other studies refer to dysregulated se-
rum and tissue levels of copper and zinc in various
types of cancer. Here follows a summary of recent
studies describing altered levels of copper and zinc as
well as metallothionein and ceruloplasmin in patient’s
sera or tumour tissue. To facilitate this a a meta-
analytical approach was used instead of referencing
simple mentions of metal levels.
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3.1.1. Meta-Analysis Methodology

The following databases were searched for relevant
studies: Web of Science (Science citation index ex-
panded 1945 to March 2016), Pubmed (Medline 1968
to March 2016) search engines and in cited bibliogra-
phies of cited references. The following keywords were
used (oral OR pharyn* OR “head and neck™ OR lar-
yn*) AND (epithel* tissue / serum OR plasma OR
blood) AND (cancer OR neoplas* OR tumour OR tu-
mour) AND (zinc OR zn / copper OR Cu / metal-
lothionein OR MT OR MT1 OR MT2 / ceruloplasmin
OR Cp). Data in the following formats were accepted
to the meta-analysis: means, standard deviations and
sample size, or means sample size and p value, or sam-
ple size, p value and effect direction in case of continu-
ous data and frequency of staining positivity/negativity
in tumour and non-tumour tissue in case of dichoto-
mous data. Only full text articles were included. The
following criteria were used for exclusion: (1) Studies
with less than 15 participants, (2) no histological defi-
nition, (3) no full text, (4) conference proceedings and
abstracts, (5) poor/limited definition of controls. If
similar data was found in more than one study, the
study with more extensive data set was included. The
eligibility of the studies was assessed by two authors
(J.G. and A R)). Standardized mean difference with 95
% confidence intervals was used as a point estimate. To
assess heterogeneity across studies, Higgins I?, describ-
ing the percentage of variability in point estimates was
calculated. When significant heterogeneity was ob-
served (I* > 60), a random effects model was used.
When the number of studies within a subgroup was
higher than 4, publication bias was evaluated using
funnel plots and two-sided Egger’s test. Funnel plots
whose Egger’s test p < 0.05 are asymmetric. Compre-
hensive Meta-analysis version 2 (Biostat, Englewood,
NJ, USA) was used for analysis.

A total 41 studies were included in the final analysis
after the elimination of duplicates and articles not satis-
fying the selection criteria. The set of 41 studies in-
cludes 1212 blood samples of patients with tumours
and 1324 healthy individuals® blood, 469 tissue sam-
ples of tumours and 205 tissue samples of non-tumour
tissue. In the largest study, 215 patients were involved.
On the other hand, the smallest study involved 15 pa-
tients. The year of the studies varied between 1979 to
2015.

3.1.2. Zinc Serum Levels

Lower serum zinc levels are observed in chronic in-
flammatory or infectious diseases. This is due to serum
zinc redistribution into the liver during the acute phase
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response caused by clevated production of proinflam-
matory cytokines.

Zinc serum decrease is observed in most types of
malignancies. A total 13 studies were identified with a
total 501 cancer cases and 697 control subjects. 11
studies demonstrated a significant decrease of serum
zinc [154-164] and two studies demonstrated no sig-
nificant difference [165] and elevation [166]. Due to a
significant level of heterogeneity, I* = 97.68 %, a ran-
dom effects model was used. Using this model, a sig-
nificantly lower serum zinc was observed in cancer
patients, standardized mean difference -2.30, 95 %
confidence interval, CI, = -3.54 to -1.47 (Fig. 3, Table
1). Publication bias was detected using Egger’s test
with p value 0.01 (two-tailed).

It was observed that serum zinc levels are lower in
those patients who do not respond to therapy and die
within 12 months, when compared to those who sur-
vive [161].

3.1.3. Zinc Tissue Levels

There were four studies identified regarding tissue
zinc levels in patients with head and neck neoplasms
[154, 167-169]. A total 68 cancer cases and 54 healthy
individuals were included. All four studies presented a
significant elevation in cases compared to controls, so
significant difference was determined, standardized
mean difference 3.97 (95 % CI 1.72 to 6.22) using a
random effects model (Fig. 4, Table 1). No publication

bias was observed using Egger’s two tailed test (p =
0.17). No connection between tissue zinc levels and
stage of the tumour was found in the studies.

3.1.4. Copper Serum Levels

There were ten studies included regarding copper
levels in serum including 524 cancer cases and 520
healthy individuals [154, 155, 157, 159, 163-166, 170].
A significant serum copper elevation was determined
by all the studies and using a random effects model
with a positive standardized mean difference 2.36 (95
% CI 1.62 to 3.10) (Fig. 3). Using Egger’s two tailed
test, a publication bias was observed with p = 0.04.

Garofalo et. al. found a correlation between tumour
staging and copper serum levels, which were signifi-
cantly higher in advanced stages of head and neck can-
cer [171]. Mali et al. investigated the correlation be-
tween serum copper levels and response to radiother-
apy in patients with cancer, 71 % with head and neck
squamous cell carcinoma. Patients had elevated copper
serum levels (compared to controls) that decreased dur-
ing radiotherapy. Nevertheless, the patient’s post-
treatment copper levels were higher than those of
healthy controls, but nearly normal in those with com-
plete response to the treatment [170]. The same effect
of copper decline in serum during and after radiother-
apy was also observed in nasopharyngeal carcinoma
[172].

Table 1. Summary of metal levels and major metal-binding proteins in cancer cases and healthy individuals displayed
as a standardized difference in means. CI, confidence interval.
Biological Detected Effect size and 95% confidence interval Heterogeneity Model used
material compound
Number | Std. diff. in means P-value Q-value P-value r
Studies 95% CI)
Serum/Plasma
Zinc 13 -2.5(-3.54t0 -1.47) <0.001 516.61 <0.001 97.68 random effects
Copper 10 2.36 (1.62to0 3.10) <0.001 228.51 <0.001 95.62 random effects
Ceruloplasmin 5 1.86 (0.38 t0 3.33) 0.014 127.57 <0.001 96.86 random effects
Albumin 2 -0.62 (-1.86 to 0.328 13.64 <0.001 92.67 random effects
0.62)
Tissue
Zinc 4 3.97 (1.72 10 6.22) 0.001 36.93 <0.001 91.88 random effects
Copper 2 2.08 (1.16 to 3.00) <0.001 2.61 0.106 61.67 random effects
Metallothionein 6 1.60 (0.99 t0 2.21) <0.001 39.19 <0.001 82.14 random effects
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3.1.5. Copper Tissue Levels

Only two studies were identified with a total of 35
cases and 30 controls [154, 169]. The random cffects
model revealed a significantly higher copper level in
tumorous tissues compared to non-tumour counterparts
(standardized mean difference 2.08, 95 % confidence
interval 1.16 to 3.00. However, no correlation between
the grade of malignity and copper tissue levels was
found [169].

3.1.6. Ceruloplasmin Serum Levels

The copper serum fraction which is not bound to ce-
ruloplasmin is lower than 1.3 pmol/l of copper [173].
Therefore an increase in serum copper levels can be
also detected by detecting the serum concentration of
ceruloplasmin [174], its major binding protein.

A total of five studies regarding serum ceruloplas-
min level in cases and controls was determined. With a
total of 187 cases and 167 controls [159, 175-178], no
significant difference was determined in two publica-
tions [176, 177] while the remaining ones showed a
significant increase. Due to significant heterogeneity, I
= 96.86 %, a random effect model was used and re-
vealed a significant elevation of this transport protein,
standardized mean difference 1.86, 95 % CI = 0.38 to
3.33. With regard to publication bias, none was deter-
mined using Egger’s test, P = 0.07.

In a long term follow-up study, patients with recur-
rent laryngeal cancer had a significantly higher ceru-
loplasmin serum level after and even before radiother-
apy than patients without recurrent cancer. Patients
who died within 5 years of having radiotherapy had a
significantly higher ceruloplasmin level than those who
lived more than 5 years [177]. In patients with naso-
pharyngeal carcinoma the serum level of ceruloplasmin
was up to fifty fold higher compared to control subjects
[179]. Ceruloplasmin was also found to be significantly
increased in the serum of patients with oral cancer in
both sexes [159].

3.1.7. Ceruloplasmin Tissue Levels

No data for meta-analytical approach could be used
since there is only one study revealing ceruloplasmin
expression in head and neck cancerous tissue.

Lokamani et al. demonstrated that ceruloplasmin is
not expressed in normal squamous epithelium at all,
suggesting that ceruloplasmin provides iron, necessary
for proliferation of tumour cells, by tumour cells syn-
thesizing ceruloplasmin by themselves [180] The es-
sential role of ceruloplasmin in regulation of cellular
iron is demonstrated in patients with the hereditary dis-
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ease aceruloplasminemia [181]. Strongly enhanced ex-
pression of ceruloplasmin was also observed in malig-
nant areas of nasopharyngeal lesions compared to nor-
mal nasopharyngeal tissue [179]. Also, a study on hu-
man breast and colon cancer cell lines showed a three
fold higher gene expression of ceruloplasmin in com-
parison to normal rat liver [182].

3.1.8. Metalothionein Serum Levels

Due to the fact that MT is an intracellular-binding
protein, there is a lack of studies focusing on this issue.
According to Sochor et al. study, the highest levels of
MT were determined in the oral squamous cancers
while the lowest MT level was determined in tumours
of the oropharynx. No associations were observed be-
tween MT levels and tumour stage and grade [183].

3.1.9. Metalothionein Tissue Levels

A total 246 cancer cases and 141 controls were
identified in six studies [184-189]. Apart from a Sunde-
lin et al. study, a significant elevation of this metal-
binding protein was determined. A significantly higher
metallothionein was accordingly determined using ran-
dom effects model meta-analysis (standardized mean
difference 1.60, 95 % CI = 0.99 to 2.21), see Fig. (4).
No publication bias was revealed in this subanalysis,
Eggers’ test P = 0.81. We also took into account stage
and grade of the tumour and no significant correlation
with MT expression was found [5].

3.1.10. Albumin

Higher pre-treatment albumin serum levels are con-
nected with better survival of cancer patients in various
types of cancer [190]. This was also confirmed by a
study of patients suffering from nasopharyngeal cancer
where patients with albumin lower than 43.0 g/L had a
worse overall survival prognosis. Poor survival prog-
nosis was also confirmed when pretreatment albumin
to globulin ratio is low [191]. Low albumin serum lev-
els were also suggested as a negative prognostic marker
of higher risk of bad radiation therapy outcome in pa-
tients with laryngeal and pharyngeal carcinoma [192].
In surgical patients with head and neck cancer, low
preoperative albumin in serum was a prediction of an
elevated risk of wound infection and also poorer sur-
vival [193].

3.1.11. Summary on altered level dysregulation

Both copper tissue and copper serum levels are cle-
vated in head and neck cancer. Apart from head and
neck tumours, dysregulations of these ions and their
buffering mechanisms were observed in almost all
types of cancer, not just in head and neck cancer.
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Fig. (3). Forrest plot showing associations between zinc, copper and ceruloplasmin level in sera of patients with spinocellular
head and neck cancers (tumours versus healthy controls). Forrest plot displayed as standardized mean difference between cases
and controls and 95 % confidence intervals. CI, 95 % confidence interval.
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Fig. (4). Forrest plot showing associations between zinc, copper and metallothionein level in tumour tissues of patients with
spinocellular head and neck cancers (tumorous vs. non-tumour tissues). Forrest plot displayed as standardized mean difference
between cases and controls and 95 % confidence intervals.CI, 95 % confidence interval.

Levels of ceruloplasmin, as the major copper bind-
ing protein, are significantly elevated in all types of
tumours even in head and neck tumours [139, 194,
195] suggesting that levels of ceruloplasmin might not
depend on the organ localization of tumour but on the
malignant process itself [196]. Many studics suggest
ceruloplasmin as a good diagnostic marker in cancer,
thus its levels are significantly increased in malignant
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tumours and the degree of clevation mostly correlates
with tumour staging [194-198]. However further re-
search is needed to know if patients with advanced tu-
mours have an increase of ceruloplasmin serum levels
early enough to be applicable as a clinical indicator
[194]. We might suggest this also for copper, since ce-
ruloplasmin is its major binding protein and copper
levels are elevated with ceruloplasmin levels as well.
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Zinc serum levels tend to be decreased in all head
and neck carcinomas, but there is no strong evidence of
an outstanding role of zinc in serum in head and neck
carcinoma when compared to other types of carcino-
mas. Therefore levels of zinc in serum do not show
sufficient specificity to be potentially used as a bio-
marker just for malignancies in the head and neck re-
gion, but might be a good biomarker for pointing out
the general inflammatory process possibly connected
with development of malignancy in the human body,
notably in relation to the age of patients. The incidence
of most types of cancer including head and neck is in-
creasing with the age of the patients. Low zinc and
high copper plasma levels are considered a biomarker
of ageing and all-cause mortality of people with ad-
vanced age [55, 58, 199, 200]. Buntzel et al. study sug-
gests that zinc serum level is an important marker for
the definitive palliative situation of patients suffering
with head and neck cancer, whereas the rapidly de-
creasing serum zinc concentration was related to the
terminal situation in these patients as they had an ex-
tremely low concentration of zinc in serum 4 last
weeks before their death [201].

Unexpectedly, zinc tissue levels are highly elevated.
We found out that this makes head and neck tumours
notable when compared to other carcinomas from dif-
ferent regions of the body. However, when looking at
studies investigating tissue zinc levels in different types
of cancers, this pattern of zinc increase can be also seen
in breast and colorectal carcinomas, but not in other
carcinomas [5]. Insomuch as head and neck carcinoma
together with breast and colorectal carcinomas are the
only examples with elevated zinc in tissues, we suggest
that the mechanisms of the relation of zinc ions in ma-
lignant processes might be similar in these three tu-
mours. There are an insufficient amount of studies in-
vestigating pathological mechanisms during cancer
development and their relation with zinc, copper or
their binding proteins in head and neck cancer patients
or cell lines. However there are a good amount of stud-
ies revealing these mechanisms in colorectal and breast
carcinomas. Consequently, because of the lack of head
and neck tumour-related studies, colorectal and breast
tumours will be included. It was previously mentioned
that breast cancer, colorectal cancer and head and neck
cancer mechanisms of deregulation might be similar to
each other, because all three have increased zinc in tis-
sue, in the case of MT the situation is different. MT
expression in breast and colorectal cancer tissue is sig-
nificantly lower compared to healthy tissues according
to meta-analytical approach by Gumulec et.al. [5]. On
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the contrary, MT expression in head and neck cancer
tissue is significantly higher (see Fig. 4). MT and its
possible connection with carcinogenesis will be dis-
cussed later.

With regard to albumin, it has been revealed that
poor nutritional status and inflammation suppress syn-
thesis of albumin [202], anti-cancer treatment and also
mechanisms in the tumour itself often lead to malnutri-
tion in patients [203]. Albumin levels might be used as
an independent predictor of cancer patients” survival as
malnutrition and inflammation might play a role in the
progression of cancer [190, 191]. However these find-
ings are not specific for head and neck cancer, although
they might also be useful as a pretreatment predictor of
survival in this disease. Albumin carries various com-
pounds and thus its predictive value is limited due to
such low specificity. Rather it can serve as a general
marker of nutritional status and inflammation that is
present in cancer patients

3.2. Pathophysiological Consequences of Dysregula-
tion in Head and Neck Cancer

This chapter’s structure is based on well-known
pathological states related to multistep cancer devel-
opment, described by Hanahan and Weingerg [204].
Alteration of tissue and serum zinc and copper might
be related to these mechanisms, alteration of these
metal levels might also be events which can induce or
help malignant process or might be an outgrowth of the
malignant process itself. The data describing patho-
logical mechanisms which are related to zinc, copper,
ceruloplasmin and metalothionein in head and neck
malignancies are described here. As mentioned in the
previous chapter, there is not a sufficient amount of
studies revealing these mechanisms in head and neck
cancer. Given that head and neck, breast and colorectal
carcinomas are the only carcinomas with raised tissue
zinc levels, there might be similar mechanism in these
three tumours. Therefore studies describing these
mechanisms in colorectal tumours and breast carcino-
mas are also included.

Cellular zinc homeostasis is controlled by a zinc-
buffering system, a mobile-reactive zinc pool. Cellular
zinc accumulation is dependent upon zinc-transporters
(ZIP and ZnT). Dysregulation of zinc levels can result
from insufficient dietary intake or pathological expres-
sion of zinc-transporters or zinc binding proteins or
dysregulation of zinc-dependent pathways. Therefore
homeostasis imbalance plays an important role in many
diseases including cancer.
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3.2.1. Cell Proliferation and Growth

Extracellular zinc treatment of HT29 colorectal can-
cer cells activated MAPK-Mitogen activated protein
kinases (Raf-1, MEK and ERK). ERK pathway is
known for stimulating proliferation [205], but can also
inhibit cell growth by induction of negative cell cycle
regulators such as p21 [206, 207]. Adding 100 uM
ZnCl, into medium caused ERK prolonged activation
in HT29 cells and was related with induction and nu-
clear localization of negative cell cycle regulator
p21°P"A and also cell cycle regulator cyclin D1 in-
duction. However, negatively regulated growth was
observed in this situation [208, 209]. Zinc had an anti-
proliferative effect on colorectal cancer cells not by
apoptosis, but by G1 cell cycle arrest [208]. Adding 10
uM of ZnCl, resulted in the induction of cyclin DI
which promoted growth and proliferation of HT29 cells
[209]. Differential regulation of growth by extracellular
zinc treatment in colorectal cancer cells is mediated by
receptor-mediated signal transduction because no ele-
vation in intracellular zinc level was observed [209].
These data confirm involvement of zinc in growth and
proliferation and suggest that zinc might be used to
control the growth of colorectal cancer cells [208].
There are currently no data about ZIP or ZnT trans-
porters involvement in colorectal cancer.

3.2.2. Apoptosis

Zinc is involved in regulatory functions of apopto-
sis. The mechanism of apoptosis is well described in a
number of excellent reviews [210-214]. A link between
zinc and its effect on apoptosis has been well described
in many studies, however apoptotic pathways associ-
ated with the role of zinc are cell-specific and not fully
elucidated. Zinc can have an anti-apoptotic effect
[215], but on the other hand in many mammalian cell
types is an apoptotic inducer [216, 217], as well as ex-
posure to low zinc levels causing apoptosis [18] or the
same cffect being caused by exposure to high zinc lev-
els [218, 219]. Zinc also has an important regulatory
role in apoptotic pathway by influencing the caspase
apoptotic regulators. Intracellular zinc chelation in-
duces caspase-3 activity directing cell to the apoptosis,
suggesting that zinc has an anti-apoptotic effect by
maintaining caspase-3 inactive [215, 220, 221].

The apoptotic pathway is regulated by anti-
apoptotic Bcl-2 and pro-apoptotic Bax mitochondrial
membrane protein. Zinc supplementation and elevation
in intracellular zinc level of apoptotic cells results in
increased Bcl-2/Bax ratio which leads to suppression of
apoptosis [222]. In human neuronal precursor cells,
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zinc deficiency induces a cascade of events beginning
with activation of p53 and translocation of phosphory-
lated p53 to mitochondria, increase of pro-apoptotic
Bax mitochondrial protein and regulation of caspase-
mediated apoptotic mechanism by mitochondrial p53
[223]. These findings point out the enormous impor-
tance of cellular zinc homeostasis and fatal conse-
quences of its dysregulation.

Overexpression of ZIP4 transporter has been inves-
tigated in pancreatic cancer cells where it is responsible
for resistance to apoptosis induced by zinc deficiency
and also that ZIP4 knockdown induced apoptosis [224].

ZIP9 transport protein expression is elevated in
breast cancer. Treatment of MDA-MB-468 breast can-
cer cells with testosterone resulted in elevated intracel-
lular free zinc, induction of apoptosis with up-regulated
pro-apoptotic Bax genes, p53 and c-Jun N-terminal
kinases which were blocked by zinc chelation. This
suggest that ZIP9 is important in the mediation of
apoptosis promoted by testosterone [225].

It is assumed that metallothionein (MT) protects
cancer cells against apoptosis and supports the cancer
cells proliferation [168, 226]. Meta-analysis investigat-
ing the association of MT immunohistochemical stain-
ing and tumour presence found positive association of
this staining in tumours compared to healthy tissues in
head and neck cancer [5]. Jayasurya studied the rela-
tionship between tissue zinc levels in nasopharyngeal
carcinoma and MT expression in these tissues. It was
found that increased zinc tissue levels correlates with
increased MT immunostaining and both are found to be
mainly in the nucleus of cancer cells [168, 227]. These
levels are related to increased proliferation of cancer
cells. This can be due to the capability of zinc to block
apoptosis and thus allowing cells to proliferate more
actively leading to tumour progression [227], or due to
the capability of MT to protect cells from entering the
apoptosis [168].

It was also revealed that ceruloplasmin interacts
with NF-«B transcription factor in cervical squamous
cell carcinoma [180]. It’s known that NF-xB is in-
volved in apoptosis suppression [228] and in onco-
genesis [229]. However it was demonstrated that NF-
kB can act both ways in apoptosis (suppresses and
promotes) [230]. Blockage of NF-kB leads to enhanced
apoptosis and unexpectedly — spontancous develop-
ment of squamous cell carcinoma in mouse skin [231]
and even in normal human epidermal tissue [232].

A study of Korean patients discovered that expres-
sion of NF-«kB significantly correlates with TNM stag-
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ing, recurrence and lymph node metastasis of oral
squamous cell carcinoma tissues considering NF-kB as
a oncogene in OSCC [233]. The same upregulation of
NF-kB with progression of lesion of oral squamous cell
carcinoma was also observed in other studies [234,
235]. It seems that when NF-kB activates with devel-
opment of head and neck squamous cell carcinoma,
apoptosis is enhanced. This apoptosis enhancement is,
on the other hand, reduced by Ras protein [232]. The
mechanism between ceruloplasmin and activation of
NF-«B interaction is still unknown and calls for further
investigation [180].

3.2.3. Angiogenesis

Patients with Wilson’s disease typically have a low
level of ceruloplasmin in serum [236]. Copper accumu-
lates in tissues of patients with Wilson’s discase. Pa-
tients suffering from Wilson’s disease were experimen-
tally treated with the anticopper drug ammonium tetra-
thiomolybdate which prevents copper absorption into
the bloodstream. This treatment has proved to be
highly effective [237-240]. Tetrathiomolybdate acts
through creating a complex with copper and serum al-
bumin, restricting cellular uptake of copper and sup-
pressing inflammatory cytokines [241].

It’s known, that copper and copper containing
molecules act as a necessary cofactor in angiogenesis
(formation of new blood vessels) [242] and angiogene-
sis is essential for progressive tumour growth and me-
tastasis [243, 244]. It was also found that tumour dif-
ferentiation and metastatic ability correlates with cop-
per levels in tumour tissuc [245, 246]. Brewer et al.
invented an anticopper, antiangiogenic approach for the
treatment of mostly metastatic cancer using tetrathio-
molybdate (previously used at treatment of WD) as an
anticopper drug, suggesting that reducing copper levels
inhibits angiogenesis in tumours. Human trials with
tetrathiomolybdate had varying results in metastatic
solid tumours [247], metastatic colorectal cancer [248],
hormone-refractory prostate cancer [249], advanced
kidney cancer [250] and oesophageal cancer [251]. In
summation we can consider these trials beneficial.
Copper depleting angiogenic therapies is further re-
viewed by Nasulewicz et al. [252].

3.2.4. Invasivity and Metastasis

In nasopharyngeal cancer, downregulation of ZIP4
might elevate the radiosensitivity in those cells. Also, a
positive correlation between ZIP4 expression and tu-
mour stage was observed as well as the fact that ZIP4
promotes cells migration and forming metastasis sug-
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gesting that ZIP4 might be a good predictive biomarker
for tumour metastasis in nasopharyngeal carcinoma and
cancer therapy target [253].

Members of the ZIP zinc transporters family are in-
volved in a number of cancers [254]. However there is
insufficient quantity of findings regarding zinc-
dependent mechanisms and ZIP transporters-related
mechanisms in head and neck cancer, only ZIP4 in na-
sopharyngeal carcinoma as mentioned above.

Oestrogen-regulated ZIP6 transporter in breast cells
is known for its role in cancer growth and metastasis
[255-257]. ZIP6 is expressed more in non-adherent
cells resistant to anoikis characterized by active prolif-
erating even after detachment. This is the first step in
the process of forming metastasis [257]. ZIP10 trans-
porter is related to higher invasiveness and lymph node
metastasis in breast cancer samples and breast cancer
lines [258].

High glucose levels in the human breast cancer cell
line MCF-7 induced migration of cells which was in-
hibited by zinc chelation or ZIP6 and ZIP10 knock-
down [259] suggesting that zinc transported via ZIP6
and ZIP10 has a crucial role in migratory activity in-
duced by high glucose stimulation [259]. A similar
outcome was found when using MDA-MB-231 and
MDA-MB-435S cells where their migratory activity
was inhibited by ZIP10 knockdown or zinc chelation.
These data suggest that ZIP10 might be used as a
marker for the breast cancer metastatic phenotype and
potential target for new therapeutic approaches [258].

According to Nexprot, microarray ZIP6 and ZIP10
mRNA is expressed also in the region of head and neck
(mouth, nasopharynx). Further research of ZIP6 and
ZIP10 transporters in head and neck cancer is needed
to find out if the role of these ZIP transporters in head
and neck cancer is similar to their mechanisms in
breast cancer. However as ZIP6 transporter is oestro-
gen regulated it is not expected to play such a signifi-
cant role in head and neck cancer as it plays in breast
carcinoma.

Elevated immunoexpression of MT increases with
higher grades of oral squamous cell carcinoma [189]
and with tumour invasiveness, with highest MT expres-
sion in the nucleus in metastatic cells in the lymph
node [260]. Increased expression levels of MT (de-
tected electrochemically) in oral tumours, hypopharynx
and larynx tumours with relation to the metastatic ac-
tivity were observed by Sochor ef al. [261]. Elevated
MT expression is associated with a poor prognosis of
these patients [189, 262, 263].
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3.2.5. Resistance

Metallothionein overexpression also correlates with
resistance to cisplatin in squamous cell carcinoma of
the oesophagus [264]. MT-negative tumours response
better to chemoradiation therapy using cisplatin in oe-
sophageal squamous cell carcinoma than MT-positive
tumours [265-267]. MT overexpression could cause
chemoresistance to cytotoxic therapy due to chelation
of platinum-based drugs and indirect influence on p353
zinc-dependent activities [268, 269].

Copper transport proteins are known for playing a
crucial role in the mechanism of cisplatin resistance
[270]. Ctrl copper transporter is involved in cisplatin
uptake and its deletion leads to enhanced cisplatin re-
sistance [99]. Upon exposure to a higher amount of
copper, CTR1 goes through endocytosis and is de-
graded. Higher expression levels of CTR1 are linked to
better response to cisplatin and thus better prognosis,
possibly due to increased uptake of cisplatin [271-273].
It has also been shown, that in the presence of copper
ions, DNA can be more sensitive to damage by radia-
tion [274]. Nevertheless, the impact of copper in the
presence of oxygen can be contradictory. One part is a
sensitizing effect caused by the interplay of copper(Il)
ions, H,0,, and superoxide radicals. The second part is
a possible protective effect resulting from scavenging
of water-derived radicals (H, ¢, and OH) [275].
Atox1 have been reported to interact with cisplatin and
it is considered to be involved in cisplatin resistance
[276-279]. Evidence suggests that ATP7A and ATP7B
also play a role in platinum-based drug resistance [270,
280, 281]. Overexpression of ATP7B is related to cis-
platin resistance in oral squamous cell lines [282]. Mar-
tin et al. found copper-dependent activation of hy-
poxia-inducible factor (HIF-1) [283]. Overexpression
of HIF-1 is commonly found in head and neck cancer
in association with resistance to therapy [284].

3.2.6. Summary of Dysregulation Aspects

In summary, elevated expression of ZIP transporters
in various types of carcinomas is related to tumour in-
vasiveness, resistance to anoikis, increased resistance
to apoptosis, enhanced proliferation and growth.
Knockdowns of ZIP transporters confirm these facts as
they induce apoptosis and inhibit migratory activity.
Zinc itself can play contradictory roles depending on
the types of cells and amount of zinc involved in regu-
latory mechanisms. When zinc tissue levels are ele-
vated, expression of MT also tends to increase. MT,
when highly expressed, is related to the same pattern of
processes as overexpressed ZIPs. MT overexpression is
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connected with higher proliferation and metastatic ac-
tivity of tumour cells and poor prognosis of patients.

Copper is clevated in malignant tissue where it
plays a significant role in angiogenesis and tumour
progression. This is demonstrated by copper chelating
which facilitates a decrease in tumour angiogenesis in
patients with various types of cancer. Copper serum
level decrease can also be considered evidence that
copper is an important element for tumour progression.
It is proved that copper transport proteins have their
share of resistance to cisplatin with copper/cisplatin
transporter Ctrl in the leading position. Malignant le-
sions provide several times higher expression of ceru-
loplasmin, than normal tissue. It indicates that ceru-
loplasmin is involved in apoptotic regulation through
NF-kB.

3.3. Proposed Therapeutic Implications

Zinc deficiency, hand in hand with immune dys-
functions are often present in patients with head and
neck cancer (HNSCC). Moreover, zinc deficiency has
been associated with an increased tumour size and the
overall stage in this type of cancer [285]. Dietary zinc
has also been shown to modulate COX-2 expression
(some results suggest a correlation between COX-2
expression and overall survival of HNSCC patients
[286, 287]) and lingual and oesophageal carcinogenesis
[288]. HNSCC is frequently accompanied by relatively
low serum zinc levels implying that zinc supplements
may be beneficial in HNSCC patients to improve their
treatment outcome. Nevertheless, results of zinc studies
are very often contradictory. Patients with head and
neck cancer undergoing radiotherapy may experience
various radiation-induced side effects of this treatment
as the radiation can damage healthy tissues around the
irradiated area. It has been observed, that zinc supple-
mentation with zinc sulphate during radiotherapy can
prevent taste abnormalities in these patients [289, 290].
Reduction and delay of development of radiation-
induced oropharyngeal mucositis in head and neck
cancer is another beneficial effect of zinc supplementa-
tion [291-293]. Although there is a study with results
showing that zinc supplementation does not prevent
mucositis [294]. A double blind placebo controlled
clinical study found that patients with advanced naso-
pharyngeal carcinoma have improved overall survival
when using zinc supplementation during radiotherapy
and chemotherapy [295]. On the other hand, there is a
contradictory study, where zinc sulphate administration
during radiation therapy of HNSCC patients showed no
elevation in survival of patients or increase in T lym-
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phocyte subpopulations [296]. Nevertheless, zinc sul-
phate administration can be beneficial as a supplemen-
tary agent for immunomodulatory strategies [297]. Fur-
thermore, low dose photocatalytic therapy of HNSCC
with zinc oxide nanoparticles (ZnO-NPs, 0.2 pg/ml)
could strengthen the anti-cancer effect of chemothera-
peutic agents such as paclitaxel and cisplatin [298].
Although some cytotoxic properties of ZnO-NPs were
demonstrated in non-malignant cells, it concerned con-
centrations above 10 ug/ml [299]. Tumour cells could
be eliminated effectively at 0.2 pg/ml, whereas toxic
actions in oral mucosa were found at 20 pg/ml. Moreo-
ver, Hanley et al. demonstrated significantly higher
ZnO NPs-mediated toxicity (~28-35 times) in cancer
cells and cancer associated T-cells than in their non-
malignant opposites [300].

Biological functions of metallothionein (MT) pro-
teins include reaction to oxidative stress and regulating
of cell proliferation, differentiation and cell death.
Downregulation of MT with anti-sense oligonucleotide
in human nasopharyngeal carcinoma cells resulted in a
decrease in cell viability and proliferation [301]. This
phenomenon was also observed in other types of cancer
[268]. As previously mentioned, MT overexpression is
linked with chemoresistance to cytotoxic therapy. In
contrast, restriction of MT expression could increase
the cytotoxic effect of chemotherapeutics [268, 269].
MT-negative tumours respond better to chemoradiation
therapy using cisplatin in squamous cell carcinomas
than MT-positive tumours [265-267]. Therefore these
findings can lead us to the consideration of MT as a
prognostic biomarker in patients with squamous cell
carcinoma [265]. However, more studies are needed in
this field.

The pro-tumorigenic effects of MT could be par-
tially mediated by zinc chelation, inasmuch as zinc de-
ficiency was associated with inflammatory processes
and cancer progression [302] and forced overexpres-
sion of MT by lentiviral transduction decreased
bioavailable levels of zinc [269].

Copper is an essential cofactor for the function of
many enzymes promoting angiogenesis [303]. In-
creased serum copper concentrations have been ob-
served in nearly 40 % of the HNSCC patients [241,
283, 284]. Therefore, copper suppression may be of
some benefit for therapy of HNSCC. Accordingly,
copper chelation using tetrathiomolybdate (TM) was
efficient in preclinical and animal models as an anti-
angiogenic agent [304]. Furthermore, TM suppresses
growth of squamous cell carcinoma and tumour vascu-
larisation as well as metastasis by decreasing cancer
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cell motility, invasiveness and by supporting anoikis
[303, 305, 306]. Nevertheless, reaching an adequate
copper deficiency may take several months. TM mono-
therapy would then probably not be beneficial in pa-
tients with advanced and rapidly progressive disease.
TM therapy together with chemotherapy or radiation
has been well tolerated in animal models [307].

Oncolytic herpes simplex viruses (oHSV) are ge-
netically engineered to replicate in tumour tissue and
evade infection and replication in non-transformed
cells [308, 309]. Treatment of HNSCC with oHSV is a
promising type of therapy with great clinical potential
[310, 311]. Nevertheless, in vitro and in vivo assays
disclosed that physiological levels of copper (18-20
pumol/1 [153]) inhibit oHSV therapeutic efficacy due to
disrupted oHSV infectivity and replication [241]. Cop-
per chelator ATN-224 (choline tetrathiomolybdate; a
second-generation analog of TM) significantly en-
hanced the serum stability of oHSV RAMBO (an
oHSV with the antiangiogenic Vstat120) and allowed
their systemic delivery in HNSCC tumour xenografts.
Morecover, the combination of ATN-224 and RAMBO
strongly inhibited lung metastases of HNSCC in mice
[241]. ATN-224 alone suppresses superoxide dismu-
tase 1 (SOD1) in tumour and endothelial cells. The in-
hibition of SODI results in decreased endothelial cell
proliferation and downturn of angiogenesis. Inhibition
of SOD1 in tumour cells leads to the apoptosis trigger-
ing [312]. Uptake of the important anticancer drug cis-
platin is mediated by the copper transporter Ctrl. As
previously mentioned, Ctrl transporter goes through
endocytosis when exposed to higher amounts of cop-
per. These results suggest that cisplatin uptake can be
modulated by copper chelating [313].

CONCLUSION

Zinc and copper are clearly involved in many regu-
latory mechanisms in the human body. Adequate cellu-
lar zinc and copper levels deeply influence cellular me-
tabolism and have a large role in the initiation, progres-
sion and possible prevention of cancer. There are some
hints suggesting that zinc deficiency can cause DNA
damage and the triggering of malignant transformation.
Changes in expression of zinc and copper transporters
due to tumorigenesis have also been observed. The
outcome of deregulated zinc and copper homeostasis is
detectable as an alteration of plasma, serum, and tissue
copper and zinc levels. Plasma and serum zinc is usu-
ally decreased and the copper/zinc ratio is higher in
HNSCC patients compared to healthy controls. Inas-
much as copper is an essential player in angiogenesis,
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copper chelation may cause some benefits for therapy
of HNSCC. Some evidence also suggests that cisplatin
uptake through copper transporter CTR1 can be modu-
lated by copper chelating and higher expression of
CTR1 is related to a better prognosis of patients under-
going cisplatin chemotherapy. Unlike copper, zinc can
play contradictory roles in tumorigenesis depending on
the type of cancer cells and particular step of tumori-
genesis. A protective role of zinc seems to manifest
itself rather at the initial stages of tumorigenesis. Zinc
is important for stabilization and activation of tumour
suppressor p53 and is also involved in apoptosis due to
activation of some caspases. On the other hand, zinc is
essential for cell proliferation and is underlying in the
rapid dividing of cancer cells. Considering the informa-
tion above, zinc and copper ions and their transporters
or binding molecules might be promising targets of
further cancer research. Deeper insight into zinc and
copper physiology would help to understand the
mechanisms which can lead to tumours arising.
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2 Hypotézy prace

Cilem préce je odpoveédét na nize uvedené hypotézy:

e Mikroprostiedi nadoru ovliviiuje progresi nddoru a toto je vyuzitelné i diagnosticky — zmény
v transkriptomu nenddorové — k nadoru ptilehlé tkani maji predikéni/prognostické vyuziti

e Prognosticky vyznam ma nejen zména transkriptomu nadorové tkané, ale také zména v epi-
genetickych mechanismech.

e V nédoru existuji riizné bunééné subpopulace s riznou schopnosti proliferovat, migrovat, ¢i
zalozit metastazy a s riznou schopnosti podporovat nddorovou tkan v ristu.

e S nadorem asociované fibroblasty ovliviiuji odezvu nadorové tkané na radioterapii
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3 Metodické pristupy

Mikroprostiedi bylo studovano viceuroviiové — na Grovni analyzy séra, tkanovych vzorkd, ale
také na urovni jednotlivych subpopulaci bun¢k ziskanych z nadorovych vzorki pacientti. Bylo
vyuzito metod analyzy genové exprese, metod studia bunécné migrace, invazivity, bunécného
rustu a byla analyzovana mira reparace dvouretézcovych zlomi DNA. Zde jsou metody suma-
rizovany a uvedeny odkazy na konkrétni ¢lanky zminujici metodiku detailnéji.

Nabor a definice pacienttil, zpracovani tkanovych vzorklli a analyza genové exprese pomoci
kvantitativni real-time PCR a nasledna statistické analyza je popsana v praci Raudenska et al.?’,
metodika dostupnd na str. 104. Zpracovani vzorkll nadorové tkané pro analyzu miRNA a na-
sledné analyza preziti (Log rank test, Kaplan Meierova anlyza) je dostupna v praci Hudcova

/ 100

eta , metodika je dostupna na str. 124. Metody elektrochemické detekce miRNA jsou

popséany v praci Hudcova et al.'®

na str. 132. Metody zpracovani vzorkil séra pro naslednou
detekci proteinu EGFR pomoci ELISA jsou popsany v praci Polanska et al., metodika je do-
stupna na str. 141. Metody detekce HPV16 a HPV18 (detekce pomoci PCR a sekvenovani) jsou
popsany v praci Polanska et al.'?, metodika dostupna na str. 148. Zpracovani bioptickych
vzorkil pro ptipravu primokultur in vitro a jejich naslednd separace pomoci paramagnetickych
&astic s protilatkami specifickymi proti CD44 a CD90 je dostupnd v praci Svobodova et al. 1%,
metodika dostupna na str. 158. Metody ovéfeni subpopoulaci fluorescen¢ni mikroskopii, ana-
lyza bunééného riistu, migrace pomoci wound-healing assaye, real-time analyza migrace a
invazivity, analyza cytotoxicity pomoci MTT testu bioinformatické analyza pro studium tran-
skriptomu je dostupnd tamtéz. Analyza tvorby dvoutetézcovych zlomd, resp. jejich reparace

pomoci mikroskopické analyzy jadernych fokti YH2AX/53BP1 je popséana v praci Falk et al. ',

metodika dostupna na str. 176.
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4 Vysledky (komentovany soubor publikaci)

V této Casti jsou formou komentovaného souboru publikaci shrnuty poznatky autora v oblasti
onkologie hlavy a krku publikované vyhradné v ¢asopisech s impakt faktorem. Z divodu lo-
gické navaznosti je dana piednost integraci vlastnich ¢lanka pfimo do textu prace a nikoli az
na jeji konec v podobé ptilohy. Kazdé publikované studii piedchazi jeji shrnuti, je uvedena

v navaznost na dilo pfedchozi a ndvaznosti na dalsi vyzkum.

4.1 Molekularni markery HNSCC na urovni mRNA

V préaci Raudenska et al.”® bylo cilem na tkafiové irovni popsat asociace exprese geni s kli-
nicko-patologickymi vlastnostmi pacienti (charakteristika viz tabulka na str. 105). Byla
provedena analyza exprese nasledujicich gent: EGF, EGFR, MKI167, BCL2, BAX, FOS, JUN,
TP53, VEGE, FLTI, MMP2, MMPY, MTIA, a MT2A4; jejich popis a role viz kapitola Prognos-
tick¢é biomarkery na str. 7. Do této studie bylo zahrnuto celkem 94 tkanovych vzorka
histologicky ovéfeného spinocelularniho karcinomu hlavy a krku.

Tkan ptilehla nddoru, jinak histologicky ,,normalni* je v mnohych studiich povazovéana za re-
ferencni. Nicméné¢ tato tkan mulze podporovat rist vlastni nadorové tkané, napf.

prostiednictvim fibroblastii asociovanych s naddorem!'®

. Toto je v praci zohlednéno — ve studii
jsou proto kontrolni tkan€ dvé — prilehla (tj. tkan stejného pacienta, ,,adjacent®, 31 pacientil) a
tkan pacientli po tonsilektomii (,,tonsillectomy*, 10 pacientt).

Nejprve byly sledovany rozdily mezi témito kontrolnimi tkdnémi. Byly prokdzany signifikantni
rozdily u téchto genli — vyssi exprese JUN, EGF, MT2A a BAX a vyrazné zvySeni poméru
BAX/BCL2 v nadoru pftilehlé tkani oproti vzorkiim tonzilektomie. Pfitomnost nadoru tedy
ovlivituje prilehlou tkan tim, ze v ni zvysuje miru apoptdzy. Vzhledem k vyznamnym rozdiliim
byla v dalSich analyzach exprese téchto genli posuzovéana zvlast' u obou kontrolnich skupin,
zatimco u zbylych genii toto nebylo zohlednéno. Nejvyznamnéjsi rozdily v expresi byly pozo-
rovany u genu pro metalothionein 2A, MT2A4 (viz obrazek na str. 106). Nejvyssi mira exprese
tohoto genu byla pozorovéana v nddorové tkdni a naopak nejmensi mira v zanétlivé zmeénéné
tkani tonzilektomii.

V ramci této studie byla pozornost také zamétena na spojitosti mezi tkdfiovou expresi vyse uve-
denych genti a klinicko-patologickymi metrikami pacientli. Co se tyce stagingu TNM, nebyla

prokdzana spojitost mezi stadiem T a expresi zd&dného genu. Bylo nicméné zjisténo, ze tkan
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ptilehla k nadoru také vykazuje zmény v expresnich profilech v zavislosti na stage tumoru, a
zasazenim uzlin. Bylo zji§téno, ze prilehlé (nenddorové) tkan€ pacientli se zasazenim miznich
uzlin vykazovaly sniZeni exprese genti BAX, EGFR, FLTI a MMP2; s pozitivitou uzlin souvi-
sela 1 vyssi exprese BCL2.

Aby bylo mozné robustnéji uchopit vzajemné interakce mezi sledovanymi geny a tim vice pro-
niknout do patogeneze choroby, byla provedena analyza hlavnich komponent, vicerozmérna
statistickd metoda umoznujici komplexni vysledky zredukovat do nékolika jednoduchych za-
veérd. Nejvyznamnéjsi posun v ramci expresniho vzorce byl nalezen u EGFR a MKI67 mezi
tkani nadorovou a pfilehlou k nadoru oproti tkdni pacientli indikovanych k tonzilektomii. Pro
nadorovou tkan byl typicky posun v expresi JUN, BCL2 a MMP9. Pro tkan ptiléhajici k nadoru
byl charakteristicky posun v expresi JUN a FLTI a pro tonzilektomie bylo typické odlisné uspo-
tadani EGF, MT2A a MTIA v ramci expresniho vzorce (viz obrazek na str. 108).

Raudenska M, Sztalmachova M, Gumulec J, ef al. Prognostic significance of the tumour-adja-
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Abstract Even with significant advances in operative skills
and adjuvant therapies, the overall survival of patients suffer-
ing with head and neck squamous cancers (HNSCC) is unsat-
isfactory. Accordingly, no clinically useful prognostic bio-
markers have been found yet for HNSCC. Many studies
analysed the expression of potential markers in tumour tissues
compared to adjacent tissues. Nevertheless, due to the sharing
of the same microenvironment, adjacent tissues show molec-
ular similarity to tumour tissues. Thus, gene expression pat-
terns of 94 HNSCC tumorous tissues were compared with 31
adjacent tissues and with 10 tonsillectomy specimens of non-
cancer individuals. The genes analysed at RNA level using
quantitative RT-PCR and correlated with clinico-pathological
conditions were as follows: EGF, EGFR, MK167, BCL2, BAX,
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FOS, JUN, TP53, VEGF, FLTI1, MMP2, MMP9, MTI1A and
MT2A. The clevated MT24, BAX, EGF and JUN expression
was associated with the influence of tumour cells on the rear-
rangement of healthy tissues, as well as a significant shift in
the BAX/BCL2 ratio. Our investigation also indicated that ad-
jacent tissues play an important role in cancerogenesis by
releasing several tumour-supporting factors such as EGF. A
gradual increase in the metallothionein expression, from the
lowest one in tonsillectomy samples to the highest ones in
tumour samples, suggests that MT expression might be tissue
reaction to the presence of tumour cells. The results of this
study confirmed the significance of metallothionein in tumori-
genesis and gave evidences for its use as a potential HNSCC
biomarker. Furthermore, this study highlighted the importance
of histologically normal tumour-adjacent tissue in prediction
of HNSCC progress.

Keywords Head and neck neoplasms - Biological markers -
Prognosis - Tumour microenvironment - Metallothionein -
Matrix metalloproteinase 9 - Gene expression

Introduction

Tumours of the head and neck, which affect nasal cavity and
paranasal sinuses, oral cavity and the upper aerodigestive
tract, are aggressive malignant tumours arising from the epi-
thelial layer of mucosal linings. The most frequent histological
type of head and neck cancer is squamous cell carcinoma
(HNSCC) [1]. Even with significant advances in operative
skills and adjuvant therapies, the overall survival of HNSCC
patients has not been improved significantly. The 5-year sur-
vival rate of patients diagnosed with an advanced stage of
HNSCC does not exceed 50 % [1, 2]. Besides the poor out-
come, HNSCC has an undesirable impact on the patient’s life

@ Springer

103



Molekularni markery HNSCC na trovni mRNA

4.1

9930

Tumor Biol. (2015) 36:9929-9939

quality due to its anatomic localization. About a half of pa-
tients with the advanced disease (stage III and IV) show re-
currence (90 % within the first 2 years) [3, 4]. Nowadays,
main prognostic variables of HNSCC are considered the tu-
mour size and location, the presence of lymph node and dis-
tant metastasis [5]. Clinical and pathological criteria are im-
portant for the management and prediction of patients’ out-
comes. However, there is still a considerable variation in the
prognosis within a group of patients sharing the same clinico-
pathological characteristics. No clinically useful prognostic
biomarkers similar to the /{/ER2 or oestrogen receptor in breast
cancers [6], nor PSA in prostate [7] have been found yet for
HNSCC [8]. Accordingly, an assessment of the mRNA ex-
pressing patterns of particular tumours should be useful.

Many studies have analysed the expression of selected
markers in the tumour tissue compared to healthy adjacent
tissues by way of histological survey. Nevertheless, due to
the sharing of the same microenvironment, adjacent tissues
show a molecular similarity to tumour tissues [9], and thus
can hardly be considered an ideal “control” tissue. Some cy-
tokines and growth factors involved in the neoplastic transfor-
mation process are also produced by histologically normal
epithelial cells and other cell types surrounding the tumour
[10]. On the other hand, paracrine effects of tumour-secreted
growth factors could distort the normal tissue homeostasis by
inducing inflammatory responses or angiogenesis [ 11]. Thus,
there is a great interest in the characterisation of signal links
between the tumour and the adjacent tissues.

This study is focused on molecular markers and their po-
tentially important role for the development of cancer: (1)
acquisition of autonomous proliferative signalling (EGF/
EGFR); (2) proliferative activity of tumour cells (Ki-67); (3)
cell cycle and cell death modifications (Bcl-2, Bax, cFos,
clJun, p53); (4) angiogenesis (VEGF/FLT1); (5) metastatic po-
tential (MMP-2, MMP-9); and (6) oxidative stress response
(MT1A, MT2A).

The aim is to confirm, that the gene expression pattems of
“normal”™ adjacent epithelial cells are also predictive for the
HNSCC progression. Thus, the gene expression patterns of 94
HNSCC tumorous tissues were compared with (a) 31 adjacent
tissues and (b) with 10 tonsillectomy specimens of non-cancer
individuals.

Material and methods

Preparation of tissue samples

The study was conducted in accord with the Helsinki Decla-
ration of 1964 and all subsequent revisions thereof. It was
approved by the ethical committee of St. Anne’s Faculty Hos-

pital, Brno, Czech Republic. All surgical tissue samples were
obtained from HNSCC patients after they signed the informed
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consent. Histologically verified primary HNSCC carcinoma
tissues (1), histologically verified matched noncancerous ad-
jacent tissues obtained from incision adjacent to the tumour
site (A) and available tissues from noncancerous tonsillecto-
my (Tons) were collected. The tissue material harvested at
surgery was placed into RNAlater Solution for RNA
stabilisation and storage (Ambion, Carlsbad, CA, USA). The
material was maintained cold, and RNA was isolated within
24 h.

RNA isolation and reverse transcription

TriPure Isolation Reagent (Roche, Basel, Switzerland) was
used for RNA isolation. The isolated RNA was used for
cDNA synthesis. RNA (1000 ng) was transcribed using the
transcriptor first strand cDNA synthesis kit (Roche, Switzer-
land), which was applied according to manufacturer’s instruc-
tions. cDNA (20 ul) prepared from total RNA was diluted
with RNase-free water to 100 pl, and the amount of 5 pl
was directly analysed by using the LightCycler®480 II Sys-
tem (Roche, Basel, Switzerland).

Quantitative real-time polymerase chain reaction

qRT-PCR was performed using TagMan gene expression as-
says with the LightCycler®480 I1 System (Roche, Basel,
Switzerland), and the amplified DNA was analysed by the
comparative Ct method using (3-actin as an endogenous con-
trol. Primer and probe sets for ACTB (assay ID
Hs99999903 ml), MT24 (Hs02379661 gl), MTIA
(Hs00831826_sl), TP53 (Hs01034249 ml), BAX
(Hs00180269 ml), BCL2 (Hs00608023_ml), VEGFA
(Hs00900055_ml), FLTI! (Hs01052961_ml), MMP2
(Hs01548727 _ml), MMP9 (Hs00234579_ml), FOS
(Hs00170630 _ml), JUN (Hs00277190 sl), MKI67
(Hs00606991_ml), EGF (Hs01099999 m1l) and EGFR
(Hs01076078 ml) were selected from the TagMan gene ex-
pression assays (Life Technologies, USA). qRT-PCR was per-
formed under the following amplification conditions: total
volume 20 pl, initial incubation at 50 °C/2 min followed by
denaturation at 95 °C/10 min, then 45 cycles at 95 °C/15 s and
at 60 °C/1 min.

Data analysis

Log-transformed gene expression data were analysed using
multivariate one-way and factorial ANOVA with the subse-
quent use of planned comparisons (contrast analysis). Pairs of
tumour and tumour-adjacent tissues were analysed using the
paired ¢ test. Relations of continuous variables were analysed
using Pearson’s correlations and the principal component
analysis. Unless noted otherwise, p level<0.05 was considered
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significant. Software Statistica 12 (StatSoft, Tulsa, OK, USA)
was used for analysis.

Results
Clinico-pathological characterisation of HNSCC patients

In this study, in total 94 biopsy samples of tumours from
patients with histologically verified spinocellular carcinoma
and comprehensive patient history were used. The location
of these tumours was as follows: larynx (24 samples), oro-
pharynx (35 patients), hypopharynx (14 samples), oral cavity
(8 samples) and other locations (13 patients). Gene expression
of the selected genes was compared with the following two
control groups: first, matched tumour-adjacent histologically
normal tissue (31 samples), and second, tonsillectomy sam-
ples of otherwise healthy individuals (10 samples).

In the next step, the effect of clinico-pathological condi-
tions of patients on the expression of the selected genes was
analysed. Brief description of the cases and control is shown
in Table 1. In the following text, these three tissue types are
consistently abbreviated as follows: T for tumorous tissue, A
for adjacent “control” tissue of the same patient and Tons for
tonsillectomy samples from patients without any cancer
disease.

Gene expression pattern in cases and controls

The expression analysis of mRNA was performed on all
three tissue samples to characterise the expression profile
of selected genes in the particular tissue types. Multivar-
iate test revealed a significant effect of the tissue type on
the gene expression pattern (F (30, 236)=2.87, p<0.001).

In accordance with the aim of this study, the suitability of
tumour-adjacent samples as controls was assessed, and the
expression in these tissues was compared with the tonsillecto-
my samples. MT2A (fivefold change; 95 % CI 1.09-18.26, p=
0.04), BAX (threefold change; 95 % CI 1.08-10.74, p=0.04),
EGF (12-fold change 95 % CI 1.42-93.13, p=0.02) and JUN
(fivefold change; 95 % CI 1.52—-18.04, p=0.01) expression
was higher in the tumour-adjacent tissues (A) compared to
the tonsillectomy (Tons) samples. Significant was also the
difference in BAX/BCL?2 ratio between A and Tons, which
was 33-fold higher in A (95 % CI 1.30-812.83, p=0.03).
Due to this fact, that the expression of these genes between
two “control” tissues was differential, all consequent gene
expression analyses of these genes were related to both control
groups separately, while the remaining genes were compared
to two types of “control” groups together.

Most profound differences in the gene expression were
observed in MT24 gene (Fig. 1); the highest expression of

4.1
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Table 1 Characteristics of the samples of patients and controls
Factor Group N Age
(min-max)
Group Tumour 94 64 (25-89)
Tonsilectomy 10 42 (21-64)
Tumour-adjacent 31 62 (44-87)
Gender
Male 113 64 (21-89)
Female 22 56 (21-76)
Smoking habit
Yes 52 63 (44-79)
No 31 68 (49-89)
Not specified 52 59 (21-87)
Tumour grade
4 61 (53-68)
2 63 64 (44-89)
3 27 62 (47-76)
Tumour stage
T1-2 40 64 (44-89)
T34 54 64 (47-87)
Node positivity
No 39 67 (44-89)
Yes 55 63 (47-77)
Meta positivity
No 89 65 (44-89)
Yes 5 61 (55-71)

Note that tumour staging and grading refer to the first “tumour” group of
patients only

Online resource 1: Table of effects of clinico-pathological status on the
gene expression. Results of multivariate ANOVA are followed by
planned comparisons. Results of multivariate ANOVA displayed in the
column “factor”, groups that are compared with each other, are shown in
the column “level of factor”. Displayed as a point estimate and 95 %
confidence intervals (CI)

MT24 was found in tumour tissues (T) and the lowest in ton-
sillectomies (Tons).

MT24 (12-fold change; 95 % CI 3.32-43.74, p 0.001) and
BAX (threefold change; 95 % CI 1.08-8.78, p=0.04) expres-
sion was higher in tumour tissues (T) as compared to Tons.
When comparing the remaining genes expression in tumour
tissues (T) versus A and Tons in one group, EGFR expression
was 11-fold higher (95 % CI 1.89-65.07, p=0.01), MMP2
expression was sevenfold higher (95 % CI 1.33-37.97, p=
0.02), and MMP9 expression was 11-fold higher (95 % CI
1.54-78.87, p=0.02) in the tumour tissue. Furthermore,
MMP9 was three times more expressed in T as compared with
A (threefold change; 95 % CI 1.15-8.05, p=0.03). Converse-
ly, EGF was expressed less in T than in A (0.3-fold change;
95 % CI10.09-1.01, p=0.03).
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Fig. 1 Gene expression analysis in tumorous tissue, tumour-adjacent
tissue (first control) and tonsillectomy tissue (second control).
a Heatmap of all studied genes clustered by co-expression pattern.

Furthermore, mRNA expression for the tumour sam-
ples and the matched adjacent tissues (7=31, A=31) were
analysed using the paired 7 test analysis. Two of more
differentially expressed genes were MMP9 (p=0.001)
and VEGFA (p=0.01), which were both more expressed
in tumour tissues.

Gene expression and tumour staging

Consequently, the effect of tumour staging on the expression of
the above-mentioned genes was analysed. In accordance with
the fact, that tumour-adjacent tissues are often involved in the
development and progression of the tumour, the effect of tu-
mour staging was not only related to the expression in the
tumorous tissue, but also to the expression in the tumour-
adjacent tissue samples.

First, the effect of TNM T staging was analysed. No signif-
icant association between the selected gene expressions and
TNM T staging was determined, either in the tumour or in the
tumour-adjacent tissue.

Subsequently, the effect of node positivity (TNM N >1 vs. 0)
was analysed. Ninety-four tumour tissue samples (N positive=
55; N negative=39) and 31 tumour-adjacent tissue samples (N
positive=17; N negative=14) were involved in the analysis.
Planned comparisons revealed a significantly higher gene ex-
pression of BCL2 and a lower BAX/BCL2 ratio in the tumour
tissue (T) of patients with positive nodes (twofold higher, 95 %
CI1.13-5.15, p=0.02 for BCL2 and 0.11-times lower, 95 % CI
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b Box plots of genes showing significant differences across groups
according to multivariate ANOVA. Displayed as median, box shows
second-third quartile, whiskers show non-outlier range

0.02-0.53, p=0.006 for BAX/BCL2) compared to the tumour
tissue samples of patients with negative nodes. Furthermore, a
lower gene expression of BAX in the tumour-adjacent tissue (A)
of patients with positive nodes (0.3-fold lower, 95 % CI 0.1—
0.96, p=0.04) was revealed. EGFR, FLTI, and MMP2 expres-
sion was also significantly lower in the tumour-adjacent tissue
(A) of patients with positive nodes (0.18-times lower, 95 % CI
0.04-0.84, p=0.03 for EGFR; 0.24-times lower, 95 % CI 0.06—
0.98, p=0.05 for FLTI; and 0.17-times lower, 95 % CI 0.04—
0.74, p=0.02 for MMP?2). See Fig. 2 and Online resource 1.

The effect of the presence of distant metastases was not
analysed due to a small set of M-positive patients (94
tumour tissue samples; M positive=5; M negative=89
and 31 tumour-adjacent tissue samples; M positive=4; M
negative=27).

Gene expression and histological grading

Ninety-four tumour tissue samples (grl=4; gr2=63; gr3=27)
and 31 tumour-adjacent tissue samples (grl =3; gr2=23; gr3=
5) were involved in the analysis. The expression of M724 and
MT14 was significantly associated with the tumour grade (3
vs. 2 grades; impact of tumour and adjacent tissues assessed
together). Higher expression was identically found in 3 grade
tumours (36-fold change; 95 % CI 3.87-329.1 at p=0.0002
for MT2A4 and 34-fold change; 95 % CI 1.42-792.06 at p=
0.03 for MT1A4, respectively). Then, A and T tissues were
evaluated separately. The expression of BCL2, MT2A4 and
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Fig. 2 Gene expression analysis in tumorous tissues and tumour-
adjacent tissues according to tumour staging and grading. a Heatmap
showing the gene expression pattern according to tumour staging and
TNM staging. None of the selected genes demonstrated significant
difference according to the staging. b Heatmap showing the effect of
tumour grade. ¢ Genes showing significant trends based on
grading. d Effect of lymph node positivity. e Presence of metastatic

MKI67 was higher in the 3 grade tumour tissue T (3 vs. 2
grade patients); (fourfold change, 95 % CI 1.66-8.41 at p=
0.002 for BCL2; threefold change, 95 % CI 1.22-7.07 at p=
0.02 for MT2A4; and fourfold change, 95 % CI 1.3-11.71 atp=
0.02 for MKI67, respectively). The expression of M724 was
higher too (12-fold change, 95 % CI 1.58-93.47 at p=0.02) in
3 grade tumour-adjacent tissue A (3 vs. 2 grade patients).
Lower BAX/BCL2 ratio was found in the 3 grade tumour-
adjacent tissue (A) compared to the 2 grade tumour-adjacent
tissue (0.02-times lower, 95 % CI 0-0.91, p=0.05). Further-
more, the expression of FLT1 and EGF was associated with
the tumour grade (3 vs. 1+2 grade patients) in adjacent tissues.
Lower FLT! and EGF expression was found in the 3 grade
patients’ tumour-adjacent tissue (p=0.002 and p=0.04, re-
spectively). See Fig. 2 and Online resource 1.

dissemination on the gene expression in primary tumours and tumour-
adjacent tissues. Displayed only genes showing significant trends based
on node positivity. f Heatmap showing the effect of metastatic
dissemination and the expression of MMP9, the only gene showing
significant trend. Displayed as median, box shows second-third
quartile, whiskers show non-outlier range

Co-expression patterns of the genes

The previous analyses did not sufficiently highlight trends and
relationships in the expression profiles of particular genes in
the specific tissues (T, A or Tons). Therefore, correlations
between gene expressions were performed; tumour tissues
(T), adjacent tissues (A) and tonsillectomy (Tons) samples
were analysed separately (Fig. 3a, c, e). In all studied tissues,
some consistently occurring correlations were found. Strong
positive correlations with »>0.50 at p<0.05 were identified
between MKI67 and the following genes: EGFR, VEGFA,
FLT1, BAX, TP53, MMP2, MMP9 and FOS. TP33 correlated
positively at equally strong correlation cocfficient with EGFR,
MMP2, MMP9, FLT1, VEGFA, FOS, BAX and BCL2. EGFR
correlated with MKI67, TP33, FLT1, MMP2, VEGFA, FOS
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section

Tonsillectomy

m

Tumor-adjacent

and BAX. Apoptosis regulator BAX correlated with 7P33,
EGFR, BCL2, MKI67, MMP2 and 9, FOS and FLT. Expres-
sion of matrix metalloprotease 2 correlated with FOS, VEGFA,
MMP9, EGF and BCL2, MT1A4 correlated positively with
JUN and MT2A4, and FLT correlated with FEGFA.

On the other hand, some correlations were typical just for
one kind of studied tissue. Strong correlations with »>0.70 at
p<0.05 between gene expressions found exclusively in the
tonsillectomy samples were as follows: M724 and BCL2,
MKI67 and BCL2, EGFR and BCL2, FLTI and BCL2, JUN
and BCL2, MT2A4 and the following genes: BAX, TP53,
MKI67, FOS, VEGIA, FLTI, MMP2, EGIR, and TP53 and
JUN correlated with MKI67.
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Factor 1 : 57.23%

Factor 2 : 19.82%

[MKIB7) [EGFRIFLT]
Factor 1 : 46.74%

Co-expressions of mRNAs occurring only in the tonsillec-
tomy and tumour samples and missing or weak in the tumour-
adjacent tissues were as follows: FLT/ correlated positively
with MMP2, MT1A and JUN; FOS correlated with MT1A4; and
JUN correlated with EGFR.

Co-expressions of mRNAs occurring strongly in the ton-
sillectomy (Tons) and tumour-adjacent tissues (A) samples
and weak in the tumour tissues (T) were as follows: BCL2
correlated with MMP9, VEGFA and FOS.

Nevertheless, the correlation analysis did not make it pos-
sible for us to interpret complex multidimensional relation-
ships between the genes’ expression—so called “expression
patterns™ of tissues. Therefore, the principal component
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analysis was used. The component analysis allowed us to
detect the structure in relationships between gene expressions,
and thus helped us reveal characteristic gene expression pat-
terns for the respective tissues (Fig. 3b, d, f). To illustrate the
model of specific tissue, two-factor analysis was chosen,
which illustrates 69.41, 93.50 and 66.56 % of the total vari-
ance of gene expression data for tumorous, tonsillectomy and
tumour-adjacent tissues, respectively (sum of total variance
for each factors). Based on this analysis, the majority of genes
are clustered together. In contrast, genes that are not included
in this cluster (their vector points in another direction) are
characteristic for these tissues. The meost significant shift of
expression within the expression patterns was found for
EGFR and MKI67 in case of the distinction of patients sam-
ples (T and A) from histologically normal (Tons) tissues; char-
acteristic shift of JUN, BCL2 and MMP9 in case of the tumour
tissue (T); characteristic shift of JUN and FLTT in case of the
tumour-adjacent tissue (A); and specific shift of EGF, MT24
and MT14 in case of the Tons samples.

Discussion

Due to the large inter-individual variability in mRNA expres-
sions, it is highly unlikely to find a single marker suitable for
HNSCC prediction and prognosis. Therefore, our study was
focused on the expression analysis of a panel of molecular
markers that present key functions related to the neoplastic
transformation-acquisition of autonomous proliferative sig-
nalling, proliferative activity of tumour cells, cell cycle and
cell death modifications, angiogenesis, metastatic potential
and oxidative stress response. The rationale of the use of the
two types of control tissues (tonsillectomy group or tumour-
adjacent tissues) is to overcome the limitations of each. Ton-
sillectomy tissues were used as an example of the inflamed,
yet not transformed tissue. Tumour-adjacent tissues seem to
be meore similar to tumour tissues in many ways. M724 and
BAX expression was higher in the tumour-adjacent tissues
compared to the tonsillectomy samples, which was simulta-
ncously observed in the tumour tissues compared to the ton-
sillectomy samples. The most significant shift of expression
within the expression pattemns was found for MT24, MTIiA,
EGF, EGFR and MKI67 in case of the distinction of patients
samples (T and A) from histologically normal (Tons) tissues
(see Fig. 3), suggesting a significant role of these genes in
characteristics of the respective tissues. Significant was also
the difference in BAX/BCL2 ratio between A and Tons, which
was 33-fold higher in A. This could refer to remodelling of
adjacent tissues which is often accompanied by apoptosis
[12]. Differences between tumour-adjacent tissues and tumour
tissue involved differentially expressed MMP9, MT2A4, and
VEGFA, which were more expressed in tumour tissues and
EGF, which was more expressed in A.

Many tumours, including HNSCC, have been associated
with permanent inflammation and oxidative stress [13, 14]. In
a number of experiments, the synthesis of metallothionein
(MT) was shown to be induced during oxidative stress [15,
16] and indeed numerous studies discovered increased MT
protemn levels in HNSCC tumours [ 17-19], comprehensively
summarised in Gumulec et al. review [20]. Furthermore, re-
sults of Inoue et al. indicate that MT protects against inflam-
mation via suppression of IL-1 expression and through its
anti-oxidative potential [21, 22]. Accordingly, M72A4 expres-
sion level was significantly higher in the HNSCC tumour
tissue samples than in those of the tensillectomy group or
tumour-adjacent tissues.

Although the patients undergoing tonsillectomy were
younger than the HNSCC patients, differences in the expres-
sion should still be significant, because the metallothionein
expression shows rather an age-related decrease [23]. In this
study, the higher expression of MT/A and MT24 was signifi-
cantly associated with a higher tumour grade, suggesting an
important role of MT expression in cancerogenesis. Dutsch-
Wicherek et al. revealed that MT expression was significantly
higher in the tumour-adjacent tissue than in the cancer tissue
in cases with the presence of lymph node metastases. In gen-
eral, the adjacent tissues seem to respond to the presence of
tumour by the expression of MT |24], which makes this tissue
type (together with other reasons) inappropriate to consider as
healthy control. This fact can also be supported by the finding
that fibroblasts exhibited high vimentin and M T immunoreac-
tivity levels in the tumour microenvironment [19], which
could be reason for the higher expression of MT in the
tumour-adjacent tissues. Furthermore, the rate of MT protein
expression in macrophages and fibroblasts in the tumour mi-
croenvironment appears to be an indicator of microenviron-
ment remodelling associated with the local progression of
cancer [25]. Higher MT expression was detected in the prima-
ry tumour itself than in its derived lymph node metastases
[26]. Co-expression of MT24 with MKI67, TP53, BAX,
FLT! and EGFR specific for tonsillectomy tissues indicates
that oxidative stress and DNA damage triggers differential
MT2-associated response in tonsillectomy and tumorous tis-
sues. In tonsillectomies, the MT expression is associated with
proliferation and apoptosis [27], whereas in HNSCC patients,
the MT expression is associated with different mechanisms,
such as preventing oxidative stress.

cJUN NH2-terminal kinase (JNK) is a member of the
mitogen-activated protein kinases (MAPK) involved in non-
canonical Wnt signalling and planar cell polarity. It is activat-
ed in response to growth factors, inhibition of DNA and pro-
tein synthesis, environmental stress and inflammatory cyto-
kines, all of which regulate cell proliferation, differentiation
and apoptosis [28]. JUN expression was higher in adjacent
tissues compared to Tons. Co-expression of JUN and the pro-
liferation marker MK767 was present only in the tonsillectomy
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samples. This implies a key role of JUN in the cell prolifera-
tion in non-transformed tissue, and on the other hand, not so
important role of JUN in proliferation triggering in the
tumour-adjacent tissues. Li etal. demonstrated that the expres-
sion of JUN in fibroblasts in the tumour microenvironment
can promote the secretion of IGF-1. They also showed IGF-1
acting as a paracrine molecule that stimulates epithelial cell
proliferation [29, 30]. IGF-1 receptor (IGF-1R) activation was
also found to be able to suppress anoikis and hence to promote
the development of metastases [31, 32].

The higher expression of MK/67 in the tumour tissue was
significantly associated with a higher tumour grade (3 vs. 2) in
our study. Couture et al. have previously found that patients
with low-proliferation OSCC (Ki-67<20 %) have a worse
response to radiotherapy than patients with highly prolifera-
tive tumours [33]. Notably, cell proliferation in cancer cells
(determined by Ki-67 immuno-staining) was significantly cor-
related with the oxidative metabolism in mitochondria
(OXPHOS) and with the consumption of mitochondrial fuels
[34].

Furthermore, the elevated expression of BCL2 in the
HNSCC tumour tissue was also significantly associated with
node positivity and a higher grade. Accordingly, a lower BAX/
BCL2 ratio was also found in the adjacent tissue of grade 3
tumours as compared with grade 2, which implies the persis-
tent important role of evading apoptosis in advanced HNSCC
tumours. The simultaneous detection of BCL2 protein over-
expression and p53-gene mutation in a tumour biopsy speci-
men was associated with the worse survival of HNSCC pa-
tients treated by radiotherapy [35]. It was also suggested that
BCL2 works as an antioxidant by preventing ROS production
and precluding cellular damage caused by lipid peroxidation.
Moreover, BCL2 plays a role in redistributing GSH to specific
cellular compartments [36, 37]. In addition to its anti-
apoptotic property, BCL2 was also found to enhance the
invasivity and migration of some cancer cell lines by altering
the level of matrix metalloproteinases (MMPs) and their in-
hibitors [38, 39]. The over-expression of BCL2 resulted in
eminent elevation of MMP-2 expression and secretion, as well
as in the increase of its activity [40]. Accordingly, a significant
correlation between the expression of MMP2 and BCL2 in all
studied tissue types was observed in this study.

Many studies revealed that gelatinases (MMP-2, MMP-9)
are over-expressed in HNSCC [41-46]. A degradation of the
basement membrane is an important initial step for invasion
and metastasis formation. Main component of the basement
membrane is type IV collagen; disintegration of this extracel-
lular matrix protein is mediated by MMPs, namely by MMP-2
and MMP-9. Accordingly, these MMPs are tightly associated
with the malignant potential of tumour cells [47]. MMP-9 and
MMP-2 expression was significantly elevated in malignant
tissues as compared with adjacent normal tissues and tonsil-
lectomies assessed in one group. In consistence with other
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experimental results [48, 49], MMP9 is overproduced by
HNSCC cells themselves, rather than by cancer-associated
fibroblasts. Thus, MMP-9 appears to be a promising molecule
for targeted cancer therapy [50]. Nevertheless, a possible anti-
tumour activity of MMP9 (inter alia, production of anti-
angiogenic molecules) and the interference with physiological
MMP?9 functions must be taken into account [51].

When the expression for the tumour samples and the
matched adjacent tissue samples were analysed using a paired
t test analysis, two of more differentially expressed genes were
MMP9 and VEGFA, both more expressed in the tumour tis-
sues. VEGFA expression was not significantly associated with
the tumour size, histological grade or presence of metastases
in HNSCC patients in our study; nevertheless, in the study
published by Parikh et al.>, strong FEGE4 immuno-staining
was found as an independent unfavourable prognostic factor
in the tumour specimens of laryngeal cancer. Several studies
have shown that VEGF-targeted drugs suppress the growth of
primary tumours, but on the other hand may promote tumour
metastases [52, 53]. VEGFA is produced by cancer cells as
well as by stromal cells and manifests strong angiogenic ac-
tions by binding to its receptors, one of which is FL7/ (fms-
related tyrosine kinase 1). Immunohistochemistry of HNSCC
tissue samples showed FLT1 and VEGFA to be co-expressed
|54], which is in accordance with the significant correlation
between FLTT and VEGFA gene expression found in all stud-
ied types of tissues in our analysis. The weakest FLT/ and
VEGFA correlation was recorded in the tumour-adjacent tis-
sues, which might imply, that some portion of produced
VEGFA mRNA could be used for the tumour and not for the
adjacent tissues themselves [55]. It was shown that in addition
to its pro-angiogenic functions, VEGF directly influences pro-
liferation, migration and epithelial to mesenchymal transition
of tumour cells, which mediates switch to an invasive pheno-
type [56]. Interestingly, the expression of FLT! in the tumour-
adjacent tissues was significantly negatively associated with
the tumour grade and lymph node-positive status (N+). A
lower FLT1 expression was identically found in 3 grade and
N+ patients. Moreover, a lower expression of £GFR in the
tumour-adjacent tissues of N+ patients was found. In conjunc-
tion with the fact that EGF was expressed less in T than in A,
existence of grow supporting mechanisms of tumour cells by
tumour-adjacent tissues can be assumed. It was also found that
EGF gradients could direct invasion into surrounding tissues
[57]. Van Limbergen et al. observed that FLT/ increased ex-
pression in the tumour tissue as compared with the normal
epithelium [54], but we found no significant differences be-
tween FLTT expression in tumour, tumour-adjacent tissues or
tonsillectomies.

A higher expression of EGFR in tumour tissues compared
to A and Tons tissues was found, too. Over-expression and
autocrine activation of EGFR was found in approximately
90 % of HNSCC, this over-expression being associated with
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the poor prognosis, independent of therapy [58-61]. Slightly
lower expression levels of EGF were found in 3 grade tumour-
adjacent tissues, which imply that EGF plays a significant role
in the early stages of oral carcinogenesis. Once a carcinoma
has developed, the role of EGF appears to become less de-
fined [62].

Conclusion

Accumulation of alterations in expression patterns is an im-
portant event for the transformation from normal to cancer
tissue in the multistep carcinogenesis. Histopathologically
healthy tumour-adjacent tissue might be considered as a
cancerisation field, which is typified by genetic changes re-
quired for the development of cancer. In our study, the elevat-
ed MT24, BAX, EGF, and JUN expression was associated
with the influence of tumour cells on the rearrangement of
healthy tissues, as well as a significant shift in BAX/BCL2
ratio. Moreover, expression patterns of tumour-adjacent cells
seem to be helpful in defining tumour progression or in
predicting of node positivity. Our investigation also demon-
strated that adjacent tissues play an important role in
cancerogenesis by releasing several tumour-supporting factors
such as EGF. A gradual increase in the metallothionein ex-
pression, from the lowest in tonsillectomy samples to the
highest in tumour samples, suggests that M T expression might
be a tissue response to the presence of tumour cells. Many
examined trends in expression and expression patterns were
statistically non-significant due to patients’ heterogeneity and
cellular heterogeneity. However, the inclusion of all cell types
in the evaluated tissues made it possible for us to assess the
strongest effects of expression patterns on pathogenesis of
HNSCC.
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4.2 Prognosticka role c-Met: meta-analyza

V ptedchozi praci Raudenska et al.”® byly studovany zmény v tkanové expresi genti mezi kon-
trolami a pacienty s nadory, jejich prognosticky potencial studovan nebyl. Ve spojitosti se
spinocelularnimi karcinomy je jednou z Siroce diskutovanych molekul tyrozinkindzovy recep-
tor pro hepatocytarni ristovy faktor, c-Met!°!%7 Jeho fyziologicka tloha je spojena s kli¢ovymi
procesy béhem embryogeneze a hojeni ran, jmenovité napt. schopnost migrujicich bun¢k od-
loucit se od extracelularni matrix, uniknout anoikis a zfistat v nové vznikajici tkani’?. Ve
spojitosti s progresi nadorti byla tato molekula spjata s fenotypem nadorovych kmenovych bu-
nék a s mechanismem rezistence oproti inhibitorim EGFR novymi terapeutiky, napf.
cetuximabem!%8,

I kdyz existuje spektrum praci asociujicich tento tyrozinkindzovy receptor s neptiznivou pro-
gnozou, jejich vysledky se lisi a neexistuje meta-analyza, ktera by tato zjisténi podpofila silné;si
statistickou metodou'!!°,

V této praci bylo formou meta-analyzy shrnuto 17 praci s celkem 1724 pacienty studujici asoci-
aci preziti pacientli s overexpresi c-Met. Bylo zjiSténo, Ze overexprese je signifikantné
korelovana s nepfiznivym celkovym piezitim (hazard ratio (HR) = 2.19, 95 % interval spoleh-
livosti (CI) = 1.55-3.10) a piezitim bez relapsu (HR =1.64, 95% CI = 1.24-2.17, viz obrazek na
str. 117). Pomoci této meta-analyzy bylo také zjisténo, ze overexprese cMet je také asociovana
s pozitivitou uzlin, odds ratio (OR) =1.76, 95 % CI = 1.26-2.45. Na zaklad¢ zmén v expresi c-

Met je tedy mozné predikovat nepifiznivou prognézu pacientd.

Vsiansky V, Gumulec J, Raudenska M, Masarik M. Prognostic role of c-Met in head and neck

squamous cell cancer tissues: a meta-analysis. Scientific reports. 2018;in press.

Impakt faktor (2017): 4,122 Pocet citaci (6/2018): 0

114



Prognosticka role c-Met: meta-analyza 4.2

www.nature.com/scientificreports

SCIENTIFIC REPg}RTS

Received: 8 September 2017
Accepted: 26 June 2018
Published online: 10 July 2018

neck squamous cell cancer tissues:
a meta-analysis

Vit Vsiansky(®?, Jaromir Gumulec(®?, Martina Raudenska?® & Michal Masarik*??

This meta-analysis aims to evaluate the effects of high c-Met levels in head and neck squamous cell
carcinomas (HNSCC) on survival and clinicopatholegical features. Publications concerned with the
clinical significance of c-Met protein expression in HNSCC were identified from the Scopus and Web
of Science database searches. To elucidate the relationship between c-Met expression and clinical
outcomes, a meta-analysis of the selected articles was conducted. Seventeen publications involving
a total of 1724 patients met the inclusion criteria. c-Met overexpression was significantly correlated
with poor overall survival (hazard ratio (HR) = 2.19, 95% confidence interval (Cf)= 1.55-3.10). c-Met
immunohistochemical staining positivity was also associated with worse relapse-free survival
(HR=1.64,95% C/=1.24-2.17) and presence of regional lymph node metastases (odds ratio
(OR)=1.76, 95% C/=1.26-2.45). High levels of c-Met expression in HNSCC predict unfavorable
prognosis associated with common clinicopathological features.

c-Met is a transmembrane tyrosine kinase receptor for hepatocyte growth factor (HGF) also named scatter factor
(SE). Its physiological function is connected to key processes in tissue embryogenesis and wound healing such
as the ability of migratory cells to detach from the extracellular matrix, to elude anoikis and finally to settle in
newly forming or damaged tissue'. By hijacking these pathways through c-Met activation, tumors increase their
potential for invasive growth and metastasis’.

Head and neck squamous cell carcinoma (HNSCC) is the prominent histological type of head and neck cancer
causing more than 200,000 deaths each year’. ‘The currently most used prognostic system is the TNM classifica-
tion which relies on gross pathological features of the tumor and has inherent limitations in its ability to predict
the aggressiveness of the neoplasm®.

To address these issues, several biomarkers are currently under investigation as potential prognostic factors
in HNSCC?, ¢-Met has recently gained significant attention due to it is being associated with the cancer stem cell
population® and also acting as a key component of resistance mechanism against epidermal growth factor recep-
tor (EGFR) inhibition by novel therapeutics such as cetuximab’.

Owing to its importance in cancer progression, aberrant c-Met signalling has been studied specifically in the
context of HNSCC mainly by identifying MET gene mutations and copy number alterations or by assessing c-Met
overexpression®. While some studies have linked c-Met dysregulation to worse prognosis in HNSCC patients™ !,
others have not found any significant correlation'>'*. The aim of this meta-analysis is, therefore, to aid investiga-
tors and physicians in evaluating the role of c-Met as a robust prognostic factor in head and neck squamous cell
carcinoma.

Results

Identification and characteristics of relevant studies. The literature selection process of the eligible
studies is presented in Fig. 1. The set of 17 final articles included 1724 patients with 101 tissue samples per study
on average. The date of publication ranged from 2001 to 2017 with a median of the year 2011. A total of 8 studies
were proceeded in Asia, 6 in Furope and 3 in the USA. All studies analyzed c-Met expression levels with immuno-
histochemical methods (IHC), which was chosen as the main and the only determinant of c-Met expression level
in this meta-analysis. Several papers also investigated MET gene amplification status as a prognostic factor but
the scarcity and heterogeneity of the data prevented a reasonable statistical analysis''>!4. Only studies explicitly
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Republic. 2Department of Physiology, Faculty of Medicine, Masaryk University, Kamenice 5, 625 00, Brno, Czech
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Scopus: N=431
Web of science: N=330

Excluded: N=726
-Duplicates: N=199

-Not HNSCC: N=152
—| -Not original article: N=121
-No survival analysis: N=174
-Does not study c-Met: N=70
-Not in English: N=10

Full-text articles screened: N=35

Added articles from reference
list searching: N=2

—

Excluded: N=20

-No relevant data: N=15
-Data extraction not possible:
N=4

-ldentical population to a
more recent study: N=1

h 4

Articles included in analysis: N=17

Figure 1. Flow chart of the article selection process.

including squamous cell cancer were included. While 4 studies in total have explored ¢c-Met expression levels in
all various sites of the head and neck, 9 studies have focused only on the oral cavity, 3 only on oropharyngeal tum-
ors and lastly, a single study included solely hypopharyngeal lesions. A subgroup analysis dissecting differences
among these locations was not feasible due to lack of data on the association between clinical outcomes and the
tumor site,

Fourteen studies explored the prognostic significance of ¢c-Met in overall survival, while only 11 investigated
relapse-free survival (i.e. disease-free survival). Association of several clinicopathological parameters with c-Met
expression level was also studied by some of the selected papers. A single study only analyzed c-Met staining pos-
itivity and clinicopathological parameters but not patient survival'®. Specifically, 12 articles evaluated N tumor
staging, 10 also assessed T'tumor staging and/or prognostic clinical staging, 9 studied tumor differentiation level
(i.e. histological grading), 6 investigated the presence of distant metastases, 4 articles measured locoregional
failure occurrences and finally, 2 papers provided p16 positivity values in high and low c-Met expression groups.
Supplementary information presents all the studies included in the meta-analysis in detail.

Relationship of c-Met expression with overall and relapse-free survival. Meta-analysis of 14 appli-
cable studies showed that positive staining for c-Met was associated with lower OS (HR = 2.19, 95% CI = 1.55-
3.10; Fig. 2a)*10:12- 11621 A moderate measure of heterogeneity was observed among these studies (I7 =53%,
p»—0.01). Combined data from a total of 11 studies also demonstrated a relationship between positive c-Met
staining and poor RFS (HR = 1.64, 95% €I = 1.24-2.17; Fig. 2b) without significant interstudy heterogeneity
(= 20%, p, — 0.25)>1012141515.21-282526

Additional analysis of the 9 studies with stricter cutoff criteria revealed association of high c-Met expression
and poorer OS (HR =2.15, 95% CI — 1.44-3.21; Fig. 3a)!0.1214161820-23 without significant heterogeneity (I = 27%,
P»=0.20). Seven of these studies also evaluated the impact of c-Met overexpression on worse RFS. Statistically
significant association was found after combining the data (HR = 1.58, 95% CI = 1.12-2.22; Fig, 3b)!012141821-23,
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a Overall survival

Study Hazard Ratio HR 95%=Cl Sample Size Weight
Freudlsperger et al. 2010 _— 0.80 [0.45; 1.43] 21 10.5%
Cho et al. 2016 — 1.74 [0.98; 3.11] 396 10.5%
Aebersold et al. 2001 i 3.58 [1.82; 7.05] 100 9.5%
Baschnagel et al. 2017 —— 4.35 [2.13; 8.88] 105 9.1%
Fiedler et al. 2017 ——— 2.84 [1.38; 5.87] 82 9.0%
Kwon et al. 2014 ——'—‘— 1.32 [0.58; 3.01] 79 8.1%
Lo Muzio et al. 2006 — 2.43 [1.06; 5.58] 84 8.0%
Lo Muzio et al. 2004 —— 3.41 [1.41; 8.26] 73 7.5%
Rosko et al. 2016 ———— 5.24 [2.05; 13.39] 32 7.1%
Zhao et al. 2010 —_—r 1.36 [0.46; 4.04] 76 6.0%
Qian et al. 2016 _— 0.94 [0.28; 3.17] 78 5.2%
Kim C. et al. 2010 +——+— 4.11 [0.82; 20.64] 61 3.5%
Lim et al. 2012 —_— 2.10 [0.38; 11.52] 71 3.2%
Kim C. et al. 2006 —_— 1.42 [0.20; 10.07] 40 2.6%
Random effects model - 219 [1.55; 3.10] 100.0%

i 12 = =00 T r 1.1
Heterogeneity: /“ = 53%, p 0.3'1 05 1 2 0 Egger's test p=0.67

c—Met positivity implies better OS c—-Met positivity implies worse OS
b Relapse-free survival

Study Hazard Ratio HR 95%-Cl Sample Size Weight
Cho et al. 2016 —'— 1.19 [0.75; 1.87] 396 20.4%
Fiedler et al. 2017 —— 2.03 [1.12; 3.68] 82 14.8%
Baschnagel et al. 2017 - 2.01 [1.03; 3.92] 105 12.6%
Aebersold et al, 2001 i 2.89 [1.45; 5.76] 100 12.0%
Zhao et al. 2010 T8 1.66 [0.80; 3.43] 76 11.1%
Kwon et al. 2014 —&— 0.81 [0.37; 1.78] 79 9.8%
Rosko et al. 2016 ——— 296 [1.03; 8.52] 32 6.0%
Kim C. et al. 2010 —— 1.50 [0.49; 4.59] 61 5.4%
Qian et al. 2016 — 2.47 [0.57; 10.67] 78 3.3%
Endo et al. 2006 —_— 1.25 [0.28; 5.48] 99 3.3%
Brusevold et al. 2014 ——M—— 0.24 [0.02; 2.74] 53 1.2%
Random effects model > 1.64 [1.24; 2.17] 100.0%

e 2 = - | — e —
Heterogeneity: /“ = 20%, p 0.2%-1 051 2 10 Egger's test p=0.83

c—Met positivity implies better RFS ¢—Met positivity implies worse RFS

Figure 2. Forest plot of the association between c-Met staining positivity and OS (a) and between c-Met
staining positivity and RFS (b). HR, hazard ratio; CI, confidence interval.

All studies were separated into groups based on the location where they were conducted {Asia vs. Europe and
USA), sample size (equal to or greater than 100 vs. less than 100} and the ratio of c-Met positive to c-Met negative
samples (equal to or greater than 50% vs. less than 50%). In all studied subgroups, c-Met staining positivity was
associated with both poorer OS and RES, except for the “Asian” subgroup which had a significant relationship
only between c-Met staining positivity and worse OS but not between c-Met staining positivity and poorer RFS
(Table 1).

c-Met expression and clinicopathological features. c¢-Met staining positivity was significantly corre-
lated with regional lymph nodes metastasis (N0 vs. N1+ N2+ N3; OR = 1.86, 95% CI = 1.14-3.03; Table 2). No
significant relationship was found between c-Met staining positivity and advanced T stage (T! + T2 vs. T34 T4;
OR = 1.26,95% CI =0.86-1.86), presence of distant metastasis (OR = 1.96, 95% CI = 0.88-4.37), locoregional fail-
ure (OR = 2.48, 95% CI = (.97-6.35), poor tumor differentiation (G1 + G2 vs. G3; OR =0.82,95% CI=0.46-1.43)
or condensed TNM stage (I +1I vs. [II4+1V, OR=1.70, 95% CI =0.90-3.19). Also, no correlation was found
between high levels of c-Met and p16 positivity (OR = 0.65, 95% CI'=0.30-1.43), albeit only 2 studies investigated
this parameter. Results of this analysis are presented in Table 2.

Publication bias. Publication bias was analyzed for OS, RFS and all subgroup analyses larger than 5 studies.
Upon visual inspection of Begg’s funnel plots, no obvious asymmelry was noted (Supplementary information).
Further investigation by Egger’s test also did not provide evidence for publication bias in any of the aforemen-
tioned parameters (Table 1, Figs 2 and 3).
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a Overall survival

Study Hazard Ratio HR 95%-Cl Sample Size Weight
Cho et al. 2016 — 1.74 [0.98; 3.11] 396 20.1%
Aebersold et al. 2001 B 3.58 [1.82; 7.05] 100 17.4%
Baschnagel et al. 2017 —0— 435 [2.13; 8.88] 105 16.5%
Kwon et al. 2014 —_1T 1.32 [0.58; 3.01] 79 14.1%
Zhao et al. 2010 —— 1.36 [0.46; 4.04] 76 9.8%
Qian et al. 2016 R —— 0.94 [0.28; 3.17] 78 8.3%
Kim C. et al, 2010 +——+—— 4,11 [0.82; 20.64] 61 5.3%
Lim etal. 2012 — 1 210 [0.38; 11.52] 7 4.8%
Kim C. et al. 2006 —1————— 142 [0.20; 10.07] 40 3.7%
Random effects model - 2.15 [1.44; 3.21] 100.0%
Heterogeneity: 12 = 27%, p = 0.20 T T ! Egger's test p=0.56

0.1 051 2 10
High c-Met implies better OS High c-Met implies worse OS

b Relapse-free survival

Study Hazard Ratio HR 95%—Cl Sample Size Weight
Cho et al. 2016 T 1.19 [0.75; 1.87] 396 25.6%
Baschnagel et al. 2017 F——— 2.01 [1.03; 3.92] 105 16.9%
Aebersold et al. 2001 — 2.89 [1.45; 5.76] 100 16.2%
Zhao et al. 2010 -+ 1.66 [0.80; 3.43] 76 15.1%
Kwon et al. 2014 _ 0.81 [0.37; 1.78] 79 13.5%
Kim C. et al. 2010 —_—T 1.50 [0.49; 4.59] 61 7.8%
Qian et al. 2016 —T——+— 2.47 [0.57; 10.67] 78 4.9%
Random effects model - 1.58 [1.12; 2.22] 100.0%
Heterogeneity: /> = 26%, p £0.23 T I ! Egger's test p=0.54
0.1 05 1 2 10

c—Met positivity implies better RFS c—Met positivity implies worse RFS

Figure 3. Forest plot of the association between c-Met expression and OS (a) and between c-Met expression
and RFS (b} in studies with stricter cutoff criteria. HR, hazard ratio; CI, confidence interval.

Discussion

Identification of prognostic markers enables stratification of patients into high-risk groups for whom a specific
therapy could be necessary. In this meta-analysis, a significant relationship between high c-Met expression level
and poor overall survival in the context of head and neck squamous cell carcinoma has been demonstrated.

Even though immunohistochemistry was used in all the included studies, a primary obstacle in interpreting
and combining the outcome data was the diversity of cutoff definitions for the high and low expression patient
groups used by the authors. In some studies, the chosen criteria have taken into account all the possible immu-
nohistochemical factors and at the same time have been strict enough to warrant the usage of the term high/low
¢-Met expression. In other included articles, the criteria have not been clear or stringent enough and thus the
separated patient groups can only be recognized as c-Met staining positive or negative, while the c-Met staining
positive group could have expression levels ranging from fairly low, through moderate to high. To improve the
interpretability of the results, overall and relapse-free survival values were calculated for all of the studies taken
together and then separately for the high/low expression studies with stricter criteria. With all the studies com-
bined, c-Met staining positivity was associated with poorer overall and relapse-free survival. When considering
only the subset of studies with stricter cutoff criteria, high ¢-Met expression was correlated with worse overall
survival but not with poorer relapse-free survival. This discrepancy could have arisen due to reduced statistical
power when analyzing only a subset of all the possible studies. A unified method of scoring tissue samples for
c-Met overexpression would greatly improve the comparability of future studies. A possible candidate for this role
is a scoring method used in three of the eight high/low expression studies, the only one employed by more than
a single group of authors.

Subgroup analysis showed that neither sample size, c-Met positive to c-Met negative ratio, nor the stratifica-
tion of patients by Asian and Western countries have influenced the statistical significance of the association of
c-Met staining positivity with poor overall survival. This was also true for the relationship between c-Met stain-
ing positivity and relapse-free survival, except for the Asian subgroup, where an insignificant hazard ratio was
calculated, perhaps due to a higher measure of survival data extraction from Kaplan-Meier curves and therefore
introduced error in the Asian subgroup.

The biological role of c-Met provides a possible explanation for its association with poor prognosis. Aberrant
HGF/c-Met signalling has been previously shown to suppress E-cadherin expression and on the other hand,
increase expression of matrix metalloproteinases thus inducing a migratory phenotype in the affected cells*=#,
Indeed, in the present meta-analysis, a relationship between ¢-Met positivity and regional lymph node metastases
was observed. Furthermore, a previously published study has shown ¢-Met-positive head and neck cancer cells
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0s
Overall 14 1488 2.19(1.55-3.10) <001 |53 0.01 0.67
Asia 723 1.67 (1.12-249) 0.01 0 0.88 0.54
EU/USA 765 2.50 {1.54-4.07) <001 |70 <001 051
Large Sample 812 2.12(1.00-4.51) 0.05 83 <001 [ NA
Small Sample 10 676 2.31(1.63-3.28) <001 |6 0.39 0.60
High c-Met positivity | 8 721 1.73(1.04-2.90) 0.04 51 0.05 0.65
Low ¢-Met positivity 767 272(1.80-4.13) <001 |44 011 0.35

RFS
Overall 11 1161 1.64 (1.24-2.17) <001 |20 0.25 0.83
Asia 5 711 1.21(0.88-1.68) 0.24 0 0.76 0.86
EU/USA 6 450 222(1.58-3.12) <0.01 |5 0.51 0.31
Large Sample 3 601 1.81 (1.06-3.08) 0.03 59 0.09 NA
Small Sample 8 560 1.57 (1.11-2.24) 0.01 8 0.37 045
High c-Met positivity |3 368 1.98(1.29-3.03) <001 |13 033 0.20
Low c-Met positivity 6 793 1.52(1.07-2.15) 0.02 26 0.24 07

Table 1. Subgroup analysis of the studies reporting the association of c-Met positivity and overall survival (OS)
or relapse-free survival (RFS). HR, hazard ratio; CI, confidence interval; py,,, random effects model p values for
hazard ratios; py;: test of heterogeneity p value; NA: not available.

T3/T4 10 1230 1.26 (0.86-1.86) 65 0.020 021
N+t 12 1371 1.86(1.14-3.03) 65 0.01 0.22
Distant metastasis 6 675 1.96 (0.88-4.37) 6 0.38 0.57
Stage I11/TV 10 883 1.70 (0.90-3.19) 65 <0.01 0.69
Poor differentiation 9 679 0.82(046-1.43) 42 0.09 043
Locoregional failure 4 282 2.48(0.97-6.35) 59 0.06 NA
pl6* 2 475 0.65(0.30-1.43) 58 0.12 NA

Table 2. association between ¢-Met staining positivity and clinicopathological features. OR: odds ratio; ph: test
of heterogeneity p value; NA: not available.

to possess cancer stem cell properties and to contribute to chemo- and radiotherapy resistance®. HPV positivity
of head and neck tumors is usually accompanied by p16 positivity and can have very different outcomes when
compared to HPV negative cancers®. A relationship between c-Met positivity and p16 positivity could be in part
responsible for these varying outcomes. However, no statistically significant correlation was found in our study.

There are several limitations which must be kept in mind when interpreting the results of this meta-analysis.
First, usage of different antibodies against ¢-Met among studies contributes to ambiguity. Second, the number of
patients in each study is generally small, thus reducing the power and precision of subgroup analyses. Lastly, only
manuscripts published in English were considered for inclusion in this study, ignoring potential high-quality
articles in other languages.

In summary, this meta-analysis shows that c-Met overexpression is an indicator of poor overall survival in
head and neck squamous cancer patients, while c-Met immunochistochemical staining positivity is associated with
worse overall and relapse-free survival as well as higher rates of regional lymph node metastases. These findings
can help expand the application of c-Met as a prognostic marker in the clinical setting.

Methods

Search strategy and selection criteria. A systematic search of the published literature was conducted in
the Scopus and Web of Science databases using the following terms: (c-met OR “kinase MET” OR “MET kinase”
OR HGFR OR SFR OR “scatter factor receptor” OR “hepatocyte growth factor receptor”) AND (hnscc OR (“head
and neck” AND cancer) OR {(*phary* OR ling* OR oral OR laryn*) AND (cancer OR tumo* OR carcinoma*))}.
Titles and abstracts of the resulting studies were reviewed to remove unrelated papers. The remaining part of the
studies was read in full with the reference lists scanned for relevant articles.

In order to be selected, a study had to meet the following inclusion criteria: (1) was published in English; (2)
measures ¢-Met protein level in human head and neck tumors; (3) provides survival data such as hazard ratio
(HR) of overall survival (OS) or relapse-free survival (RFS) or corresponding Kaplan-Meier curves or provides
data correlating ¢-Met protein level and clinicopathological features such as tumor TNM staging. When multiple
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articles included the same population of patients, only the most recently published paper was considered. The
eligibility of the studies for meta-analysis was evaluated by two authors (V.V. and ].G.).

Data extraction. The following characteristics were extracted from each eligible study: (1) age and sex of
the patient population; (2) follow-up length; (3) number of cases in c-Met positive and negative groups; (4)
TNM staging, clinical staging, histological grades and anatomical site of the tumor samples; (5} c-Met positiv-
ity definition and cutoff values; {6) HRs with 95% Cls for OS and RFS or corresponding Kaplan-Meier curves.
Preferentially, values calculated with multivariate (i.e. multivariable) Cox proportional hazard model were
used in the meta-analysis. If these were not available, results from univariate Cox regression or estimates from
Kaplan-Meier survival curves were utilized instead. Calculation of HR from Kaplan-Meier curves was conducted
according to Tierney ef al.*’. Extracted data are available at Supplementary dataset 1.

Cutoff definitions for high c-Met expression.  Due to no clear and standardized criteria for stratification
of patients into high- and low-expression groups based on ¢-Met IHC results, authors of the included studies
employed a wide variety of scoring algorithms to distinguish these two patient groups. Of the 17 included studies,
only 9 have evaluated both staining intensity along with the relative number of cells stained and also had stringent
enough cutoff criteria to truly separate patients into high- and low-expression groups!®1214161820-22 Of these 9
articles, three have used a completely identical cutoff definition!®213!, The 8 remaining papers have based their
cutoft values only on either weak staining intensity or a relatively small proportion of stained cells without explic-
itly mentioning any consideration was given to the strength of the staining®!31517:19:24-26,

Based on this, the 9 selected studies with stricter cutoff criteria have also been analyzed separately as
c-Met high expression studies while all articles taken together are further termed c-Met positivity studies
(Supplementary information).

Statistical analysis. 'The expression of c-Met was determined as high or low, according to the definition and
cutoft values of each study. To evaluate the effect of association between c-Met expression and OS or RFS, the haz-
ard ratio of patients with low c-Met expression vs. patients with high c-Met expression was used. HR > 1 implied
worse prognosis for the patients with high levels of c-Met expression.

All analyses were carried out using the R packages meta (version 4.8-4, https://CRAN.R-project.org/
package — meta) and metafor (version 2.0-0, https://CRAN.R-project.org/package — metafor). Because each
included study was done on a different population and using varying c-Met expression cutoff values, a ran-
dom effects model was used to combine the data. Heterogeneity among studies was evaluated by the restricted
maximum-likelihood (REML) method. Publication bias was first assessed graphically by Begg’s funnel plot analy-
sis and consequently using Egger’s test with significant publication bias defined as p < 0.05. Only parameters with
at least 5 applicable studies were analyzed for publication bias.
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4.3 Molekularni markery HNSCC na arovni miRNA

Prace Raudenska et al.”” se zabyvala analyzou potencidlnich tkafiovych biomarkerd na urovni
mRNA. Translace (téchto RNA) do proteinti je ovlivnéna fadou procesi, mj. epigenetickymi
mechanismy — pomoci miRNA. Nasledujici prace Hudcova et al. se zaméfuje na studium prave
téch miRNA ovliviiujicich expresi gent over/under-exprimovanych v nadorové tkani, jak uka-
zéno ve studii”. K predikci bylo vyuzito dat z literatury'! a databaze Targetscan
(http://www.targetscan.org). Dlraz byl kladen zejména na gen metalothionein a jeho regulacni
molekuly, napf. transkripcni faktor MTFI.

V této préci (str. 123) byla ovéfovana exprese miR-29¢-3p, miR-34a-5p, miR200b-5p a miR-
375 v nadorové tkani a ve tkani prilehlé k naddoru. Signifikantni rozdily v expresi byly nalezeny
u miR-29¢-3p a miR-375. Ob¢ zminované miRNA byly vice exprimované ve tkani pfiléhajici
k naddoru v porovnani s tkani nadorovou, coz odpovida jejich ptfedpokladané roli nddorového

supresoru (viz obrazek na str. 126).

Hudcova K, Raudenska M, Gumulec J, et al. Expression profiles of miR-29¢, miR-200b and

miR-375 in tumour and tumour-adjacent tissues of head and neck cancers. Tumor Biology.

2016;37(9):12627-12633.
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Abstract Altered expression of microRNAs (miRNAs)
has been shown in many types of malignancies
including the head and neck squamous cell carcinoma
(HNSCC). Although there are many new and innovative
approaches in the treatment of HNSCC, a clear marker of
this disease is still missing. Three candidate miRNAs
(miR-29¢-3p, miR-200b-5p and miR-375-3p) were
studied in connection with HNSCC using quantitative
real-time PCR expression levels in 42 tissue samples of
HNSCC patients and histologically normal tumour-
adjacent tissue samples of these patients. Primary
HNSCC carcinoma tissues can be distinguished from his-
tologically normal-matched noncancerous tumour-
adjacent tissues based on hsa-miR-375-3p expression
(sensitivity 87.5 %, specificity 65 %). Additionally, a sig-
nificant decrease of hsa-miR-200b-5p expression was re-
vealed in tumour-adjacent tissue samples of patients with
node positivity. Lower expression of hsa-miR-200b-5p
and hsa-miR-29¢-3p in HNSCC tumour tissue was
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associated with higher tumour grade. Consequently, sur-
vival analysis was performed. Lower expression of
hsa-miR-29¢-3p in tumour-adjacent tissue was associated
with worse overall and discase-specific survivals. Lower
expression of miR-29¢-3p in tumourous tissue was asso-
ciated with worse relapse-free survival. hsa-miR-375-3p
scems to be a relatively promising diagnostic marker in
HNSCC but is not suitable for prognosis of patients.
Furthermore, this study highlighted the importance of his-
tologically normal tumour-adjacent tissue in HNSCC
progress (significant decrease of hsa-miR-200b-5p expres-
sion in tumour-adjacent tissue of patients with node pos-
itivity and low expression of hsa-miR-29¢-3p in HNSCC
tumour-adjacent tissue associated with worse prognosis).

Keywords Head and neck neoplasms - Carcinoma, squamous
cell of head and neck - MicroRNAs - Biomarkers, tumour -
Survival - Proportional hazards models

Introduction

Head and neck squamous cell carcinoma (HNSCC) is the
sixth most common type of cancer [1]. Despite new ap-
proaches in treatment of HNSCC, the overall 5-year survival
rate for patients with HNSCC is only 50 % mostly because of
the high rate of recurrences and advanced stage of disease by
diagnosis [2]. Epidemiology of HNSCC has changed during
the past 30 years; formerly, HNSCC was most commonly seen
in older adults with a history of alcchol and tobacco use, and
now it can be seen in younger adults in their 40s and 50s [3].
Thus, biomarkers with specific indications for diagnosis,
prognosis and prediction of therapeutic response are desper-
ately needed.
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Many studies proved that the aberrations in the microRNA
(miRNA) expression are tightly connected with pathogenesis
of human cancers, including HNSCC [4, 5]. miRNAs are
small RNA molecules (20-22 nucleotides) unable to en-
code proteins but managing significant catalytic, struc-
tural and post-transcriptional regulatory functions. They
regulate target molecule by binding to target messenger
RNA (mRNA) and inhibit protein translation or induce
degradation of mRNA [6]. In this study, we focused on
expression profiles of miR-29c-3p, miR-200b-5p and
miR-375-3p. With detailed 5p arm and 3p arm and se-
quence presentation, we could achieve more reproduc-
ible results, The arm annotation is quite often lacking in
other studies.

miR-29¢ belongs to the miR-29 family and is deregulated
in many different types of cancer including nasopharyngeal
carcinomas. miR-29¢ habitually has tumour-suppressive ef-
fect in those cancers [7-11]. The 3p arm of the miR-29 pre-
cursor 18 a prevailing product (miR-29¢ or miR-29¢-3p), al-
though the 5p arm (miR-29¢* or miR-29¢-5p) also objectively
exists [12]. miR-200b-5p is a key regulator of epithelial-
mesenchymal transition (EMT) involved in cancer metastasis
and chemoresistance [13]. Furthermore, RNA-sequencing
analysis revealed that enhanced expression of pri-miR-200b
resulted in increased expression of both miR-200b-3p and
miR-200b-5p. miR-200b-5p was not expressed in triple neg-
ative breast cancer cell lines with EMT features [ 14]. Hui etal.
revealed that the downregulation of miR-375, presented in
91 % of HNSCC, would result in enhanced proliferation,
deregulated growth and nonfunctional apoptosis [15]. Jung
et al. also disclosed the miR-375-mediated suppression of
multiple oncogenic pathways in HPV-associated carcinogen-
esis [16]. Downregulation of miR-375 may be a potential
marker of metastasis occurrence and poor outcome in
HNSCC [17].

In this study we focused on the evaluation of three
miRNAs with supposed tumour-suppressive effect
(miR-29¢-3p, miR-200b-5p and miR-375-3p) as diag-
nostic and prognostic markers of HNSCC.

Materials and methods
Sample preparation

All procedures performed in this study were approved by the
ethical committee of St. Anne’s Faculty Hospital, Brno,
Czech Republic, and were in accordance with the 1964 Helsinki
Declaration and its later amendments or comparable ethical stan-
dards. All surgical tissue samples were obtained from HNSCC
patients after they signed the informed consent. Histologically
verified primary HNSCC carcinoma tissues (T) and matched non-
cancerous adjacent tissues (A) were collected. The tissue material

@ Springer

harvested at surgery was placed into RNAlater solution for RNA
stabilization and storage (Ambion, USA). The material was main-
tained cold, and RNA was isolated within 24 h.

Total RNA extraction, quantitative real-time PCR

We obtained total RNA from samples using TRIzol reagent
(Invitrogen, UK). RNA concentrations and purity were deter-
mined by a NanoDrop spectrophotometer (Thermo Fisher
Scientific, Wilmington, DE, USA). An optical density ratio at
260:280 nm was calculated to evaluate protein contamination of
RNA. In addition to the ratio at 260:280 nm, measurements were
taken also at 280 and 230 nm. Our 260:280 values were between
1.84 and 2.08. The A260/A230 ratio was greater than 1.5 in all
samples. According to manufacturer’s instructions, 10 ng of iso-
lated RNA was transcribed using the TagMan® miRNA reverse
transcription kit (Applied Biosystems, USA), and 1.33 pl of the
transcribed miRNA was used directly in the quantitive real-time
PCR reaction. The primer and probe sets were selected from
TagMan miRNA expression assays hsa-miR-29¢ (assay ID:
000587), hsa-miR-200b (assay ID: 002274) and hsa-miR-375
(assay ID: 000564)) (Applied Biosystems, USA). The amplified
DNA was analysed by the comparative Ct method using RNU44
(assay ID: 001094) as an endogenous control. The qRT-PCR
was performed under the following amplification conditions:
total volume 20 pl, initial denaturation 95 °C/10 min, then 45 cy-
cles 95 °C/15 s, 60 °C/1 min with the 7500 real-time PCR system
(Applied Biosystems, USA). Sequence of studied miRNAs is
shown in Table 1.

Data normalization and statistical analysis

Log-transformed miRNA expression data were analysed
using a paired test (tumour versus tumour-adjacent tis-
sue) and using one factor ANOVA. Survival analysis
was analysed using Cox proportional hazard regression
with miRNA expression levels as covariates. Receiver-
operator curves (ROC), cutoff, sensitivity and specificity
were calculated using Cutoff Finder (http://molpath.
charite.de/cutoff) according to [18]. Unless noted
otherwise, p level < 0.05 was considered significant.
Software Statistica 12 (StatSoft, Tulsa, OK, USA) was
used for analysis.

Table 1  Sequence of studied miRNAs

miRNA Sequence

hsa-miR-375-3p
hsa-miR-29¢-3p
hsa-miR-200b-5p

UUUGUUCGUUCGGCUCGCGUGA
UAGCACCAUUUGAAAUCGGUUA
CAUCUUACUGGGCAGCAUUGGA
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Results
Clinico-pathological characterization of HNSCC patients

In this study, in total, 42 biopsy samples of tumours
from male patients with histologically verified
spinocellular carcinoma and comprehensive patient his-
tory were used. Only patients fulfilling following
criteria were included: descriptors of the tumour are
present (histology, tumour staging, grading) and patients
with no current or previous malignancy. Therapeutic
strategy was not taken into account. Sampling was per-
formed before the therapy begun (either chemo-, radio-
therapy or surgery). Age of patients and HPV status
was not taken into account. Tumour-adjacent tissuc
was verified histologically. Expression of the selected
miRNAs in tumour tissue was compared with the con-
trol group consisting of matched tumour-adjacent his-
tologically normal tissue (39 samples). Brief descrip-
tion of the cases is shown in Table 2. In the next
step, the effect of clinico-pathological conditions of
patients on the expression of the seclected miRNAs
was analysed.

miRNA expression pattern in tumour
and tumour-adjacent tissues

The expression analysis of miRNA was performed to character-
ize the expression profile of selected miRNAs in the particular

Table 2 Characteristics of the samples of patients and confrols. Note
that tumour staging and grading refer to the first “tumour” group of
patients only

Factor Group Number Age
{min—max)

Group Tumour 42 63 (47-87)

Tumour-adjacent 39 62 (47-87)
Gender

Male 42 63 (47-87)
Tumour grade

High 35 64 (47 87)

Low 4 65 (56-79)
Tumour stage

T1-2 62 (47-83)

T3-4 22 65 (47-87)
Node positivity

No 15 64 (51-83)

Yes 20 64 (47-87)
Meta positivity

No 31 64 (47-87)

Yes 4 61 (55-71)

tissue type. A multivariate test revealed a significant ef-
fect of the tissue type on the miRNA expression pattern
(F (6, 144) = 3.07, p = 0.007).

In accordance with the aim of this study, the expres-
sion of sclected miRNAs in tumour tissue and histolog-
ically normal tumour-adjacent samples was assessed.
miRNA expression for the tumour samples and the
matched adjacent tissues (tumour = 39, adjacent = 39)
were analysed using the paired ¢ test analysis.

hsa-miR-375-3p and hsa-miR-29¢-3p were both more
expressed in tumour-adjacent tissues (11.59-fold higher
expression, p = 0.0001 and 2.63-fold higher, p = 0.048
for miR-375 and -29c, respectively). No statistically sig-
nificant change in expression of hsa-miR-200b-5p between
adjacent and tumour tissues was found.

ROC (receiver-operator curves) analysis identified a
sensitivity 87.5 % (95 % CI 94.5-73.9), specificity 65 %
(95 % CI 77.9-49.5) and area under curve (AUC) = 0.74
for hsa-miR-375-3p and sensitivity 59.0 % (95 % CI 72.9-
43.4), specificity 69.2 % (95 % CI 81.4-53.6) and
AUC = 0.62 for hsa-miR-29¢c-3p (see Fig. 1).

miRNA expression and tumour staging

Consequently, the effect of tumour staging on the ex-
pression of the above-mentioned miRNAs was analysed.
Tumour-adjacent tissues are involved in the develop-
ment and progression of the tumour; therefore, the ef-
fect of tumour staging was not only related to the ex-
pression in HNSCC tumourous tissue but also to the expres-
sion in tumour-adjacent tissue samples. First, the effect of
TNM T staging was analysed (T1-2 versus T3—4). Thirty-five
tumour tissue samples (T1-2 = 15, T3-4 = 20) and 34
tumour-adjacent tissue samples (T1-2 = 15, T34 = 19)
were involved in the analysis. No significant association
between the selected miRNA expression and T stage
was determined either in the tumour or in the tumour-
adjacent tissue. Subsequently, the effect of node positiv-
ity was analysed. Thirty-five tumour tissue samples
(N positive = 20, N negative = 15) and 33 tumour-
adjacent tissue samples (N positive = 19, N nega-
tive = 14) were involved in the analysis. A significant
decrease of hsa-miR-200b-5p expression was revealed in
tumour-adjacent tissue samples of patients with node
positivity (0.17-fold expression, 95 % CI 0.03-0.87,
p = 0.035). In the next step. the effect of the presence
of distant metastases was analysed. Thirty-five tumour
tissue samples (M positive = 4, M negative = 31) and
33 tumour-adjacent tissue samples (M positive = 4, M
negative = 29) were included in the analysis. No signif-
icant association between distant metastasis and the se-
lected miRNA expression was determined either in the
tumour or in the tumour-adjacent tissue.
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Fig. 1 Tissue gene expression of microRNAs. a Expression in tumour
and tumour-adjacent (control) tissues. Displayed as logarithm of gene
expression, mean £ land 2 SE. Asferisks indicate difference significant

Gene expression and histological grading

Thirty-four tumour tissue samples (high grade = 30, low
grade = 4) and 32 tumour-adjacent tissue samples (high
grade = 29, low grade = 3) were involved in the analysis.
Low expression of hsa-miR-200b-5p (0.03-fold change,
95 % CI 0.001-0.15; p = 0.0001) and hsa-miR-29¢-3p
(0.05-fold change, 95 % CI 0.001-0.63; p = 0.023) in tumour
tissue was significantly associated with higher tumour grade
(see Fig. 2).

Fig. 2 Gene expression of

miR-375-3p

atp < 0.05 in paired test. b Area under curves, sensitivity and specificity
for particular miRNAs

Association between miRNA expression and disease-free
and overall survivals

The prognostic value of miR-29¢-3p, miR-200b-5p and
miR-375-3p expressions on overall, disease-specific and
recurrence-free survivals was studied by Cox propor-
tional hazard regression. Similar to previous chapters,
the hazard was calculated for the miRNA expression
in tumour and tumour-adjacent tissues separately.
Survival analysis showed a significant effect of

miR-200b-5p miR-29¢c-3p
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Fig. 3 Cox proportional hazard overall survival disease-specific survival relapse.free survival
model for overall, disease- 11 tumour-adjacent tiss:l:_ | . tumour-adjacent tisstlg_ ow 11 tumour tissue . low
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tumour-adjacent tissue (hazard ratio, HR = 0.27, 95 %
CI = 0.01 to 0.85 and 0.07, 95 % CI = 0.01 to 0.59,
respectively) (Fig. 3). In addition, there was a signifi-
cant effect of miR-29¢-3p on recurrence-free survival in
tumour tissues (HR = 0.31, 95 % CI = 0.10 to 0.91).
miR-200b and 375 were not associated with a hazard in
overall, disease-specific and recurrence-free survivals.
For details, see Table 3.

MicroRNAs (miRNAs) are important regulators of gene ex-
pression. Downregulation of tumour suppressor miRNAs or
overexpression of particular onco-miRNAs is involved in
pathogenesis of human cancers and cause tumourigenesis in
mouse models [19].

In this study, we focused on the expression profiles of pre-
sumed tumour suppressor miRNAs (miR-29¢-3p, miR-200b-5p

Table 3 Cox proportional hazard

model for averall survival, Qutcome type Tissue miRNA Hazard ratio (95 % CI) p value
disease-specific survival and
recurrence-free survival. Overall survival
Displayed for tumour tissue and Tumour miR-200b 1.00 (0.42 t0 2.38) 0.993
tumour-adjacent tissue miRNA miR-375 1.32 (0.76 10 2.27) 0321
expressions separately .
miR-29¢ 0.89 (0.47 1o 1.70) 0.732
Tumour-adjacent miR-200b 0.84 (0.30 10 2.40) 0.755
miR-375 2.17 (0.83 10 5.65) 0.113
miR-2% 0.27 (0.01 to 0.85) 0.024
Disease-specific
survival
Tumour miR-200b 1.25 (0.51 t0 3.08) 0.63
miR-375 1.45 (0.74 10 2.81) 0278
miR-29% 0.80 (0.37 to 1.75) 0573
Tumour-adjacent miR-200b 0.44 (0.04 to 4.23) 0.488
miR-375 4.48 (0.90 10 22.33) 0.067
miR-29¢ 0.07 (0.01 to 0.59) 0.014
Recurrence-free
survival
Tumour miR-200b 0.91 (0.14 10 5.23) 0.924
miR-375 1.77 (0.67 to 468) 0.248
miR-29%¢ 0.31 (0.10 t0 0.91) 0.034
Tumour-adjacent miR-200b 0.09 (0.00 to 7.77) 0.290
miR-375 3.09 (0.10 0 96.39) 0521
miR-29% 1.14 (0.06 t0 21.08) 0.928
C1 confidence interval
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and miR-375-3p) in HNSCC. Many of the miRNAs have
gender-related expression levels, and oestrogen-dependent
miRNA regulation is also well known [20, 21]. For these rea-
sons, only male HNSCC patients were included into analysis.
hsa-miR-375-3p and hsa-miR-29¢-3p were both less expressed
in tumour tissues. ROC (receiver-operator curves) analysis iden-
tified a sensitivity 87.5 %, specificity 65 % and AUC = (.74 for
hsa-miR-375-3p and sensitivity 59.0 %, specificity 69.2 % and
AUC = 0.62 for hsa-miR-29¢c-3p. No statistically significant
change in expression of hsa-miR-200b-5p between tumour-
adjacent and tumour tissues was found. Downregulation of
tumour suppressor miR-375 could lead to uncontrolled
cancerous inhibitor of protein phosphatase 2A (CIP2A)
expression and strengthened stability of MYC onco-
gene, which contributes to the promotion of tumourous
phenotypes, such as increased proliferation, colony for-
mation, migration and invasion [22]. Furthermore, it was
shown that common anti-cancer drugs such as doxorubicin, 5-
fluorouracil, trichostatin A or etoposide reactivated miR-375
and its primary transcript pri-miR-375 expression in tongue
cancer cells [23]. Lower hsa-miR-29¢-3p expression in tu-
mour tissue is also in accordance with other studies [11,
24-26]. Missing significant difference in hsa-miR-200b-5p
expression between tumour-adjacent tissues and HNSCC tu-
mour tissues could be caused by the presence of activated
cancer-associated fibroblasts (CAFs) in tumour-adjacent tis-
sue. Tang et al. revealed that miR-200s are generally down-
regulated not only in breast cancer tissues but also in acti-
vated CAFs. Fibroblasts with downregulated miR-200s
displayed accelerated migration and invasion [27]. In ac-
cordance, a decrease of hsa-miR-200b-5p expression in
tumour-adjacent tissue samples was associated with node
positivity in HNSCC patients. Low expression of hsa-miR-
200b-5p and hsa-miR-29¢-3p in tumour tissue was also
significantly associated with higher tumour grade. Using
the survival analysis, it revealed a significant effect of
hsa-miR-29¢c-3p expression in tumour-adjacent tissue on
the overall and disease-specific survivals and in tumour
tissue on recurrence-free survival (higher expression of
this miRNA was associated with better prognosis).
Nevertheless, no significant effect of hsa-miR-375-3p or
hsa-miR-200b-5p expressions was demonstrated using the
survival analysis. It could be due to context-dependent ef-
fects of miRNAs. They are tumour suppressive in context
of pro-tumourigenic pathways, but they also can confer a
resistance to the chemotherapy [28]. For example, artifi-
cial overexpression of miR-375 in cervical cancer cells
decreased paclitaxel sensitivity in vitro and also in vivo
[29]. miR-141 and miR-200 expressions may lead to
two counteracting effects: resistance to platinum com-
pounds on the one hand but increased sensitivity to
paclitaxel on the other [28, 30]. The negative correlation
between hsa-miR-200b-5p and hsa-miR-200b-3p

@ Springer

expressions and cisplatin sensitivity was revealed also
in NCI60 platform by CellMiner (http://discover.nci.
nih.gov/cellminer/).

Conclusions

In conclusion, hsa-miR-375-3p seems to be a relatively prom-
ising diagnostic marker inasmuch as primary HNSCC carci-
noma tissues can be distinguished from histologically normal-
matched noncancerous tumour-adjacent tissues based on these
miRNA expressions. A close relationship was found between
tumour miRNA expression profiles and circulating miRNAs
[31, 32]. Consequently, hsa-miR-375-3p could be a promising
target of further research of diagnostic markers in circulation.

Furthermore, this study highlighted the importance of his-
tologically normal tumour-adjacent tissue in HNSCC prog-
ress, inasmuch as a significant decrease of hsa-miR-200b-5p
expression was revealed in the tumour-adjacent tissue samples
of patients with node positivity, and low expression of hsa-
miR-29¢c-3p in HNSCC tumour-adjacent tissue was signifi-
cantly associated with worse prognosis.
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4.4 Elektrochemicka detekce miRNA, hladina v séru

V porovnani s molekularné-biologickymi metodikami pro detekci miRNA, které jsou zalozeny
na hybridizaci (QRT-PCR, Northern blot, ISH), jsou voltametrie a CD spektroskopie mnohem
rychlejsi (v fadu minut). Pfinédseji také informace o sekundarni strukture, které mohou mit dalsi
zajimava vyuziti. Elektrochemické metody mohou byt neobvyklym a novym pfistupem pii de-
tekci a analyze miRNA. V nasi studii jsme vybrali ti1i miRNA (miR-23a, miR-34a a miR-320a),
které jsou deregulovany v nadorech hlavy a krku a pokusili jsme se je charakterizovat a dete-
kovat pomoci elektrochemickych metod. V této studii byly provedeny voltametrické
a spektralni analyzy za uc¢elem lepsiho poznani struktury miRNA. Pro zakladni srovnani spekter
nukleotidi miRNA byly vysledky doplnény o uracilové DNA (DNA (U)), které maji stejné
oligonukleotidové sekvence jako miRNA. Uinkem nahrazeni ribozy za deoxyribézu v oligo-
nukleotidu byla prokazana strukturdlni diverzita. V prvni Casti jsme se zabyvali eliminaci
guaninového piku a charakterizaci jednotlivych miRNA podle obsahu guaninu (viz obrazek
na str. 135). Z vysledki je ziejmé, Ze podle guaninového piku Ize rozlisit od sebe vSechny tii
studované miRNA.

V tomto metodickém ¢lanku byla také provedena analyza exprese sérovych hladin vySe zmin¢-
nych miRNA na testovaci kohort¢ 48 pacienti. U vSech ze sledovanych bylo popsano

signifikantni zvySeni hladin oproti kontrolni skupin€ (obr. na str. 134).

Hudcova K, Trnkova L, Kejnovska I, Vorlickova M, Gumulec J ef al. Novel biophysical deter-
mination of miRNAs related to prostate and head and neck cancers. European Biophysics
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Abstract In this study we have chosen a new approach
and characterized three miRNAs (miR-23a, miR-34a and
miR-320a) related to prostate cancer and head and neck
cancer by spectral (circular dichroic and UV-absorption
spectra) and electrochemical (voltammetry at graphite and
mercury electrodes) methods. The spectral and voltam-
metric results, reflecting different nucleotide sequences of
miRNAs, were complemented by the results of DNAs(U)
having the same oligonucleotide sequences as miRNAs.
The effect of the substitution of ribose for deoxyribose
was shown and structural diversity was confirmed. The
stability of RNA and DNA(U) was studied using CD and
UV-absorption spectroscopy and melting points were cal-
culated. MiRNA-320a with the highest content of gua-
nine provided the highest melting point. With respect to
the rapid progress of miRNA electrochemical sensors, our
results will be useful for the research and development
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of sensitive, portable and time-efficient miRNA sensors,
which will be able to diagnose cancer and other diseases.

Keywords miRNA - Circular dichroism -
Electrochemistry - Prostate cancer - Head and neck cancer

Introduction

MicroRNAs (miRNAs) are small, non-coding ribonucleic
acids (ncRNAs) that regulate gene expression at the post-
transcriptional level (Mirnezami et al. 2009). The biogen-
esis of miRNAs is a multilevel process involving many
enzymes and proteins; hence, its regulation is quite dif-
ferent from the previously described regulators of gene
expression. Within the canonical model of biogenesis,
genes for miRNAs contain their own promoters and are
transcribed by RNA polymerase II into primary tran-
scripts (pri-miRNA) (Bartel 2007). The effect of miRNAs
is most often based on binding to the untranslated region
(3’UTR) of the target mRNA, which causes the deg-
radation (or inhibition) of the target mRNA and can be
seen in many cellular processes such as proliferation,
differentiation, apoptosis, metastases, angiogenesis and
the immune response (Mattie et al. 2006; Scapoli et al.
2010). Recently, many studies have shown that miR-23a,
miR-34a and miR-320a are associated with prostate and
head and neck cancer (IINC) (Ayaz et al. 2013; Hsiech
et al. 2013; Kumar et al. 2012; Mattie et al. 2006; Scapoli
et al. 2010; Yamamura et al. 2012). Prostate cancer (PCa)
is the second most frequently diagnosed cancer and the
second leading cause of cancer death in males in devel-
oped countries (Jemal et al. 2011). HNC, which includes
head and neck squamous cell carcinoma—cancers of
the oral cavity, larynx, oropharynx and hypopharynx, is
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the sixth most common cancer malignancy in the world
(Warnakulasuriya 2009). Important risk factors include
frequent consumption of alcoholic beverages and tobacco
(Zygogianni et al. 2011) and human papillomavirus
infections (HPV) (Marur et al. 2010). As compared with
the healthy subjects, the expression level of miR-23a is
reduced in PCa, whereas in colorectal adenocarcinoma,
the level is increased and miR-23a supports the migration
and invasiveness of these tumor cells (Mattie et al. 2006).
MiR-23a, with 12 other miRNAs, is significantly over-
expressed in oral squamous cell carcinoma (Scapoli et al.
2010). In another study it was found that 1’-acetoxychav-
icol acetate (ACA) may have anticancer effects against
human HNC through the downregulation of miR-23a,
which can repress tumor suppressor PTEN (Wang et al.
2013). Recent studies have pointed to the role of miR-34a
as a tumor suppressor in many types of cancer including
PCa, gastric cancer, cervical cancer, hepatocellular car-
cinoma and HNC (Cao et al. 2014; Chakraborty et al.
2014; Kumar et al. 2012; Liang et al. 2013; Liu et al.
2011; Ribeiro and Sousa 2014; Yamamura et al. 2012;
Yang et al. 2014). The enforced expression of miR-34a
in bulk or purified CD44+ PCa cells inhibited clonogenic
expansion, tumor regeneration and metastasis (Liu et al.
2011). MiR-34a regulates the levels of PCa protoonco-
gene ¢-MYC, which activates genes stimulating prolif-
eration and is frequently deregulated in tumors. MiR-34a
also inhibits cell proliferation in vitro (cell line PC-3)
and in vivo, and it promotes apoptosis in PCa (Yamamura
et al. 2012). MiR-34a plays an important role in the p53
protein pathway, the position of which is unique for can-
cer malignancy in almost all types of tumors. P53 acti-
vates the expression of miR-34a and regulates a feedback
loop when miR-34a inhibits SIRT1, resulting in acety-
lation and p53 activation (Liang et al. 2013). Signifi-
cant downregulation of miR-34a was observed in HNC
patients as well as in HNC cell lines (Kumar et al. 2012),
The regulatory axis of p53/miR-34a has also proved to
be very important in controlling Bax-dependent apopto-
sis in non-small-cell lung carcinoma cells (Chakraborty
et al. 2014). Mir-320a regulates the expression of PFKm
{phosphofructokinase), which is a glycolytic enzyme of
muscle type involved in the regulation of glycolysis—
and it is known that cancer cells have a modified metab-
olism and increased aerobic glycolysis, which is why
this miRNA 1is so important for cancer research (Tang
et al. 2012). In PCa, the expression of miR-320a is sig-
nificantly reduced; miR-320a inhibits the expression of
catenin by annealing to the 3 ‘UTR region of mRNA and
suppresses the stem cell-like characteristics for PCa. This
means that miR-320a is a key negative regulator in pros-
tate tumor-initiating cells (Hsieh et al. 2013). In laryn-
geal squamous cell carcinoma, which is the second most
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common HNC worldwide, the significantly upregulated
miR-320a may thus serve as a biomarker of this disease
(Ayaz et al. 2013).

Typical strategies for studying miRNAs are northern
blotting (NB), qRT-PCR, in situ hybridization (ISH) and
microarrays technologies (Hamidi-Asl et al. 2013). These
techniques are well known and described, including possi-
bilities for their modifications, which may be using locked
nucleic acids (LNAs) in NB (Varallyay et al. 2008), ISH
(Obernosterer et al. 2007) or qRT-PCR (Raymond et al.
2005). Nanomaterial-based assays have become popu-
lar; their use is sensitive, specific and often label-based or
requiring a hybridization step. Modifications of this tech-
nique can use electroanalytic tags (Gao and Yang 2006),
magnetic bead-based bioassay (Bettazzi et al. 2013) or a
bioassay based on the ruthenium oxide nanoparticle-initi-
ated deposition of an insulating film (Peng and Gao 2011).
There are already many techniques conductive to using
electrochemistry to detect miRNA (de Planell-Saguer and
Rodicio 2011; Hamidi-Asl et al. 2013) and also spectros-
copy (Driskell and Tripp 2010). Deamination of cytosine
to produce uracil is a common and potentially mutagenic
lesion in the genomic DNA (Larson et al. 2008). Uracil in
DNA results from the spontancous or enzymatic deami-
nation of cytosine, resulting in mutagenic U:G mispairs
(Sousa et al. 2007).

In this study we used for the first time the linear sweep
voltammeltry and elimination voltammetric procedure in
connection with the pencil graphite electrode and circu-
lar dichroism (CD) for the determination of the miRNA
structures and their changes. For the comparison of DNA
and RNA, we used the DNA backbone with the base of
uracil in which the presence of mutagenic cells has been
demonstrated.

Materials and methods
RNA isolation and reverse transcription

Total RNA was obtained from the sera of patients with PCa
(at St. Anne’s University Hospital Brno). The study was
conducted in line with the principles of the Declaration of
Helsinki and was approved by the Ethics Committee of the
Faculty of Medicine, Masaryk University Brno. In total, we
used 38 serum samples from patients and 10 serum samples
from healthy males. Isolation from the patients’ sera was
performed by using the commercial High Pure miRNA iso-
lation kit (Roche, Switzerland). According to manufactur-
er’s instructions, 10 ng of isolated miRNA was transcribed
using the TagMan® microRNA reverse transcription kit
(Applied Biosystems, USA), and 1.33 pl of transcribed
miRNA was used directly in the real-time PCR reaction.
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Quantitative real-time polymerase chain reaction
(QRT-PCR)

The gRT-PCR was performed in triplicate using the TagMan
gene expression assay system with the 7500 real-time PCR
system (Applied Biosystems, USA). The primer and probe
sets were selected from TagMan miRNA expression assays:
hsa-miRNA-23a (assay ID: 000399), hsa-miRNA-34a
(assay ID: 000426) and hsa-miR-320a (assay ID: 002277).
The gRT-PCR was performed under the following ampli-
fication conditions: total volume 20 pl, initial denaturation
95 °C/10 min, then 45 cycles 95 °C/15 s, 60 °C/1 min. The
amplified DNA was analyzed using the CT (cycle thresh-
old) values of cycle expression for each miRNA. SW Excel
2007 (Microsoft, USA) was used to arrange the data set.
SW Statistica 9.1 (StatSoft, USA) was used to perform the
statistical analysis and chart construction.

Biophysical analysis

MiRNAs synthetic oligonucleotides (hsa-miR-23a: AUCAC
AUUGCCAGGGAUUUCC, hsa-miR-34a;UGGCAGUGU
CUUAGCUGGUUGU and hsa-miR-320a: AAAAGCUGG
GUUGAGAGGGCGA) were purchased from Sigma-
Aldrich (MO, USA) and used for analysis by LSV or CV
(linear sweep voltammetry or cyclic voltammetry), CD and
UV-absorption measurements. Lyophilized oligonucleo-
tides were dissolved in miliQ-H,O to the milimolar con-
centration according to nucleosides. To compare the CD
and UV-absorption spectra of the individual miRNAs, we
used the same number and order of bases carried on DNA
backbone as in miRNAs. The synthetic oligonucleotides
of miRNAs with the DNA backbone (DNA(U)) were pur-
chased from Sigma-Aldrich (MO, USA) as well and dis-
solved to an equal extent as miRNAs.

Linear sweep voltammetry (I.SV} and cyclic voltammetry
(CV)

Oxidation and reduction signals were recorded on the pen-
cil graphite electrode (PeGE) and on the hanging mercury
drop electrode (HMDE) in aqueous buffered solutions.
Experimental conditions were as follows: the concentration
of the oligonucleotides was 1 x 107 M; phosphate-acetate
buffer (pH 4.55-7.47); room temperature (23 °C). The elec-
trochemical analyzer AUTOLAB PGSTAT 20 (EcoChemie,
Utrecht, The Netherlands) linked with the VA Stand 663
and controlled by the GPES Manager 4.9 software was con-
nected to a set of three electrodes: PeGE (0.5 HB Tombow,
Japan) with an effective area of 8.5 mm’ or HMDE with
an effective area of 0.4 mm? as a working electrode, Ag/
AgCl/3 M KCl as a reference electrode and Pt wire as an
auxiliary electrode. LSV or CV parameters corresponded to

the scan rate: 100, 200, 400 mV/s; potential range: from 0
to —1.8 V (HMDE) and from 0 to 1.2 V (PeGE); accumu-
lation time f, = 30 s and 1, = 0 s for HMDE and PeGE,
respectively; potential step: 2 mV. For a further data treat-
ment, the potential-current values were exported to Excel.
We also tried to analyze miRNAs on PeGE using square-
wave voltammetry (SWV) and differential pulse voltamme-
try (DPV).

Elimination voltammelric procedure (EVP)

The essence of the elimination voltammetric procedure
(EPV) (formerly known as elimination voltammetry with
linear scan—EVLS) consists in the transformation of vol-
tammetric currents into functions that are capable of elimi-
nating some unwanted current components (e.g., diffusion,
capacitive or kinetic). The transformation resulting in the
elimination function is based on the different depend-
ence of a current component on the scan rate (polarization
speed). Elimination coefficients of the elimination function
can be calculated by using the software developed by the
authors of this article. There is a possibility to eliminate
capacitive kinetic or diffusion currents as well as their com-
binations so we can eliminate selected current components
concurrently. EVP improves voltammetric signals and not
only increases the sensitivity of voltammetric methods, but
also improves the separation of overlapping signals. Such
signals can be, for example, overlapped reduction signals
of adenine and cytosine on HMDE (Trnkova et al. 2003,
2006) or oxidation signals purine derivatives on graphite
electrodes (Navratil et al. 2014). The form of the function
eliminating the capacitive and kinetic current components
and conserving the diffusion current component for scan
rates of 200, 400 and 600 mV/s is as follows:

F(D = —14.674500 mvss + 29.3501400 mvss — 14.6700500 mvys-

Circular dichroism (CD) and UV-absorption spectroscopy

CD and UV-absorption measurements were taken using
the Jasco 815 dichrograph (Tokyo, Japan) in 0.1-cm path-
length quartz Hellma cells placed in a thermostatic holder
(23 °C). The concentration of miRNAs was 1x 107 M (in
nucleosides); phosphate-acetate buffer (pH 4.55-7.47). For
CD spectra, the scan rate was 100 nm/min, averaging four
measurements, CD signals are expressed as a difference Ag
in molar absorption of the left- and right-handed circularly
polarized light.

Results and discussion

To determine the function of biologically important mole-
cules responsibly, it is necessary to investigate their structure
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Fig. 1 Express status of miRNAs in patients’ sera as compared with
healthy controls. Comparison of the expression status of miRNAs
(miR-23a, miR-320a and miR-34a) from the sera of patients with
those of healthy controls using qRT-PCR. MiR-23a was expressed 3.5

in dependence on eligible parameters, resulting in a cor-
rect understanding of the structure-function relationship. It
could be an example of miRNAs, which have a very impor-
tant regulatory function at the transcriptional level. We do
not focus solely on the primary miRNA structures, but also
on the secondary structures, whose influence on the behav-
ior of RNA has a crucial role. De-coiled and more exposed
structures of miRNA are more amenable to external effects
such as mRNA annealing, creating complexes with proteins,
hybridizing with the complementary structures and—for our
purpose—annealing to the electrode surface. The secondary
structure of miRNA was studied in the context of the pri-
mary transcript (pri-miRNA) and the precursor of miRNA
(pre-miRNA) only (Diederichs and Haber 2006), but the
description of the secondary structure of mature miRNA has
never been studied by using the electrochemical and spec-
tral methods such as voltammetry and CD spectroscopy.
Compared to molecular-biological methods (QRT-PCR, NB,
ISH), where the measurements are time-consuming, taking
hours, voltammetry and CD spectroscopy are inexpensive,
accessible and not time consuming (on an order of minutes).
Figure 1 shows the expression status of all three stud-
ied miRNAs—miR-23a, miR-34a and miR-320a—in the
context of comparing healthy controls with PCa patients.
The expression of the studied miRNAs in the patients
with PCa is in larger quantities than in the healthy con-
trols (by more than two times and in the following order:
34a > 23a > 320a); this is why we chose them for this
study. From a biological point of view, these miRNAs are
of interest to us and can be used as a suitable target for
study using clectrochemical and spectral methods. PCR
methods inform about the primary structure level of miR-
NAs. To learn about their secondary structure, we need
other approaches applying electro- and spectral analysis.

@ Springer

times more in the patients’ sera compared to the healthy controls (a);
for miR-320a it was almost 2.5 times more (c). In the healthy con-
trols, miR-34a was observed in a very small amount, while in the
patients’ sera, this miRNA showed good expression (b)

The direct oxidation of adenine and guanine in the
nucleotide chains on bare carbon electrodes showed a poor
response with a slow electron transfer, and the oxidation of
adenine required a relatively higher overpotential than that
of guanine. We investigated the guanine oxidation signals
of miRNAs on PeGE by means of voltammetry in connec-
tion with our elimination procedure. A comparison of the
oxidation peaks for all three miRNAs, measured by LSV
using PeGE and evaluated by EPV is shown in Fig. 2a.
Guanine peaks are situated around a potential of 1.1 V (vs.
Ag/AgCl/3 M KCI). For the EPV analysis, three polariza-
tion rates (200, 400 and 600 mV/s) were used and a corre-
sponding elimination function was calculated. The content
of guanine in Fig. 2b corresponds with the peak height of
each miRNA. In miR-320a with the highest content of gua-
nine (45.5 % of the total), the highest peak was observed.
The smallest peak was exhibited by miR-23a in which the
content of four guanines was the lowest of all miRNAs.

To determine differences between the RNA and DNA
skeletons, electrochemical (LSV analysis on HMDE) and
spectroscopic (CD spectroscopy) analyses were carried out.
Using electrochemistry (CV on a mercury electrode), we
demonstrated that the RNA fragments form a single peak
corresponding to the oxidative peak for guanine (Stud-
nickova et al. 1989), while DNA(U) forms two peaks in the
same region of potentials (Fig. 3a, b). The oxidation gua-
nine signal (G peak) is known especially from the studies
of oligodeoxynucleotides. It corresponds to the oxidation
of the reduced product of guanine (7.8-dihydroguanine)
proceeding at very negative potentials (more than —1.6 V)
(Trnkova et al. 1980). The prerequisite for obtaining an
oxidative signal is the accessibility of guanine residues
of the oligonucleotide chain to the electrode surface. The
dual oxidation guanine peak is a characteristic feature of
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Fig. 2 Elimination voltammetric guanine peaks on the PeGE and
dependence of these peak heights on the content of guanine. Com-
parison of guanine peaks (EPV from LSV as current-potential
dependence) for three miRNAs (miR-23a, miR-34a, miR-320a) (1
< 1074V M) peak (a) in phosphate—acetate buffer (pH 5.0), scan rate:
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Fig. 3 Comparison of the guanine peak for RNA and DNA(U) back-
bone structures of two miRNAs using the mercury electrode. LSV
as current-potential dependence for two forms of backbone struc-
tures—RNA and DNA(U) measured on miRNAs (1 = 10~* M) in the
phosphate-acetate buffer (pH 5.0), scan rate: 400 mV/s; accumula-

DNA fragments. In the same buffer solutions, RNA is able
to provide only one guanine oxidation peak. The differ-
ence can be attributed to the DNA structure conditioned by
ribose and deoxyribose and to the different interaction of
sugar with the nucleotide backbone.

To characterize miRNAs and DNA(U) structures and to
obtain more information about their secondary structure,
we also used CD and UV-absorption spectroscopy. This
study focuses on a basic characteristic of miRNA, so we
used higher concentrations of synthetic oligonucleotides
(10~* M) than the relevant concentration of miRNA in bio-
logical samples (10~% M). The signals obtained from the

miR-
320a
85.8238

100 -

(b)

miR-34a
62.9076

Peak height
in 1057 mV of axe x
g

0 r )
2 7 12
Content of guanine in miRNAs

200,400,600 mV/s; activation of PeGE surface at potential —1.4 V
(time 60 s); pre-treatment of PeGE by miRNA at potential 0 V (time
10 min). Peak height increases with the content of guanine in each
miRNA (b)—measured under the same conditions as in (a)

b
0.04 - miR-34a DNA(U)
~------ miR-320a DNA(U)
0.03 '
0.02 4

0.01

0.00
-300

-100 0

E [mV]

-200

tion potential —0.1 V and accumulation time 60 s. LSV curves were
measured on a hanging mercury drop electrode. It is evident that the
RNA structure of the sugar-phosphate backbone forms only one peak
(a), while the DNA(U) structure forms two oxidative peaks for gua-
nine (b)

CD spectra shown in Fig. 4a, b, ¢ indicate clearly that the
CD spectra reflect significant differences in the secondary
structures of the miRNAs. The CD spectrum for miR-23a
(Fig. 4a) shows a huge positive peak at 270 nm, a shallow
negative peak at 240 nm and specifically the presence of
a negative peak at 210 nm, which are characteristic signs
for the A-form arrangement of the RNA. The DNA frag-
ment of the same sequence yields a CD spectrum with
small amplitudes corresponding to that of a sequentially
heterogeneous non-perfectly ordered B-DNA form. The
MiR-34a spectrum (Fig. 4b) has a positive shoulder around
240-250 nm (at the places where the classical A-form has
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Fig. 4 CD spectra of miRNA and DNA-U. Upper figures CD) spectra
of miRNAs (a miR-23a, b miR-34a, ¢ miR-320a—black lines) and
DNA(U) (red lines) in phosphate—acetate buffer (pH 5.0). Bottom fig-

a shallow and rather negative minimum), which may result
from the presence of non-standard pairing, such as G-U.
The CD spectrum of the DNA analog corresponds to the
standard B-form; only the positive CD peak is somewhat
higher, and the whole spectrum is slightly shifted to longer
wavelengths probably also because of the presence of the
atypical U-base in the DNA structure. The CD spectrum
of miR-320a (Fig. 4¢) corresponds to the A-form RNA.
Interestingly, its DNA analog provides nearly the same
spectrum; only the minimum at 210 nm does not acquire
negative values. The A-like spectrum of DNA could be a
consequence of the probable A-U pairing enabled by the
sequence. CD spectra of miRNAs do not distinctly change
with changes of pH values (Fig. 4d, e, ) within a range of
pH 7.5-4.5, where the A-form remains stable.

In this work, the stability of miRNA and DNA(U) struc-
tures was examined and quantified using UV absorption
temperature dependences from which melting points (7,,%)
were determined for both miRNA and DNA(U) (Table 1).
The big difference in melting points AT,° (14.5 °C)
between RNA and DNA(U) for miR-34a might be due
to the generation of several hairpin secondary structures
according to its primary structure. In comparison, for miR-
320a the difference in AT, is only 3 °C (and indicates sig-
nificantly higher stability of the secondary structure related

@ Springer

ures CD spectra of miRNAs (d miR-23a, e miR-34a, f miR-320a)—
dependence on pH (the phosphate-acetate buffer). The concentration

of miRNAs was 1 1074 M

Table 1 Comparison of melting points between RNA and DNA(U)
forms of miRNA oligonucleotides

Melting points measured by UV-absorption
RNA backbone of miRNA

miR-23a 257 °C

miR-34a 32.0°C

miR-320a 49.5 =C
DNA backbone of DNA(U)

miR-23a 333°C

miR-34a 46.5°C

miR-320a 525°C

to more hydrogen bonds in this molecule of miRNA). Dif-
ferences between RNA and DNA with uracil are evident;
however, it can be generally concluded that miRNA has a
lower melting point than the corresponding DNA(U).

Conclusions
Detection of miRNAs using electrochemical and spectral

methods has become popular and useful. However, this
still does not make possible the perfect characterization
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of an ideal biomarker, which requires specificity, sensitiv-
ity, a low price, simplicity and reproducibility. This work
attempts a combination of several techniques in the context
of miRNA research that has not been used yet. PCR meth-
odology focuses on a study with the help of the primary
structure, which is the most common way to study miR-
NAs. As it is known that changes in the secondary struc-
ture are common in RNA, we decided to take advantage of
this knowledge and to expand upon the subject. The differ-
ence between the DNA and RNA backbones has been dem-
onstrated by LSV and CD. Different methods have been
developed for the analysis of miRNA so far, but the com-
bination of LSV, CD and UV-absorption methods using the
information about the secondary structure for the charac-
terization of miRNA has not been published yet. We expect
that our novel approach will contribute to the development
of a new label-free detection system for miRNA.
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4.5 Molekuliarni markery HNSCC na urovni proteinu

Dalsi nadéjné HNSCC markery a rovnéz markery vytipované na zaklad¢ predchozich experi-
mentl byly ovéfeny i na proteinové urovni ve vzorcich krve. Markery stanovované z krve jsou
mén¢ invazivni nez tkanové biopsie a odbér vzorkl se miize opakovat, coz umoziuje sledovat
v realném case progresi onemocnéni a odpoveéd’ na 1écbu. Jako prvni byla ovéfena hladina
EGFR v plazm¢ HNSCC pacientti a kontrol. Jako kontrola byla vyuzita skupina jedinci
bez medikace a bez diagnostikovanych chorob a diabeticka skupina (diabetes typu 2; T2DM).
Charakterizace pacientii a kontrol je uvedena v tabulce na str. 143. Jako prvni byla vyhodnoco-
vana asociace mezi plazmatickymi hladinami EGFR a vyskytem HNSCC. Hladina
plazmatického EGFR byla u pacientii s HNSCC vyznamné vyssi nez u obou typt kontrol se
senzitivitou 76,09 % a specifitou 67,27 %; viz obr. na str. 142. Mezi obéma typy kontrol nebyla
nalezena statisticky vyznamna zména v hladinach plazmatického EGFR.

Dalsim stanovovanym parametrem byla asociace plazmatickych hladin EGFR a klinicko-pato-
logickych charakteristik HNSCC pacientl. Nebyla nalezena zadna signifikantni asociace mezi
hladinami EGFR a HPV infekci stadiem ¢i diferenciaci nadoru, zasazenim miznich uzlin ¢i
vyskytem vzdalenych metastdz. V1iv HPV infekce a T2DM byl vSak na hranici statistické vy-
znamnosti (a je blize zkouméan v nésledujici praci Polanska et al. na str. 147).

Dalsim studovanym parametrem byla délka piezivani pacientd. Prognosticky vyznam plazma-
tickych hladin EGFR byl posuzovdan pomoci Kaplan-Meierovy analyzy preziti a Coxova
modelu proporciondlnich rizik, nebyla ale prokézana asociace mezi hladinami EGFR a pteZi-

vanim pacientl (viz obr. na str. 143).

Polanska H, Raudenska M, Hudcova K, et al. Evaluation of EGFR as a prognostic and diagnos-
tic marker for head and neck squamous cell carcinoma patients. Oncology Letters.
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Abstract. Approximately 90% of all head and neck tumors
are squamous cell carcinomas. The overall survival of patients
with head and neck squamous cell carcinoma (HNSCC) is
low (<50%). A non-invasive marker of disease progression is
sorely required. The present study focused on the plasmatic
levels of epidermal growth factor receptor (EGFR) in HNSCC
patients (N=92) compared with healthy (N=29) and diabetic
[type 2 diabetes mellitus (T2DM); N=26] controls. Enzyme-
linked immunosorbent assay using antibodies against the
extracellular region of EGFR (1.25-5645) was performed.
No significant changes were observed between diabetic and
healthy controls. However, there were significantly higher
EGER plasma levels in HNSCC patients compared with both
control groups (P=0.001 and 0.005, respectively). Receiver
operating characteristic curve analysis identified a sensitivity
of 76.09%, a specificity of 67.27% and an area under curve
of 0.727 for this comparison. No significant association was
observed between EGER plasma levels and tumor stage, tumor
grade, lymph node or distant metastasis occurrence, smoking
habit or hypertension. However, the presence of human
papillomavirus infection and T2DM in HNSCC patients had
borderline effect on the plasma EGEFR levels. Survival analysis
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revealed no significant influence of plasmatic EGFR levels on
the overall and disease-specific survival of HNSCC patients.
In conclusion, EGFR plasma levels appear to be a relatively
promising diagnostic, but poor prognostic, HNSCC marker.

Introduction

Epidermal growth factor receptor (EGFR), also known as
ErbBl1, is a 170-kDa transmembrane glycoprotein belonging to
the ErbB/human epidermal growth factor receptor family of
receptor tyrosine kinases (1-3). EGFR is composed of an extra-
cellular highly glycosylated ligand-binding domain (ECD)
comprising amino acids 1-621, a hydrophobic transmembrane
domain (amino acids 622-644) and an intracellular domain
with tyrosine kinase activity for signal transduction (amino
acids 645-1,186) (Fig. 1) (1-3). Upon binding of a ligand-like
amphiregulin, EGF or transforming growth factor o (TGFw)
undergoes a conformational change by homo-dimerization or
hetero-dimerization with another member of the erbB family,
followed by auto-phosphorylation (4,5). This results in tyrosine
kinase activation and triggering of signaling cascades. Activa-
tion of EGFR leads to the activation of intracellular signaling
pathways that regulate cell proliferation, invasion, angiogen-
csis and metastasis (4,5). EGFR has been selected as a target of
anticancer treatments due to its critical roles in cell survival and
proliferation (6). EGER is a strong prognostic marker in head
and neck, ovarian and cervical cancer (7-9). EGFR expression
has been associated with a higher proliferative index, advanced
tumor stage and increased tumor angiogenesis in HNSCC (9).
Overexpression of EGFR and TGFa significantly predicted a
shorter disease-free and overall survival (9). EGEFR activation
also resulted into increased cell invasiveness and motility (10)
via the induction of epithelial-to-mesenchymal transi-
tion (11,12). Furthermore, EGER can interact with the receptor
cluster of differentiation 44, resulting in a migratory cell
phenotype (13). In addition to membrane-bound EGEFR, tumor
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cells express soluble EGIFR proteins that can be produced by
alternative messenger (m)RNA splicing events, aberrant trans-
location or disintegration of circulating tumour cells (14,15).
Another 110-kDa soluble EGFR isoform, termed proteolytic
isoform-soluble (PI-s)EGFR, is disengaged by proteolytic
cleavage partially caused by metalloproteases (16,17). Sand-
erson ef al (18) have also reported two soluble isoforms of
EGFR (150 and 100-kDa) within exosomes.

The present study focused on plasmatic EGFR levels of
HNSCC patients, which were analyzed by enzyme-linked
immunosorbent assay (ELISA) using anti-EGFR antibodies
raised against the L.25-8645 region of full-length EGFR.
Notably, information about binding sites of ELISA antibodies
are often not provided in the literature, despite that it could be
very important for interpretation of the results obtained. Blood
markers are less invasive than tissue biopsies, and sample
collection can be repeated, which enables real -time monitoring
of disease progression and (reatment response in patients. As
a control group, a gender- and age-matched healthy cohort,
and a gender- and age-matched cohort of patients with type 2
diabetes mellitus (T2DM), were used. The T2DM group was
included because a proportion of the present HNSCC patients
also exhibited T2DM, and certain studies have shown that
diabetes suppresses the expression of EGFR (19). Since EGFR
is affected by both female estrogen receptors (20,21) and male
androgen receptors (22), EGFR may be a potential mediator of
gender-related differences in HNSCC. Based on these facts,
female HNSCC patients were excluded from the current study.

Materials and methods

Samples preparation. The present study was approved by the
cthical committee of St. Anne's Faculty Hospital (Brno, Czech
Republic). All surgical tissue samples were obtained from male
HNSCC patients treated at St. Anne's Faculty Hospital between
April 2013 and June 2015 upon providing informed consent.
Histologically verified primary HNSCC carcinoma tissues
were collected (92 samples). The tissue material harvested at
surgery was placed into RNAlater® solution for RNA stabi-
lization and storage (Ambion; Thermo Fisher Scientific, Inc.,
Waltham, MA, USA). The material was maintained cold, and
RNA was isolated within 24 h. Additional information about
the patients and controls is presented in Table I.

Blood samples from HNSCC patients and healthy (N=29)
and T2DM (IN=20) controls were obtained by venipuncture,
and 5 ml was placed into an S-Monovette® 4.9 ml, K3EDTA
test-tube (Sarstedt AG & Co., Niimbrecht, Germany) for
plasma preparation. The blood samples were centrifuged at
1,200 x g at 4°C for 10 min within 60 min of collection. Plasma
was aliquoted and stored at -80°C until analysis.

ELISA analysis. Plasma levels of EGFR were determined with
a commercial ELISA kit (RayBiotech, Inc., Norcross, GA,
USA) according to the manufacturer's protocol. The ELISA
was designed to detect human EGFR in plasma or serum with
a detection limit of 4 pg/ml, a 10% intra-assay varaibility and
a 12% inter-assay variability, as described in the manufac-
turer's instructions. For the assay, plasma samples were diluted
100-fold, and evaluated with anti-EGFR antibodies raised
against the 1.25-S645 region of EGER.
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Table I. Characterization of patients and controls.

Number Age, years

Group Factor of cases (range)
HNSCC patients 92 62.90 (44-89)
TNMT1-2 39 62.42 (44-89)
TNM T34 52 63.17 (47-87)
TNM NO 42 65.04 (44-89)
TNM N1 49 61.26 (44-77)
TNM MO 86 62.86 (44-89)
TNM M1 5 62.12 (55-71)
Grade 1 6 63.46 (53-79)
Grade 2 50 63.26 (44-89)
Grade 3 32 61.49 (47-75)
Non-smoker 28 66.99 (46-89)
Smoker 59 62.01 (44-78)
Healthy controls 29 64.38 (54-69)
Diabetic controls 26 56.73 (50-83)

TNM, tumor-node-metastasis; HNSCC, head and neck squamous cell
carcinoma.

Extracellular domain Intracellular domain
NH2

1 146

COOH

332 460 621 644 940 1186

Figure 1. Schematic representation of EGFR protein (170-kDa). EGFR is
composed of an extracellular highly glveosylated ligand-binding domain
(comprising amino acids 1-621; exons 1-15), a hydrophobic transmembrane
domain (amino acids 622-644; exons 15-17) and an intracellular domain
with tyrosine kinase activity for signal transduction (amino acids 645-1,186;
exons 18-28). [-1V denote subdomains of the extracellular domain. The figure
was adapted from Albitar et ol (1). TMD, transmembrane domain; TK, tyro-
sine kinase; EGER, epidermal growth factor receptor.

RNA isolation and reverse transcription (RT). TriPure Isola-
tion reagent (Roche Diagnostics, Basel, Switzerland) was used
for RNA isolation. The isolated RNA was used for comple-
mentary (c)DNA synthesis. RNA (1,000 ng) was reverse
transcribed using Transcriptor First Strand cDNA Synthesis
kit (Roche Diagnostics) according to manufacturer's protocol.
The ¢DNA (20 pl) prepared from total RNA was diluted with
RNase-ree water to 100 ul, and 5 ul cDNA was directly
analyzed using the LightCycler® 480 II System (Roche Diag-
nostics).

RT-quantitative polymerase chain reaction (qPCR). RT-qPCR
was performed using TagMan® Gene Expression Assays
(Life Technologies; Thermo Fisher Scientific, Inc.) with the
LightCycler® 480 II System, and the amplified DNA was
analyzed by the comparative AACq calculation (23) using
p-actin as an endogenous control. The primer and probe
sets for f-actin (Hs99999903_m1), metallothionein (MT)2
(Hs02379661 _gl), MT1 (Hs00831826_s1), tumor protein
p53 (TP53) (Hs01034249_ml), B-cell lymphoma (BCL)-2
associated X protein (BAX) (Hs00180269_m1), BCL-2
(Hs00608023_m1), vascular endothelial growth factor A
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Figure 2. Plasmatic EGFR levels. (A) Plasma EGFR levels in head and neck squamous cell carcinoma patients and in two control groups ("P<0.05 vs. controls).
(B) Receiver operating characteristic curve analysis indicating the sensitivity and specificity of plasma EGFR detection. (C) Plasma EGFR levels in human
papillomavirus-positive and -negative patients. (D) Plasma EGFR levels and type 2 diabetes mellitus status in patients. EGFR, epidermal growth factor

receptor; T2DM, type 2 diabetes mellitus; HPV, human papillomavirus.

(VEGFA) (Hs00900055_m1), fms-related tyrosine kinase 1
(FLT1) (Hs01052961_m1), matrix metalloproteinase 2
(MMP2) (Hs01548727_m1), MMP9 (Hs00234579_m1),
proto-oncogene c-Fos (FOS) (Hs00170630_m1), c-Jun (JUN)
(Hs00277190_s1), marker of proliferation Ki-67 (MKI67)
(Hs00606991_m1), EGF (Hs01099999_m1) and EGFR
(Hs01076078_m1) were selected from TagMan® Gene Expres-
sion Assays. RT-gPCR was performed under the following
amplification conditions in a total volume of 20 gl (5 pl cDNA,
10 ul TagMan® Gene Expression Master Mix, 4 ul molec-
ular-grade water and 1 ul TagMan Gene Expression Assay):
Initial incubation, 50°C for 2 min, followed by denaturation
at 95°C for 10 min and then 45 cycles of 95°C for 15 sec and
60°C for 1 min.

Human papillomavirus (HPV) detection. The 142 bp-long
sequence of the conservative major capsid protein L1 gene
were amplified using general primers, GP5 and GP6, for
non-specific identification of HPV-positive subjects. The PCR
mixture from New England BioLabs, Inc. (Ipswich, MA,
USA) contained PCR buffer (10 mM Tris HCI, pH 8.3, 50 mM
KCl and 2.5 mM MgCl,), 0.05 mM of each deoxynucleotide,
and 0.05 mM of GP3 (53"TTTGTTACTGTGGTAGATAC-3")
and GP6 (3-GAAAAATAAACTGTAAATCA-3") primers.
The DNA amplification was performed during 40 cycles that
included a denaturation step at 94°C for 30 sec, annealing at
45°C for 30 sec and extension at 72°C for 30 sec.

As internal quality control of the isolated DNA, the ff-actin
gene (600 bp) was amplified (forward primer 5-CCTGAA
CCCTAAGGCCAACC-3" and reverse primer 5'-GCAATG

CCTGGGTACATGGT-3"). Each PCR product was analyzed
using electrophoresis on 1% agarose gels stained with ethidium
bromide.

Data analysis. Differences between the two groups were
calculated using the #-test. Survival analysis was conducted
using Cox proportional hazard regression analysis with plasma
EGFR levels as covariates. Receiver operating characteristic
(ROC) curves were calculated using the Del.ong method-
ology. Subsequently, Kaplan-Meier analysis was used with
continuous data being divided into two groups as follows:
Low expression (<mean values) and high expression (zmean
values) groups. The associations between the continuous vari-
ables were analyzed using Pearson's correlations. Unless noted
otherwise, P<0.05 was considered to indicate a statistically
significant difference. Software STATISTICA 12 (StatSoft,
Inc., Tulsa, OK, USA) and MedCalc 15.8 (MedCalc Software
bvba, Ostend, Belgium) were used for analysis.

Results

Association between plasma levels of EGFR and HNSCC
occurrence. No significant changes in EGFR plasma levels were
observed between diabetic and healthy controls (P=0.690).
However, there was a significant difference between EGFR
plasma levels in HNSCC patients and in both control groups
(P=0.001 and 0.005, respectively) (Fig. 2A and Table II). If
both control groups were assessed together, the statistical
significance was P=0.0001. ROC curve analysis identified
a sensitivity of 76.09%, a specificity of 67.27% and an areca
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Table I1. Plasma levels of EGFR and clinical characteristics in HNSCC patients.
EGIR levels, ng/ml
Factor Status (number of cases) mean = standard deviation P-value
Cases vs. controls HNSCC patients (92) 33.1£83 -
Healthy controls (29) 28.2+6.4 0.001
Diabetic controls (26) 27729 0.005
Smoking Yes (59) 31.8+£7.7 0.150
No (28) 34.5+8.5 -
Hypertension Yes (28) 34.4+8.8 0.380
No (58) 32.7+8.0 -
Diabetes mellitus Yes (10) 374492 0.085
No (76) 32.6+8.0 -
TNM T-staging T1-2 (39) 32.5+8.1 0.580
13-4 (52) 33.4+8.5 -
TNM N-staging N+ (49) 33.7+8.2 0.430
N-(42) 323485 -
TNM M-staging M+ (5) 31.3+8.1 0.640
M- (86) 33.1£83 -
Tumor grade High (82) 32.8+8.1 0.270
Low (0) 36.8+12.3 -
HPV status HPV+ (49) 32.0+£7.0 0.084
HPV- (18) 35.5+83 -
EGFR, epidermal growth factor receptor; HNSCC, head and neck squamous cell carcinoma; TNM, tumor-node-metastasis; HPV, human

papillomavirus.
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Figure 3. Survival analysis. (A) Kaplan-Meier overall survival analysis. (B) Disease-specific survival analysis. High/low EGFR indicate EGFR values
above/below the mean EGEFR values. P-value was calculated by Cox proportional hazard regression analysis. EGEFR, epidermal growth factor receptor.

under the curve (AUC) of 0.727 for this comparison (Fig. 2B).
Additional information about the patients and controls is
contained in Table 1.

Correlation between tumor gene expression and EGFR
plasma levels. Correlations between plasma EGFR levels
and expression of genes in tumor tissues of HNSCC patients
were examined. There was no significant correlation between
plasma EGFR levels and tumor tissue EGFR mRNA

expression, and only a weak negative correlation with MMP9
mRNA was observed (r=-0.21, P=0.040). Gene expression
analyses of EGF, EGFR, MKI67, BCL-2, BAX, FOS, JUN,
TP53, VEGFA, FLT1, MMP2, MMP9, MT1A and MT2A
genes in HNSCC tumor tissue compared with tumor adjacent
tissue and tonsillectomies have been published elsewhere (24).

Association between plasma levels of EGFR and clinico-
pathological characteristics. By examining the associations

143



Molekularni markery HNSCC na trovni proteinu

4.5

ONCOLOGY LETTERS 12: 2127-2132, 2016

between plasma EGFR levels and clinicopathological char-
acteristics of HNSCC patients, no significant association
was identified for smoking habit, T2DM, hypertension, HPV
infection, tumor stage, tumor grade, or lymph node or distant
metastasis occurrence. However, the presence of HPV infec-
tion and T2DM in HNSCC patients had a borderline effect on
the plasma EGFR levels (Table II and Fig. 2C and D).

Association between plasma levels of EGFR and disease-free
and overall survival. The prognostic value of EGFR plasma
levels on overall and disease-free survival was studied by Cox
proportional hazard regression analysis and Kaplan-Meier
curves. Survival analysis revealed no significant influence
of plasmatic EGEFR levels on overall or disease-specific
survival in the present cohort of HNSCC patients [hazard
ratio (HR)=0.97, 95% confidence interval (CI)=0.92-1.01,
P=0.200, and HR=0.96; 95 CI=0.91-1.01; P=0.130 for overall
and disease-free survival, respectively] (Fig. 3).

Discussion

Numerous studies have shown that EGFR is overexpressed
in HNSCC tumor tissue, but only few studies focused on
soluble EGFR levels (24-26). There are contradictory studies
on soluble EGFR levels, which could be either decreased or
clevated in cancer patients compared with a healthy cohort.
For example, Partanen et al reported that patients with
asbestosis-induced lung cancer have elevated serum soluble
EGFR ECD levels (27). Increased soluble EGFR ECD levels
were also reported in the urine of patients with squamous cell
carcinomas of the lung, head and neck (28), whereas patients
with ovarian cancer had decreased levels of serum p110 EGFR
compared with the normal population (29). In the present
study, ELISA using antibodies against the 1.25-S645 region
of EGFR was used to measure the levels of EGEFR in plasma
samples of HNSCC patients. Female patients were excluded
from the present study due to possible gender-specific EGFR
interactions with estrogen or androgen receptors (20-22).
Significantly higher EGFR plasma levels were detected in
HNSCC patients compared with the healthy cohort and the
diabetic control group (P=0.001 and 0.005, respectively). This
finding is in accordance with that of Perez-Torres e al (17), who
suggested that the mechanism of proteolytic cleavage of EGFR
and shedding of PI-sEGFR into the plasma may be activated
in malignant cells that overexpress the full-length receptor.
The cleavage of EGER probably occurs in the transmembrane
domain between G625 and M626 (17). In HNSCC patients,
EGFR expression is supposed to be higher in tumor tissues
compared with tonsillectomy samples and tumor-adjacent
tissues (24). Furthermore, the release of two soluble EGFR
isoforms within the exosomes is activated by EGF (17), which
1s highly produced by HNSCC tumor-adjacent tissues (24).
No significant changes in EGFR plasma levels were
observed between diabetic and healthy controls, which is
not in accordance with the Vairaktaris et al hypothesis that
diabetes suppresses the expression of EGFR (19). However, a
slight change on the borderline of statistical significance was
observed between HNSCC patients with or without diabetes
(P=0.085), while HNSCC patients with diabetes tended to
have higher EGFR plasma levels. Borderline changes in EGFR
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plasma levels were also noticed between the HPV-positive
and HPV-negative groups of HNSCC patients (slightly higher
levels of plasmatic EGFR were detected in the HPV-negative
cohort), although these changes were not significant.

Survival analysis revealed no significant influence of
the plasmatic EGFR levels on overall and disease-specific
survival in the present cohort of HNSCC patients. By contrast,
Ye et al demonstrated that non-small-cell lung cancer patients
with lower plasma EGFR concentrations (<27.24 ng/ml) had a
significantly shorter overall survival compared with patients
who had higher plasma EGFR concentrations (=27.24 ng/ml)
(18.2 vs. 33.4 months, P=0.021) (30).

In conclusion, EGFR plasma levels appear to be a rela-
tively promising diagnostic, but poor prognostic, HNSCC
marker. However, further studies are required to determine the
clinical value of plasmatic EGFR levels in HNSCC patients.
The next important step in soluble EGFR research should
be a precise distinction between 110-kDa PI-sEGFR origi-
nating {rom full-length EGFR protein cleavage and EGFR
isoforms originating from alternative splicing of EGFR gene
transcripts. These EGER isoforms could readily have slightly
different functions. For example, 110-kDa PI-sEGFR origi-
nating from full-length EGFR protein cleavage could reflect
the presence of malignant cells that overexpress the full-length
receptor (17) or a necrotic disintegration of tumor cells. Such
form of soluble EGFR was probably originally involved in a
proliferative signaling pathway, and could be marker of poor
prognosis, while the soluble EGFR isoform originating from
alternative splicing was probably not an activator of these
proliferative signaling pathways due to the missing intracel-
Iular domain, and could exhibit a high affinity binding for
EGF, which should result in decreased proliferative signaling
and better prognosis.
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V 80. letech dvacatého stoleti byl odhalen vliv lidského papillomaviru (HPV) v incidenci
nadort. Exprese virovych proteinit E6 a E7 vede k inaktivaci kli¢ovych naddorovych supresort
TP53, retinoblastomového proteinu (RB1), P107, P130 a P21 a tim zvySuje syntézu DNA a ex-
presi genil pozadovanych pro piechod z G1 do S faze.

192 studie Polanska et al. (str. 147) bylo popsat, jak tkafiova exprese gentl sou-

Cilem nasledujici
visejicich s bunéénym cyklem, buné¢nou smrti, angiogenezi aj. souvisi s ptitomnosti HPV. Do
této studie bylo zahrnuto 74 vzorkli nddorové tkané histologicky ovéfeného HNSCC, 16 paci-
entil bylo HPV16-pozitivnich (21,6 %), 9 bylo HPV18-pozitivnich (12,2 %), 27 bylo infikovano
jinym HPV subtypem (36,5 %) a 22 bylo HPV-negativnich (29,7 %), popis pacientt viz str. 149.
Ve studované kohorte HNSCC pacientl nebyla nalezena zadna asociace mezi vyskytem HPV™®
HNSCC a koufenim, vékem, diferenciaci a stddiem nadoru. Déle byl studovan vliv HPV-
infekce na expresi téchto genli: EGF, EGFR, MKI67, BCL2, BAX, FOS, JUN, TP53, VEGF,
FLTI, MMP2, MMP9, MTIA a MT2A; (viz tabulka na str. 150). U HPV-negativnich nadori byla
pozorovana vyssi exprese gen MT2A, MMP9, FLTI, VEGFA a POUSF'; viz obréazek na str. 150.
Na tomto trendu se v ptipadé genu M72A4 nejvyznamnéji podilela infekce virem HPV18. Dale
byla prokadzana silna pozitivni korelace s r > 0,50 specifickd pouze pro HPV-negativni nadory
mezi MTIA a MKI67, a MMP2 a FLTI. Exprese MT2A4 pozitivné korelovala s BAX, MMP2,
MMP9, FLTI, VEGFA, FOS a JUN.

Lepsi celkové pieziti bylo identifikovano u skupiny HPV™ pacientli s vyssi expresi TP53 a BAX
aniz$i expresi BCL2 (viz obr. na str. 152). Naopak, vysoka exprese MMP9 byla spojena s hor§im
piezivanim u HPV" i HPV™ HNSCC pacientl; 70 % pacientl s nizkou expresi MMP9 v nado-
rové tkani bylo nazivu jesté¢ po dvou letech od diagndézy onemocnéni, zatimco ve skupiné

s vysokou ¢i stiedni expresi to bylo pouze 30 %.

Polanska H, Heger Z, Gumulec J, ef al. Effect of HPV on tumor expression levels of the most

commonly used markers in HNSCC. Tumor Biology. 2016;37(6):7193-7201.
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Abstract Approximately 90 % of head and neck cancers are
squamous cell carcinomas (HNSCC), and the overall 5-year
survival rate is not higher than 50 %. There is much evidence
that human papillomavirus (HPV) infection may influence the
expression of commonly studied HNSCC markers. Our study
was focused on the possible HPV-specificity of molecular
markers that could be key players in important steps of
cancerogenesis (MKI67, EGF, EGFR, BCL-2, BAX, FOS,
JUN, TP53, MTIA, MT2A, VEGFA, FLTI, MMP2, MMP9,
and POUSF). gRT-PCR analysis of these selected genes was
performed on 74 biopsy samples of tumors from patients with
histologically verified HNSCC (22 HPV—, 52 HPV+). Kaplan-
Meier analysis was done to determine the relevance of these
selected markers for HNSCC prognosis. In conclusion, our
study confirms the impact of HPV infection on commonly
studied HNSCC markers MT2A4, MMP9, FLTI, VEGFA, and
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POUSF that were more highly expressed in HPV-negative
HNSCC patients and also shows the relevance of studied
markers in HPV-positive and HPV-negative HNSCC patients.

Keywords Head and neck cancer - Human papillomavirus -
Tumor markers - Kaplan-Meier analysis

Introduction

Head and neck squamous cell carcinoma (HNSCC) is the
sixth most common cancer worldwide. The 5-year survival
rate is less than 50 % [1, 2]. Eighty to ninety percent of
HNSCCs were traditionally attributed to tobacco and alcohol
use. Nevertheless, the involvement of human papillomavirus
(HPV) in oropharyngeal and oral carcinogenesis was sug-
gested in the 1980s [3]. HPV was associated with 40 to
80 % of oropharyngeal tumors in the USA, whereas HPV
cancer incidence in Europe changes from 90 % in Sweden
to approximately 20 % in countries with the highest tobacco
consumption [4]. About 100 subtypes of HPV have been de-
scribed in humans [5]. In contrast to low-risk HPV types such
as HPV6 and HPV 11 which rarely cause cancer, the high-risk
HPV types HPV16, 18, 31, 33, 35, 39, 45, 51, 52, 50, 58, 59,
and 66 have all been implicated in oncogenesis [ 6], and except
HPV16 and HPV18, other oncogenic HPVs were rarely de-
tected in HNSCC [7]. The difference in the ability to induce
tumor between high-risk and low-risk HPV could be caused
by alternate splicing of E6 and E7 viral oncogenes in high-risk
HPV [8]. The E7 protein of high-risk HPV targets many cell
cycle regulatory proteins (including pRb, p107, p130, and
p21) and thereby upregulates DNA synthesis and gene expres-
sion required for G1 to S-phase transition [9]. The physiclog-
ical response of the host cell to this excessive proliferation
would be to trigger senescence, growth arrest, and apoptosis.
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Another high-risk E6 protein is able to target many important
proteins involved in regulation of cell damage, growth arrest,
antiviral defense, and terminal differentiation of cells [ 10]. Itis
not surprising that HPV-positive (HPV+) HNSCCs may con-
stitute a separate subclass with different clinical features and
dissimilar biology. It could also represent a distinct cancer
lincage formed through separate actiological pathways of
multistep tumorigenesis [9, 11-13]. Some studies suggest that
HPV-positive HNSCC could be a sexually transmitted disease
[14]. Accordingly, a strong association between sexual behav-
ior and risk of oropharyngeal cancer has been shown [15, 16].
We assume that described variations in the biological and
clinical characteristics of HPV+ and HPV— HNSCCs are like-
ly reflected by shifts in gene expressions of commonly studied
markers. Our study was mainly focused on possible HPV-
specificity of molecular markers that could be key players in
important steps of cancerogenesis such as (a) proliferative
activity of tumor cells (MKI67), (b) acquisition of autonomous
proliferative signaling (EGF/EGFR), (c) cell cycle and cell
death modifications (BAX, BCL-2, FOS, JUN, TP33), (d) ox-
idative stress response (MT14, MT24), (e) angiogenesis
(VEGFA/FLTI), (f) metastatic invasivity (MMP2, MMP9),
and (g) pluripotency (POUSF).

Materials and methods
Tissue sample preparation

This study was approved by the ethical committee of St.
Anne’s Faculty Hospital, Brno, Czech Republic. All surgical
tissue samples were obtained from HNSCC patients
(Caucasian men; women were not included) after they signed
the informed consent document. Histologically verified pri-
mary HNSCC tissue samples were collected. The tissue ma-
terial harvested at surgery was placed into RNAlater Solution
for RNA stabilization and storage (Ambion, Carlsbad, CA,
USA). The material was maintained cold, and RNA was iso-
lated within 24 h.

RNA isolation and reverse transcription

TriPure Isolation Reagent (Roche, Basel, Switzerland) was
used for RNA isolation. The isolated RNA was used for
cDNA synthesis. RNA (1000 ng) was transcribed using a
transcriptor first strand cDNA synthesis kit (Roche,
Switzerland), which was applied according to the manufac-
turer’s instructions. The cDNA (20 pl) prepared from the total
RNA that was diluted with RNase-free water to 100 and 5 pl
was directly analyzed by using the LightCycler 480 11 System
(Roche, Switzerland).

) Springer

Quantitative real-time polymerase chain reaction

Quantitative real-time polymerase chain reaction (QRT-PCR)
was performed using the TagMan gene expression assays with
the LightCyc-lcl'®480 I System (Roche, Switzerland), and the
amplified DNA was analyzed by the comparative Ct method
using (3-actin as an endogenous control. The primer and probe
sets for ACTB (assay ID Hs99999903 ml), MT2A
(Hs02379661 gl), MTIA (Hs00831826 sl), TP53
(Hs01034249 m1), BAX (Hs00180269 m1), BCL-2
(Hs00608023 ml), VEGFA (Hs00900055_ml), FLTI
(Hs0105296]1_m1l), MMP2 (Hs01548727_ml), MMP9
(Hs00234579_m1), FOS (Hs00170630_m1), JUN
(Hs00277190_s1), MKI67 (Hs00606991 ml), EGF
(Hs01099999 m1), EGFR (Hs01076078 m1), and POUSF1
(Hs04260367_gH) were selected from TagMan gene expres-
sion assays (Life Technologies, USA). qRT-PCR was per-
formed under the following amplification conditions: total
volume of 20 ul, initial incubation at 50 °C/2 min followed
by denaturation at 95 °C/10 min, then 45 cycles at 95 °C/15 s
and at 60 °C/1 min.

HPYV detection

The 142 base pair long sequence of conservative L] gene was
amplified using GP5 and GP6 primers for non-specific iden-
tification of HPV-positive subjects. The PCR mixture from
New England Biolabs (UK) contained PCR buffer (10 mM
Tris-HCI, pH 8.3, 50 mM KCl with 2.5 mM MgCl, included)
with 0.05 mM of each dNTP and 0.05 mM of GP5 and GP6
primers. The DNA amplification was carried out during 40 cy-
cles that included the denaturation at 94 °C for 30 s, annealing
at 45 °C for 30 s, and the primer extension at 72 °C for 30 s.

The HPV-positive specimens were further analyzed with
the HPV 16 and HPV 18 primers. The PCR amplicons reached
lengths of 202 bp for HPV16 and 272 bp for HPV18. The
DNA amplification was carried out during 40 cycles that in-
cluded the denaturation at 94 °C for 30 s, the annealing at
58 °C for 30 s, and the primer extension at 72 °C for 30 s.

As internal quality control of the isolated DNA, [3-actin
gene (600 bp) was amplified. Each PCR product was analyzed
using electrophoresis on 1 % agarose gels stained with
ethidium bromide. Sequences of exploited primers are shown
in Online resource 1.

HPYV sequencing

GenomeLab DTCS Quick Start kit (Beckman Coulter, USA)
with 20 ng of purified amplified DNA from the PCRs was
used for the sequencing reaction. The cycling conditions were
as follows: 30 cycles of denaturation at 96 °C for 20 s; anneal-
ing at 50 °C for 20 s; and 60 °C for DNA synthesis for 4 min.
DNA fragments from this reaction were purified using
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magnetic particles CleanSEQ (Beckman Coulter, USA). DNA
sequencing was performed on Genetic Analysis System CEQ
8000 (Beckman Coulter, USA). After denaturation at 90 °C
for 2 min, the fluorescence-marked DNA fragments were sep-
arated in 33-cm capillary with 75 pm i.d. (Beckman Coulter,
USA), which was filled with a linear polyacrylamide denatur-
ing gel (Beckman Coulter, USA). The separation was per-
formed at capillary temperature of 50 °C and voltage of
4.2 kV for 85 min.

Data analysis

Difference between the two groups was calculated on log-
transformed gene expression data using 7 test. Survival analy-
sis was performed using Cox proportional hazard regression
with tumor tissue gene expression as covariates.
Consequently, Kaplan-Meier analysis was used with continu-
ous data being recoded to three groups as follows: low expres-
sion (<33 percentile), medium expression (<66 percentile),
and high expression (=66 percentile). Relations of continuous
variables were analyzed using Pearson’s correlations and the
principal component analysis. Unless noted otherwise, p level
<0.05 was considered significant. Software Statistica 12
(StatSoft, Tulsa, OK, USA) was used for analysis.

Results
Clinicopathological characterization of HNSCC patients

In this study, 74 biopsy samples of tumors from patients with
histologically verified spinocellular carcinoma and compre-
hensive patient histories were used. The locations of these
tumors were as follows: oral cavity (9 samples), oropharynx
(25 samples), hypopharynx (18 samples), and larynx (22 sam-
ples). A brief description of the patients is shown in Table 1.
Sixteen patients were HPV16 positive (21.6 %), 9 were
HPV18 positive (12.2 %), 27 harbored other unspecified
HPV subtype (36.5 %), and 22 were HPV negative (29.7 %).

Association between the human papillomavirus status
and clinical factors

In the group we studied, no statistically significant association
between HPV-positive HNSCC and tobacco consumption,
age, tumor grade, or stage has been demonstrated (evaluated
by chi-square test). Smoking had no significant effect on ex-
pression of studied genes, F(15, 67)=0.58, p=0.88.

Gene expression analysis

Expression analysis of mRNA was performed in all tumor
samples to characterize the expression profile of selected

Table 1  Characterization of the tested cohort
Factor Valid ¥ Age mean (min-max)
HPV status
Negative 22 66.22 (53-77)
Positive 52 62.96 (44-89)
HPV 16 status
Negative 58 64.74 (47-89)
Positive 16 60.97 (44-73)
HPV 18 status
Negative 65 64.57 (44-89)
Positive 9 59.24 (48-72)
Smoking status
Not specified 4 5851 (53-73)
Smoker 47 62.57 (44-79)
Non-smoker 23 67.63 (49-89)
TNM T staging
1 10 62.75 (44-77)
2 24 65.16 (51-89)
3 16 65.25 (49-79)
3b 1 63.40 (63-63)
4 10 63.65 (54-76)
da 10 62.41 (47-72)
4h 3 57.04 (53-60)
TNM N staging
0 34 65.86 (44-89)
1 8 64.34 (51-72)
1b 1 63.50 (64-64)
2 6 63.78 (54-76)
2b 11 64.37 (47-77)
2c 9 59.38 (53-68)
3 5 57.57 (51-65)
TNM M staging
0 73 64.00 (44-89)
1 1 58.14 (58-58)
Tumor grading
1 3 63.01 (57-68)
2 46 65.40 (44-89)
3 22 60.66 (47-73)
4 1 54.46 (54-54)
n.s. 2 7201 (67-77)
Tumor location
Oral cavity 56.80 (44-67)
Oropharynx 25 63.12 (48-77)
Hypopharynx 18 61.78 (50-76)
Larynx 22 67.75 (54-89)

Age displayed as mean (mmimum-maximum)

genes in HPV-positive and HPV-negative samples (see
Table 2 and Online resource 2). Significantly higher expres-
sion of MT24 (p=0.02), MMP9 (p=0.02), FLTI (p=0.03),
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Table 2 Effect of HPV status on tissue gene expression

Gene Expression fold change (95 % CI) plevel
BCL-2 0.41 (0.14 to 1.15) 0.089
BAX 0.53 (023 t0 1.22) 0.134
TP53 0.59 (0.26 to 1.34) 0.207
MTIA 0.45 (0.11 to 1.89) 0.269
MT2A 0.32 (0.12 t0 0.83) 0.020°
MKI67 0.35(0.11to 1.11) 0.075
EGFR 0.48 (0.191t0 1.22) 0.120
EGF 0.39 (0.11 to 1.40) 0.146
MMP2 0.59 (024 to 1.47) 0.253
MMP9 0.25 (0.08 10 0.79) 0.020°
FLT1 0.37 (0.16 to 0.89) 0.026*
VEGFA 0.25(0.09 to 0.76) 0.015*
FOS 0.84 (03310 2.14) 0.709
JUN 0.46 (0.20 to 1.03) 0.059
POUSF1 0.20 (0.05 to 0.79) 0.023*

Results of statistical analysis. Displayed as a gene expression fold change
(95 % confidence interval) compared to HPV-negative samples

* Statistically significant changes

VEGFA (p=0.02), and POUSF (p=0.02) was found in HPV-
negative tumor tissues (see Fig. 1a). HPV 18 status had signif-
icant effect on MT2A tumor-tissue gene expression even if
assessed independently (p=0.001; see Online resource 2).

To determine typical coexpression pattems, principal com-
ponent analysis was done. To illustrate the model of HPV
influence, two-factor analysis was chosen, which describes
50.68 and 73.54 % of the total variance of gene expression
data for HPV+ tumors and HPV— tumors, respectively (see
Fig. 1b, c). Based on this analysis, the majority of genes are
clustered together. In contrast, gene vectors pointing in anoth-
er direction are characteristic for infected or non-infected tu-
mor tissue. The most significant shift of expression within the
expression patterns was found for M7T1A4 and MT2A.
Consequently, we focused on MT/4 and M724 relationships
with other studied genes within the expression profiles of
HPV+ and HPV— tumor samples (see Online resource 3).
Strong positive correlation with »>0.50 at p<<0.05 specific
only for HPV-negative tumor tissues were identified between
MTIA and the following genes: MKI67, MMP2, and FLTI.
M124 correlated positively at an equally strong and signifi-
cant level with BAX, MMP2, MMP9, FLTI, VEGFA, FOS,
and JUN.

Survival analysis
Survival analysis showed no statistically significant shift in

overall and disease-specific survival between HPV+ and
HPV— HNSCC patients in our studied cohort of patients.

) Springer

However, HPV+ HNSCC patients showed better survival dur-
ing the first year ofthe disease (70 % in HPV-positive vs. 50 %
in HPV-negative HNSCC group of patients; see Fig. 2a).
Furthermore, overall survival and also disease-specific surviv-
al was better in HPV+ group of HNSCC patients with higher
TP33 (p=0.03) and BAX (p=0.02) expression and lower BCL-
2 expression (borderline statistical significance p=0.055).
Hazard ratio (HR) was 0.001 for 7P53, 0.03 for BAX and
10.5 for BCL-2, respectively (see Tables 3 and 4, and
Fig. 2b, c). In contrast, high expression of MMP9 was an
unfavorable feature for disease-specific survival in the whole
group of HNSCC patients (HR=5.81, p=0.038; see Table 4
and Fig. 2¢). The Kaplan-Meier analysis showed that the
disease-specific survival of patients with MMP9 low-
expressing tumors was 70 % after 2 years of follow-up, where-
as it was only 30 % with MAZP9 high for moderate-expressing
tumors.

Discussion

The incidence of HPV-positive tumors increased between the
years 1970 and 2007 while the incidence of HPV-negative
tumors simultancously decreased [17]. Inasmuch as gene ex-
pression signatures of HPV-positive HNSCC have been re-
peatedly shown to be different from those of HPV-negative
[5, 18, 19], it is very important to study the influence of HPV
infection on the expression of biomarkers commonly exam-
ined in the context of HNSCC pathogenesis. It is very likely
that some HPV-positive HNSCC-specific genes may not be
relevant in HPV-negative head and neck cancer patients. For
these reasons, our study was focused on expression analysis of
molecular markers that present key functions related to
HNSCC neoplastic transformation and have been intensively
studied in recent years. Significantly higher expression of
MT24 (p=0.02), MMP9 (p=0.02), FLT] (p=0.03), VEGFA
(p=0.02), and POUSF (p=0.02) was found in HPV-negative
tumor tissues.

Many studies have confirmed that HPV-positive tumors in
the head and neck region have a better prognosis compared
with those that are HPV-negative [20-23]. In our study, sur-
vival analysis showed no statistically significant shift in over-
all and discase-specific survival between HPV+ and HPV—
HNSCC patients. However, HPV+ HNSCC patients showed
better survival during the first year of the discase. Several
other authors were also unable to confirm the better long-
term prognosis of HPV-positive HNSCC patients versus sim-
ilar HPV-negative cancer patients [24-27]. This discrepancy
in results could be caused by the different localization of tu-
mors studied. Most of the studies that revealed a positive
relationship between HPV-positivity and better survival were
focused on orepharyngeal carcinoma. Studies focused on oth-
er HNSCC localizations often failed to confirm this
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Fig. 1 Gene expression in HPV-positive and HPV-negative squamous
cancer tissues. a Expression of genes differentially expressed (p<0.05) in
HPV-positive and HPV-negative tissues. Displayed as median,
interquartile, and non-outlier range. b Principal component analysis

observation. Furthermore, some evidence leads to the sugges-
tion that loss of p33 function may be highly involved in the
differences in prognosis between HPV-negative and HPV-
positive HNSCC patients [28, 29]. Although HPV-positive
tumors have reduced levels of p53 due to E6-mediated degra-
dation, the p33 protein is not mutated and could be functional
under stress conditions. Radiation-provoked increases in pS3
levels may then be sufficient to trigger senescence or pro-
grammed cell death in the HPV-positive tumors [28].
Accordingly, overall survival and also disease-specific surviv-
al was better in our HPV+ group of HNSCC patients with
higher 7P53 and BAX expression and lower BCL-2 expression
(borderline statistical significance p=0.055), which confirm
the importance of apoptosis disruption in HPV+HNSCC
cancerogenesis. On the other hand, a high percentage of
HPV-negative tumors have non-functional, mutated p53.
The accumulation of such mutant p53 protein could lead to
the production of anti-p33 antibodies, which was significantly
associated with increased risk of relapse and death [30]. Given
that mutation of TP53 is an early event in the carcinogenesis
of HNSCC [31, 32], HPV-positivity or negativity could play a
more cssential role in the early stages of HNSCC rather than in

Factor 1 : 50.68%

showing projection of variables (genes) on the factor plane of the first
two factors in HPV-negative and ¢ HPV-positive cases. Note that genes
pointing to a different location than the “major gene cluster” are specific
for a particular HPV condition. For details, see the “Results™ section

advanced tumors. Differing study results can also result from
the different structure of studied cohorts. Better survival rates
of HPV+ HNSCC patients during the first year of the disease
may be related to lower expression of genes playing a signif-
icant role in cancerogenesis, such as MMP9, MT24, FLTI,
VEGFA, and POUSF in comparison with HPV-negative
patients.

The matrix metalloproteinases (MMPs) are secreted endo-
peptidases that require zinc for their catalytic activity [33].
These MMPs are capable of degrading all kinds of extracel-
lular matrix protein components such as basement membrane
collagens, proteoglycans, fibronectin, and laminin, which
seems to be important in tumor growth and generation of
metastases [34]. MMP2 and MMP9 overexpression in
HNSCC tumor samples has been correlated with unfavorable
prognosis in head and neck carcinoma [35-38]. In accordance
with our results, Kim et al. found that HPV-negative specific
gene set also included the MMP family [ 18]. Metallothioneins
(MTs) are a group of low molecular weight, cysteine-rich,
metal ion-binding proteins that have been linked with en-
hanced cell proliferation in squamous cell carcinoma of the
esophagus [39]. They are involved in a variety of human
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Fig. 2 Kaplan-Meier analysis of A
overall survival. a The effect of
HPV status on overall survival
rate. No significant difference was
observed. b HPV-positive cases.
Genes most distinetly
characterizing overall survival in
this cohort—TP53 and BAX. ¢
HPV-positive and HPV-negative
cases together. Tissue MMP9
expression correlates with patient
outcome. The high/med/low scale
is based on the 33th and 66th
percentile of qRT-PCR expression
of the particular gene
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diseases and may be involved in the regulation of carcinogen-
esis and other important physiological processes [40]. A sig-
nificantly positive association between MT staining and tu-
mors (vs. healthy tissues) was observed in head and neck
cancer [41]. Results by Cui et al. suggest that the physical
interaction of tumor suppressor serine protease inhibitor
Kazal-type 7 (also known as esophagus cancer-related gene
2 protein, ECRG-2) and MT2A could play an important role
in the pathogenesis of esophageal cancer [42]. Furthermore,
metallothioneins could play an important role in differences in
HPV+ and HPV— cancerogenesis, inasmuch MT2A is gener-
ally highly expressed in HNSCC tumor tissue [43] and even
more expressed in HPV-negative HNSCC tumor tissue.
Ostrakhovitch et al. has shown that the semimetal-free apo-

) Springer
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form of MT interacts with p53 which may prevent binding of
p53 to DNA. This could result in an inability of p53 to actas a
transcriptional factor [44]. It is possible that metallothionein
participates in p53 inactivation in HPV-positive tumors and is
released for a different role in p33-defective HPV-negative
tumors. Accordingly, the strong positive correlation specific
only for HPV-negative tumor tissues were identified between
MT24 and MMP2, MMP9, FLTI, VEGFA, FFOS, and JUN,
which prompt a possible MT2A role in angiogenesis enhance-
ment and extracellular matrix remodeling in HPV-negative
tumor tissue, which is in accordance with other studies
[45—47]. In accordance, study by Nagel et al. proposed that
the better prognosis of patients with HPV+ HNSCC is not
related to intrinsic attributes of HPV+-HNSCC tumor cells
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Table3 Overall survival analysis
using Cox propertional hazard All cases

HPV-positive

regression with all genes included

Gene Hazard ratio (95 % CI) p value Hazard ratio (95 % CI) p value
BCL-2 3.08 (0.75 10 12.58) 0.118 10.50 (0.95 10 116.15) 0.055"
BAX 0.24 (0.02 10 3.44) 0.292 0.001 (0.001 t0 0.34) 0.020°
TP53 0.32 (0.06 to 1.64) 0.172 0.03 (0.00 to 0.44) 0.010°
MTIA 1.11(0.45t0 2.77) 0.815 0.20 (0.03 to 1.54) 0.122
MT2A 2.35(0.63 to 8.73) 0.201 1.88 (0.26 to 13.40) 0.530
MKI67 0.88 (0.16 to 4.90) 0.880 21.12 (0.59 to 761.83) 0.095
EGFR 3.10 (0.55t0 17.34) 0.198 3.10 (0.14 to 67.44) 0.471
EGF 046 (021 10 1.02) 0.056" 0.51 (0.09 t0 2.96) 0.453
MMP2 0.70 (0.17 10 2.91) 0.622 0.03 (0.00 to 1.21) 0.063"
MMP9 3.21 (0.90 to 11.39) 0.071° 5.80 (0.63 to 53.54) 0.121
FLT1 3.73 (0.09 to 149.94) 0.485 0.54 (0.00t0 1110.43) 0.876
VEGFA 042 (0.04 10 4.38) 0465 0.82 (0.00 10 194.61) 0.943
FOS 0.88 (0.16 to 4.87) 0.881 2.44 (0.14 10 43.02) 0.542
JUN 0.69 (0.06 to 7.51) 0.764 5.96 (0.04 1o 984.91) 0.493
POUSF1 1.23 (0.15 t0 9.96) 0.849 18.77 (0.89 to 394.56) 0.059"

*Statistically significant changes

" Borderline statistical significance

cultured in cell line [48]. POUSF (POU domain, class 3, tran-
scription factor 1) better known as octamer-binding transcrip-
tion factor 4 (Octd) plays a critical role in the development and
self-renewal of embryonic stem cells and has been linked to
oncogenic processes [49]. Overexpression of Octd was shown
to enhance tumorigenic activities of oral squamous cell

carcinomas in vitro and also in vivo. These findings were
coupled with epithelial-mesenchymal transition (EMT) [50].
In our study, significantly higher expression of POUSF
(»=0.02) was found in HPV-negative tumor tissues.
Conversely, Liu et al. found a higher expression level of
Oct4 in HPV+ cervical cancer cell lines (HeLa and Caski)

Table 4 Disease-specific
survival analysis using Cox All cases

HPV-positive

proportional hazard regression

with all genes included Gene Hazard ratio (95 % CI) p value Hazard ratio (95 % CI) p value
BCL-2 421(0.79 10 22.28) 0.091 10.5 (0.95 to 116.15) 0.055"
BAX 0.15(0.01 10 3.03) 0218 0.001 (0.001 t0 0.34) 0.020°
TP53 0.16 (0.03 10 1.07) 0.058° 0.03 (0.00 to 0.44) 0.010%
MTIA 0.93 (0.35 10 2.49) 0.886 0.20 (0.03 10 1.54) 0.122
MT2A 2.65(0.71 10 9.81) 0.145 1.88 (0.26 to 13.40) 0.530
MKI67 1.39(0.21 10 9.15) 0.734 21.12 (0.59 10 761.83) 0.095
EGFR 2.56 (0.32 to 20.30) 0374 3.10 (0.14 t0 67.44) 0.471
EGF 0.64 (0.25 to 1.64) 0.355 0.51 (0.09 to 2.96) 0453
MMP2 0.69 (0.14 to 3.39) 0.647 0.03 (000 t0 1.21) 0.063"
MMP9 5.81 (1.10 to 30.59) 0.038% 5.80 (0.63 to 53.54) 0.121
FLT1 0.55 (0.01 to 47.31) 0.793 0.54 (0.00 t0 1110.43) 0.876
VEGFA 0.92 (0.08 10 10.92) 0.950 0.82 (0.00 to 194.61) 0.943
FOS 1.47 (0.19 10 11.35) 0.714 2.44 (0.14 10 43.02) 0.542
JUN 0.28 (0.02 to 4.47) 0.365 5.96 (0.04 to 984.91) 0.493
POUSF1 2.11 (0.27 to 16.55) 0477 18.77 (0.89 10 394.56) 0.059*
“ Statistically significant changes
" Borderline statistical significance
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than that in HPV-negative cervical cancer cell line C-33A
[51]. This discrepancy could arise due to the influence of the
surrounding tissues that are not present in cell line
experiments.

In conclusion, our study confirms the impact of HPV in-
fection on commonly studied HNSCC markers M724,
MMP9, FLTI, VEGFA, and POUSF and also the different
relevance of these markers in HPV-positive and HPV-
negative HNSCC patients. In our previous studies [41, 43],
we confirmed the importance of metallothioneins in HNSCC
pathogenesis. In this study, we found a higher relevance of this
marker in HPV-negative HNSCC patients. We assumed that
treatment based on oxidative stress generating may be less
effective in patients with high metallothionein expression.
Nevertheless, further experiments are needed.
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4.7 Charakterizace bunék mikroprostredi

Nadorova tkan je tvoiena heterogenni populaci nadorovych bunék, cévami, bunkami imunit-
niho systému, mezenchymalnimi builkami a extracelularni matrix. Z hlediska vlivu na
patogenezi nadori a jejich progresi byly studovany ty populace nesouci povrchové antigeny

CD44 a CD907"°, CD44-pozitivni buiiky jsou typicky ty schopné iniciovat tumorigenezi®**¢,

0 ametastazovani®’. Exprese CD90 je charakteristickd mimo svoji ulohu v diferenciaci

migraci®
T-lymfocyt!”? také pro mezenchymalni buiiky — mj. fibroblasty”"*?. Obé tyto populace ovliv-
nuji fenotyp nadoru; napt. podil CD90-pozitivnich bun¢k ve spinoceluldrnich nadorech je
v pozitivni korelaci s velikosti tohoto nadoru'.

S cilem popsat roli jednotlivych subpopulaci CD44/CD90 v mikroprostiedi byla vytvoiena pri-
mokultura z dobfe diferencovaného karcinomu dutiny ustni (muz, 57 let, nekuidk, HPV18+
T2NOMO grade 1 tumor, dale oznaceny jako primokultura 132P1, popis vzniku viz publikace

Svobodova et al.'®

na str. 158). Mezi subpopulacemi byly prokdzany nasledujici rozdily:
CD44— nebyly schopny neomezeného riistu na misce (v souladu s o¢ekavanim a literaturou),
subpopulace CD44+/CD90— vykazovala nejvy$§i miru bunééné migrace (str. 160), CD44+
buniky byly charakteristické vy$si mirou exprese MMP2 a EGFR (proteinova uroven, str. 161),
buitky CD90+ byly charakteristické vyssi mirou apoptézy/nekrozy a naopak CD44+ byly cha-
rakteristické vys$si mirou autofagie.

Z ko-kultivaénich experimentl vyplyva, ze ,,nddorové* buiiky CD44+/CD90— rostou rychleji,
jsou-li ptimo ko-kultivovany s ,,mezenchymalnimi* butkami CD44—/CD90+. Obdobné& byla
provedena také nepiima ko-kultivace, pfi niz je mozné dale provadét analyzy genoveé exprese.
Z této analyzy bylo zjisténo, ze jsou-li CD44+ ,nadorové bunky* ko-kultivovany
s CD44+/CD90+ bunikami, dochazi (u CD44+) zejména ke snizeni markeru proliferace MKI167
a ke zvySeni poméru BAX/BCL2. Tedy — u nadorovych buné¢k v diisledku pisobeni bunék me-
zenchymalnich dochazi k ovlivnéni ristu nddoru — populace CD44— mezenchymalni bunky rist

podporuji proliferaci nadorovych bunék a naopak CD44+ populace mezenchymadlnich bun¢k

proliferaci nepodporuje a spousti apoptdzu.
Svobodova M, Raudenska M, Gumulec J, ef al. Establishment of oral squamous cell carcinoma
cell line and magnetic bead-based isolation and characterization of its CD90/CD44 subpopula-

tions. Oncotarget. 2017;8(39):66254-662609.
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ABSTRACT

In this study, we describe the establishment of the human papillomavirus
18-positive, stage II, grade 1, T2ZNOMO head and neck tumor primary cell line derived
from oral squamous cell carcinoma of a non-smoking patient by using two different
protocols. Furthermore, a preparation of subpopulations derived from this primary
cell line according to the cluster of differentiation molecules CD44/CD90 status using
magnetic bead-based separation and their characterization was performed. Impedance-
based real-time cell analysis, enzyme-linked immunsorbant assay (ELISA), wound-
healing assay, flow-cytometry, gene expression analysis, and MTT assay were used to
characterize these four subpopulations (CD44*/CD90-, CD44-/CD90-, CD44*/CD90",
CD44-/CD90-). We optimised methodics for establishement of primary cell lines
derived from oral squamous cell carcinoma tissue samples and subsequent separation
of mesenchymal (CD90*) and epithelial (CD90-) types of tumorous cells. Primary cell
line prepared by using trypsin proteolysis was more viable than the one prepared by
using collagenase. According to our results, CD90 separation is a necessary step in
preparation of permanent tumor-tissue derived cell lines. Based on the wound-healing
assay, CD44* cells exhibited stronger migratory capacity than CD44- subpopulations.
CD44+ subpopulations had also significantly higher expression of BIRC5 and SOX2, lower
expression of FLT1 and IL6, and higher levels of basal autophagy compared to CD44-
subpopulations. Furthermore, co-cultivation experiments revealed that CD44-/CD90*
cells supported growth of epithelial tumor cells (CD44*/CD90-). On the contrary, factors
released by CD44+/CD90* type of cells seem to have rather inhibiting effect. The most
cisplatin-resistant subpopulation with the shortest doubling time was CD44-/CD90+,
but this subpopulation had a low migratory capacity.

INTRODUCTION of advances in diagnostic methods and therapy, survival
of HNSCC remains almost unchanged with treatment

Head and neck squamous cell carcinoma (HNSCC) resistance and mefastases being the most important

is the sixth most frequent cancer worldwide. Regardless ndicator of adverse outcome [1]. A recently disclosed
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significant problem is the distinct cellular heterogeneity
in the HNSCC tumor tissues that may contribute to
formation of metastases or treatment resistance [2].
Recent data suggests that many potential cancer stem cell
(CSC) markers are differentially expressed in different
subpopulations of cells derived from a particular tumor
[3]. One of the relevant characteristics of HNSCC
subpopulations is the selective expression of surface
receptors. In the context of HNSCC, CD44 and CD90
molecules are extensively discussed [4-6].

Surface glycoprotein CD44 is involved in cell-cell
interactions, cell migration, and adhesiveness [7]. CD44
receptors are connected to the signalling cascade of EGFR
and the PI3K/Akt and thus can significantly affect tumor
progression [8]. The CD44" phenotype is associated with
head and neck. prostate, pancreatic, and breast cancer-
initiator cells [9]. It has been also revealed that CD44 is
important for metastasis as demonstrated on non-metastatic
rat glioma cells. Those cells obtained metastatic ability
when CD44 was over-expressed [10]. It was revealed that
HNSCC cells positive for CD44 have the ability to produce
tumors in immunocompromised mice. CD44 cells are
therefore often referred to as the CSCs [11, 12]. On the
other hand, Lim et al. study puts the use of CD44 as a CSCs
marker into question as they observed that both CD44+
and CD44— cells extracted from squamospheres are able to
regencrate these spheres [13]. Nevertheless, CD44+ cancer
cell population in primary HNSCC is comprised of less than
10% of bulk tumor [14] and HNSCC-driven squamospheres

possessed enriched CD44+ cell population (53%) [13].
Furthermore, reduced CD44 expression resulted in a
decreased proliferation and in an altered morphology of
colonies suggesting a loss of stem cell character [13].
Moreover, CD44 expressed on cancer-associated fibroblasts
(CAFs) seems to support the stemness and resistance of
neighbouring malignant cells [16].

CD90 (also called THY1) was identified in the
thymus as a T-cell differentiation and maturation marker
[17], nevertheless human fibroblasts and cancer stromal
cells also express abundant CD90 on their surface [18].
Immunohistochemical analysis showed overexpression
of CD90 in cancer-associated stroma compared with
non-cancer tissue stroma |[17]. Furthermore, frequency
of CD90-positive cells in HNSCC directly correlates
with tumor volume [19]. Moreover. mesenchymal marker
CD90 expressed on epithelial cells could be a marker
of epithelial-mesenchymal transition (EMT) [4]. Lu et
al. also suggested that CD90 could serve as an anchor
used by carcinoma stem cells to attach tumor-associated
monocytes and macrophages [20].

In this study. we describe the establishment of the
head and neck tumor primary cell line derived from oral
squamous cell carcinoma in a HPVI8-positive, non-
smoking patient (stage IL. grade 1. T2ZNOMO) by using
two different protocols. Furthermore, a preparation
of subpopulations derived from this primary cell line
according to the CD44/CD90 status using magnetic bead-
based separation and their characterization was performed.

A. Protocol 1 centrifugation O overmint
0.25% trypsin + RPMI 1640/ 4 °C
—_—
tumor small tissue
biopsy fragments media
removal
»e
. —» Mt e
"’ confluence > 50%7
df"eiha“i‘t:al 7 ‘CG) cultivation passage cultivation
isintegration 7 mi
2700 rpm /4 °C - T
B. Protocol 2
centrifugation
C. cD44/CDS0 separation l magnetic | resulting four subpopulations
/'kﬁ CDI0/CD44 | separation } CD3Y0*/CD44 CD44+/CD90*
} ?f ~~ glycoprotein 3 i %/\2% a
! | | )
: L9
magnetic ! | % /ﬂ
microparticle | . T
anti CDOOICD44 D90 or CD44 | CD44*/CDO0 CD44/CDI0
- = —__
3 l negative cell E & / ~,
{ |
| ! A —

Figure 1: Schematic depiction of isolation protocol. (A) Protocol 1 using trypsin, (B) collagenase-based isolation protocol. (C)
magnetic bead-based separation according CD44/CD90 surface antigens. Both positive- and negative-separation was utilized in order to
obtain CD44/CD90 -positive and -negative cells. For details, see Material and Methods.
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We also present an casy and cheap method for
evaluation of the effects of factors released by distinct
subpopulations in tumor tissue on cancer cell growth. In
this study, we do not aspire to draw general principles of
cancerogenesis and cellular interactions in tumor tissue.
We would rather offer interesting methodics. procedures,
and a new approach for cancer rescarch.

RESULTS

Clinico-pathological characteristics of patient

The primary cell line was derived from tumor tissue
taken from localized oral squamous cell carcinoma in a
HPV* (HPVI16: HPV18"), non-smoking male-patient
(T2NOMO, stage 11, grade I). The patient was at the age of
57 with BMI=22, had no previous history of tumors, no

A CD44-FITC/hoechst staining

CD90-APC/hoechst staining

diabetes mellitus, hypertension. heart ischemia, or chronic
kidney disease. This patient has also not undergone stroke
or myocardial infarction. This patient did not receive
preoperative radiotherapy or chemotherapy. Patient
achieved a complete remission after surgery.

Primary cell line establishment and
characterization

The cell line was prepared by using two protocols:
See the section Primary culture establishing and culture
conditions. Primary cell line prepared according to the
Protocol 2 was not as viable and the cell line designated
132P1 was successfully established according to the
Protocol 1 (for details see “Primary culture establishing
and culture conditions™ section). The growth curve for
the primary cell line 132P1 was as follows: lag phase

B
3
3
T2
=
a1
0
0 100 200
time (h)

Figure 2: Fluorescence microscopy and growth curve of 132P1 unseparated primoculture. (A) CD44 and CDY0 staining of
the unseparated cell line 132P1 after passage 15. Fluorescent staining revealed prevailing representation of CD90" cells; 10x magnification
(B) Growth profile of unseparated cell line 132P1 using real-time cell analyser demonstrated as a dimensionless unit “cell index™.

brightfield

CDA44-FITC staining

CD44* subpopulation

CD90" subpopulation

CD90-APC staining merge

Figure 3: Fluorescent stainging of CD44 and CD90 in separated subpopulations. Fluorescence confirms specificity of the

sorting protocol; 20 x magnification.
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87 h, exponential phase 25 h, and plateau phase after the
112th h. The doubling time was 22 h (Figure 2B). In our
established primary cell line, other subpopulations were
gradually overgrown by CD90" cells (Figure 2A).

Morphology, growth and migratory
characteristics of subpopulations

In the next step, the primary cell line 132P1 was
separated according to the CD44 and CD90 status
(CD447/CD90", CD44/CD90", CD44"/CD90*, CD44/
CD90"). Separation according to expression of CD44
and CD9Y0 molecules was verified by CD44-FITC/CD90-
APC fluorescent staining (see Figure 3). After separation
of four subpopulations, all four types of subpopulations
were able to grow long-term in cell culture (18 passages).
Nevertheless. after 18th h and 20th h passage. respectively,
CD44/CD90" and CD447/CD90" subpopulations
have slowed down their growth extremely and nearly
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stopped dividing, which was not observed in CD44"
subpopulations.

The growth curve for CD44/CD90" subpopulation
was as follows: lag phase 80 h, exponential phase 37 h, and
plateau phase after the 117th h. As soon as cells proceeded
into the exponential growth during the exponential phase,
the doubling time was measured. because the population
is most uniform and cell viability is high in this phase.
The doubling time was 26 h (Figure 4A). Morphology of
this subpopulation is shown in the Figure 4B. The growth
curve for CD44'/CD90" subpopulation was as follows: lag
phase 74 h, exponential phase 20 h, and plateau phase after
the 94th hour. The doubling time was 30 h (Figure 4E).
Morphology of this subpopulation is shown in the Figure
4F. The growth curve for CD44/CD90" subpopulation
was as follows: lag phase 80 h, exponential phase 40 h,
and plateau phase after the 120th hour. The doubling time
was 34 h (Figure 4I). Morphology of this subpopulation
is shown in the Figure 4J. The growth curve for CD44"/

m
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Figure 4: Morphological, growth and migratory characteristics of separated subpopulations according to CD44/CD90
features. (A, E, I, M) Growth profile using real-time cell analyser. (B, F, J, N) phase contrast microscopy of separated subpopulations, 20x
magnification. (C, G, K, O) Wound healing (scratch) assay, percentage of free area (higher value mean slower migratory potential and thus
lower invasiveness), (D, H, L, P) representative phase contrast images of wound healing assay used for analysis. 10x magnification A-D,
CD44°/CDY0" subpopulation, E-H, CD44'/CD90" subpopulation, I-L, CD44 /CD90" subpopulation, M—P, CD44*/CD90" subpopulation.
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CD90" subpopulation was as follows: lag phase 68 h.
exponential phase 25 h, and plateau phase after the 92nd
h. The doubling time was 30 h (Figure 4M). Morphology
of this subpopulation is shown in the Figure 4N.

positive for this antigen demonstrated 1.5-fold higher
migratory potential, F(1, 123) = 23.46; p <0.001. CD90
status did not affected the migratory capacity significantly.
F(1, 123) = 1.10, p = 0.29. Nevertheless, CD44°/CD90"

cells exhibited the strongest migratory capacity closely
followed by CD44"/CD90" subpopulation (1.2-fold lower,
p = 0.67); sce Figures 4C, 4D, 4G, 4H, 4K. 4L. 40, 4P.

In the next step. migratory capacity of
subpopulations was assessed using a wound healing
assay after 24 h. Using univariate testing, CD44 status
affected the migratory potential significantly, where cells
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Figure 5: Gene expression in subpopulations and in co-culture experiment. (A) Gene expression using qRT-PCR. Gray
bars indicate measurements without any type of co-culture, coloured bars indicate measurement of gene expression of CD44°/
CD90" subpopulation affected by medium from particular subpopulation (for details see Material and Methods section).
(B) Clustered correlation heatmap based on a gene expression of subpopulations not exposed to co-culture experiment. (C)
ELISA of EGFR in particular subpopulations. (D) ELISA of MMP-2 in particular subpopulations. (E) Hierarchical clustering
of cases (subpopulations) based on the gene expression, no co-culture only. See the substantial effect of CD44 status on the
gene expression. (F) Interactome network showing the genes, which expression differs significantly between CD44* vs CD44~
subpopulations (green and red for up-, and down-regulation), analyzed using STRING software (version 10.0). Line thickness
indicate strenght of data support. (G) Interactome network showing the genes, which expression differs significantly between
CD44°CD90™ co-cultured with CD44°CD90" medium and CD44°CD90" co-cultured with CD44-CD90" medium (groups coded
blue and green at Figure 5A). For detailed statistical results, see Supplementary appendix 2, for Functional enrichments in the
network of selected genes, see S3 appendix.

www.impactjournals.com/oncotarget

Oncotarget

161



Charakterizace bun¢k mikroprostiedi

4.7

Characterization of basal cell death in
subpopulations

Double-staining with fluorescein isothiocyanate
(FITC)/propidium iodide (PI) was undertaken to
determine basal levels of apoptosis and necrosis in
particular subpopulations. First, non-stained cells
(control) were analysed using flow-cytometry to set the
annexin V /PI gating regions (Supplementary Appendix
1A). Consequently. non-treated cells from different
subpopulations were analysed (Supplementary Appendix
1B). Four different phenotypes were distinguished: (a)
annexin V—/PI- (lower left quadrant, Q3); (b) annexin
V+/PI- (lower right quadrant. Q4. usually presumed as
apoptotic): (c) annexin V—/PI+ (upper left quadrant, Q1);
(d) annexin V+/PI+ (upper right quadrant, Q2. usually
presumed as necrotic).

Average frequency of annexin V+/PI— cells was as
follows: 14.9% in CD44/CD90" subpopulation; 23% in
CD44'/CD90" subpopulation; 12.3% in CD44"/CD90
subpopulation: 12.6% in CD44/CD90" subpopulation.
In sum. frequency of annexin V+/PI- cells in CD90"
subpopulations was lower than in CD90" ones.

A. direct co-cutlivation

=y

0
8
6
4
2
0

normalized cell index

0 50 100 150
time after treatment (h)

CD44'/CD90" co-cultured
with CD44'/CDS0" cells

CD44'/CD90" co-cultured
with CD44-/CD90" cells

CD44°/CD90" co-cultured
with CD447/CD90" cells

Furthermore,  autophagosome  formation in
subpopulations was detected using the CYTO-ID
Autophagy Detection Kit (Supplementary Appendix
1C). The levels of autophagy (CYTO-ID' population) in
subpopulations were as follows: 6.2% in CD44 /CD90’
subpopulation: 7.8% in CD44"/CD90 subpopulation:
7.9% in CD44'/CD90" subpopulation: 5.5% in CD44 7/
CD90 subpopulation. In sum, the frequency of autophagy
in CD44" subpopulations was slightly higher than in
CD44 ones.

Expression patterns of HNSCC marker genes
in CD44'/CD90*; CD447/CD90*; CD44'/CD90";
CD447/CD90" subpopulations

This part of study is focused on the expression of
genes potentially important for the development of cancer:
1) acquisition of autonomous proliferative signalling
(EGFR, EGF); 2) proliferative activity of tumor cells
(MK167). 3) cell cycle and cell death modifications (BCL2,
BAX, FOS, JUN, TP53, BIRC5, MAPILC3B, BECNI,
NFKB1, MTOR, CAV1), 4) angiogenesis (VEGF/FLT1), 5)
metastatic potential (\A/P2): 6) oxidative stress response

C. indirect co-cutlivation
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Figure 6: Co-culture experiment. (A) direct co-culture (measurement of the CD44'/CD90" growth characteristics affected by cells
in the insert without a direct contact). Real time cell analyser (RTCA). (B) doubling time of CD44"/CD90" cells affected by particular
subpopulation in a direct co-culture experiment. (C) indirect co-culture (measurement of the CD44*/CD90" growth characteristics affected
by amedium from particular subpopulations in a common RTCA setup). (D) doubling time of CD44*/CD90" affected by indirect co-culture.

Asterisk indicate significant difference at p < 0.05.
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(MTIA, MT24, ZIPIl, HIFIA), pluripotency genes
(NANOG, SOX2, POUSFI); and 7) immune response
(CCL2, L6, IL6R).

Abundantly expressed genes in  all studied
subpopulations were MMP2, HIFIA, MT24, and CAV1.
Subpopulation expressing CD44 had significantly higher
expression of B/RCS and SOX2 (CD44*/CD90" vs. CD44 7/
CDY0" p=0.002 resp. p=0.017; CD447/CD90" vs. CD447/
CD90" p=0.009 resp. p=0.006). No significant changes
in expression between CD44/CD90" and CD44/CD90"
or CD447/CD90™ and CD447/CD90" were found. Thus,
CD90 status did not affect the expression of studied genes
significantly (sce Supplemantary Appendix 2). On the
contrary, CD44" subpopulations had lower expression of
FLT! and IL6 compared to CD44 subpopulations (CD44"/
CD90" vs. CD447/CD90"* p=0.03 resp. p=0.0001; CD44"/
CD90~ vs. CD44/CD90" p=0.006 resp. 0.0001), No
significant changes in expression between CD44/CD90’
and CD447/CD90” were found (see the Figure SA).

Based on the co-expression pattern of genes,
hierarchical clustering revealed that there are two major
clusters of subpopulations based on the CD44 status
(Figure 5E). Nearness of CD44" subpopulations in gene
expression is clearly highlighted. while CD90 status did
not affect the overall expression pattern substantially.
Subsequently, interactome network showing the genes
whose expression differs significantly between CD44" vs
CD44~ subpopulations was performed using STRING-
DB software (Figure 5F). Based on this intcractome
network. it was revealed that biological processes relating
to proliferation, migration, stemness, and angiogenesis
were significantly affected by differentially expressed
set of genes, (e.g GoMiner GO.0030335, GO.0050678,
GO.0001525, GO.0022402, GO.0048646. GO.0016477).
For the full list of significantly affected pathways and
cellular components see S3 supplementary material.

According to the gene expression correlation
analysis (sec the Figure 5B). the proliferation marker
MKI67 was in no or even in a negative correlation with
proliferative stimuli such as /L6, VEGFE4, or CCL2.
Aditionally, the expression of receptors such as FGFR

before separation CD44-CD90*
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and FLT! was not in a significant positive correlation
with their ligands (EGF, IL6. and VEGFA). This implies
that part of these factors could be exploited by the
subpopulation in tumor mass which is not responsible for
their production. For these reasons, experiments with co-
cultivation were performed.

Furthermore, protcin expression of MMP-2 and
EGFR was assessed by ELISA (see figures 5C and 3D).
According to ELISA, CD44" subpopulations had higher
levels of both tested proteins compared to CD44™. The
lowest expression of both MMP-2 and EGFR was detected
in CD44 CD90" subpopulation of cells.

Direct co-culture

After 24 h of incubation. the inserts (containing
CD447/CDY0~; CD447/CD90"; or CD44/CD90" cells)
were lowered into the E-plate (containing CD44'/
CD90" cells; anticipated as epithelial tumor cells). In
this arrangement. two tested subpopulations were able
to exchange factors released to medium and to influence
cach other's growth by paracrine signaling, but were not
able to be in a direct contact. The grow response curve
of the “lower” CD44°/CD90" population was recorded.
The rate of proliferation was monitored in real time using
xCELLigence system (see Figure 6A). CD447/CD9%" cells
were not included in co-cultivation experiments, because
they were not able to grow in inserts. Nevertheless,
according to our expression and migration analysis, no
significant differences between CD447/CD90™ and CD44/
CD90" subpopulations were observed.

Doubling time of CD447/CD90~ cells co-cultivated
with CD447/CD90" cells was significantly shorter than
doubling time of CD44*/CD90" cells co-cultivated with
CD44'/CD90" (25.40 £ 0.16 h vs. 29.70 £ 020 h, p =
0.028); sec Figure 6B. Doubling time after co-cultivation
with CD44—/CD90+ was shorter as well, but below the
statistical significance (26.70 £0.22 h, p = 0.06). Doubling
time of CD44*/CD90" cells cultivated separately without
any co-culture was 30 h; (see the section “Morphology,
growth and migratory characteristics of subpopulations™).
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Figure 7: MTT assay of unsorted primoculture and subpopulations exposed to cisplatin treatment. IC_ means the half

maximal inhibitory concentration.
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Furthermore, the highest cell index was reached by co-
cultivation of CD44/CD90" cells with CD44 /CD90". On
the contrary, when CD447/CD90™ were cells co-cultivated
with CD44%/CD90", cell index (CI) value was the lowest.
This dimensionless parameter is derived as a relative
change in measured c¢lectrical impedance to represent
cell status. When cells are not present or are not well-
adhered to the electrodes, the CI is zero. Under the same
physiological conditions, when more cells are attached to
the electrodes, the CI values are larger. According to our
results, factors released by mesenchymal type of cells,
which do not express CD44 (CD44 /CD90), are able to
support a growth of CD44°/CD90" type of cells (epithelial
tumor cells). Moreover, CD447/CD90" cells also produce
factors supporting their own growth.

Indirect co-culture with subpopulation-derived
media

After 24 h-lasting cultivation of CD447/CD90™ cells,
medium was removed and replaced with a “foreign” media
derived from another 24 h-lasting cultivation to display
the effect of: a) CD447/CD90" derived medium, b) CD44%/
CD90" derived medium, ¢) CD447/CD90™ derived medium
from different Petri dish. and the effect of d) fresh control
RPMI medium. In this arrangement, (ested subpopulation
was affected by factors released to the medium by other
subpopulations (in this arrangement, factors released to
medium were not a result of paracrine communication
between different cell subtypes like in a direct co-culture
experiment). An effect of exhausting of tested medium
was also observed. The rate of proliferation was monitored
in real time using xCELLigence system (see Figure 6C
and 6D). Doubling times of CD44°/CD90™ cells were as
follows: a) 35.20 + 0.20 h with CD447/CD90"-derived
medium, b) 40.25 + 0,41 h with CD44"/CD90'-derived
medium, ¢) 31.5 £ 0.17 h with CD44"/CD90 -derived
medium from different Petri dish, and d) 37.65 £ 0.22 h
with fresh RPMI medium, Thus, cells supplemented with
CD447/CD90" growed significantly slower compared
to those supplemented with CD447/CD90" medium
(p=0.004) and those supplemented with CD44 /CD90"-
derived medium (p=0.030). Furthermore, the highest CI
was reached by cultivation with CD44*/CDS0™ derived
medium. CI for CD44/CD90" derived medium, and
fresh RPMI medium was almost identical. The lowest CI
was observed by cultivation with CD44*/CD90" derived
medium. Inasmuch as tested medium was used for 24
h by other cell population, influence of released factors
and nutrient exhausting could be presumed. Whereas
CD44'/CD90" derived medium from different Petri dish
with CD44'/CD90" population supported CD44"/CD90"
growth, CD44'/CD90" derived medium rather inhibited
CD447/CD90" cell growth in comparison with fresh
medium.

Our qRT-PCR measurement has been performed
after 72 h of CD44'/CD90" cells’ cultivation in “foreign”
medium in medium derived from CD447/CD90™ cells
previously cultivated 24 h in a different Petri dish.

Exhausted medium derived from CD44%/CD90
cells caused these particular changes in gene expression in
comparison with CD44*/CD90" cells in fresh medium (see
Figure 5A): (a) Upregulation in F7.7'] (5.15 fold change,
p=0.013). NANOG (4.58 fold change, p=0.034), CCL2
(4.81 fold change, p=0.039). and /L6 (1.85 fold change,
p=0.0001), (b) downregulation in QS (0.25 fold change,
p=0.024).

Medium derived from CD44'/CD90" caused
significant downregulation in expression of SOX2 and /1.6
(p=0.01 resp. 0.0001) in CD44'/CD90" cells (anticipated
epithelial tumor cells) compared with medium derived
from other CD447/CD90™ cultivated separately (see Figure
5A).

Medium derived form CD44/CD90" caused
significant downregulation in expression of 116
(p=0.0001) in CD44'/CD90" cells (anticipated epithelial
tumor cells) compared with medium derived from CD447/
CDY0" (see Figure 5A).

In conclusion, both tested media derived from
mesenchymal subpopulations (CD447/CD90" and CD44/
CD90") were able to decrease expression of /2.6 in CD44"/
CD90" cells in comparison with exhausted medium
derived from CD447/CD90™ cells. The effects on CD447/
CD90" cells after a treatment with medium derived from
CD447/CD90" cells differed significantly (was either
higher or lower) when compared with other two types of
partially exhausted subpopulation-derived media (compare
Figure 5A). For instance, expression of proliferative
marker MKI67 triggered by tested medium was almost
identical to cultivation with CD44°/CD90" derived
medium, CD447/CDY90" derived medium, and fresh RPMI
medium, which is in accordance with results obtained from
xCELLigence system. CD44'/CD90" derived medium
rather inhibited MK/67 expression in CD447/CD90™ cells
(medium derived from CD44°/CD90" caused 0.23 fold
change in MKI67 expression in CD44/CD90™ cells in
comparison with medium derived from CD447/CD90";
p=0.049). Furthermore, SOX2 and POU3FI were also
significantly down-regulated. Subscquently, interactome
network showing the genes whose expression differs
significantly between CD447/CD90" cells co-cultured with
CD447/CD90" medium vs. CD44'/CD90" co-cultured with
CD447/CD90" medium was performed using STRING-DB
software (Figure 5G). Based on this interactome network,
it was revealed that biological processes relating to the cell
division, cell cycle, and cellular response to interleukin-6
were significantly affected by differentially expressed
set of genes, (e.g GoMiner GO.0051301, GO.0022402,
GO.0071354). For the full list of significantly affected
pathways and cellular components see S3 supplementary
material.
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Viability after cisplatin treatment

Viability of the primary cell line and the separate
subpopulations after cisplatin treatment was tested by
using MTT assay in order to assess the degree of resistance
of individual subpopulation to this drug. The IC,, of
primary cell line 132P1 for cisplatin was 19.7 uM. The
most resistant subpopulation was CD44 /CD90" (IC50 =
28.3 uM). Among CD44" subpopulations, CD44/CD90"
was more resistant to cisplatin than CD447/CD90” (IC_
value was 15.7 uM and 9.7 uM, respectively), see Figure 7.

DISCUSSION

In this study, we described the cstablishment of
the HNSCC primary cell line designated 132P1 derived
from well-differentiated, localized oral squamous cell
carcinoma tissu¢ obtained by the primary tumor biopsy
and also establishment and characterization of CD44"/
CD90", CD447/CD90~, CD447/CD90", and CD447/
CD90" cell subpopulations derived from this primary cell
line 132P1. Also of note, patient was a HPV18-positive.
non-smoker, did not receive preoperative radiotherapy
or chemotherapy and achicved a complete remission
after surgery. Primary cell line prepared by using trypsin
proteolysis was more viable than the one prepared by
using collagenase (verified also in further primary cell
lines preparations; unpublished results). In our established
non-separated primary cell line. other subpopulations were
gradually overgrown by mesenchymal (CD90" cells) and
therefore non-separated HNSCC tissue-derived cell lines
are probably not a good model for testing of treatment
response of epithelial cancer cells.

Magnetic bead-based separation was found to
be suitable for separation of cells with distinct CD-
features. All four types of subpopulations were able to
grow long-term in cell culture, Nevertheless, after 20th
passage, CD447/CD90™ and CD44-/CD90" subpopulations
extremely slowed down their growth and nearly
stopped dividing, which was not observed in CD44’
subpopulations. It implies that CD44" cells could be
more susceptible to immortalization and therefore more
predisposed to establishment of permanent HNSCC cell
lines. In accordance with our findings, Pries ¢t al. found
CD44 to be constitutively expressed on the surface of
eight out of eight tested permanent HNSCC cell lines [21].
The doubling time of our primary cell line and derived
subpopulations was rather fast (22-34 h) compared to
other human tumor cell lines |22].

There is a growing number of studies that confirm a
function of cancer-associated stroma in the carcinogenesis
and tumor progression. Zhao et al. findings suggest that the
phenotype of cells expressing high levels of CD90 is more
tumor-promoting than the phenotype of cells expressing
low CD90 |23]. According to our results, factors released
by CD90" type of cells, which do not express CD44, are

able to support growth of epithelial tumor cells (CD44 '/
CD90"). On the other hand, factors released by CD44°/
CD90" cells into medium seem to have rather inhibitory
effect on cpithelial tumor cell growth. Inasmuch the
frequency of annexin V+/PI— and also annexin V+/PI+
cells in CD447/CD90* subpopulation cultivated separately
was higher than in other subpopulations, it is possible that
CD447/CD90" cells are able to produce factors stimulating
cell death in neighbouring cells. This observation is not
in accordance with Spacth et al. who showed that CD44
expression on tumor stromal precursors is necessary for
their functionality within the tumor microenvironment
as tumor supporting, angiogenesis inducing, activated
fibroblasts [24]. Taking into account that our patient
achieved a complete remission, we can speculate that
the maintenance of tumor is a result of intcractions in
the cancer cell community and that tumor progression
depends on the cooperation among all the members of
tumor tissue. not just on the aggressiveness of its most
abnormal subpopulation.

In our study, sclf-survival and self-renewal
supporting factors such as SOX2, NANOG, and BIRCS [25—
27| were highly expressed in CD44*/CD90" subpopulation
whereas CD44 /CD90" subpopulation was an important
producer of “public goods™ such as chemokine (C-C
motif) ligand 2 (C'CL2) and interleukin-6 (/1.6). IL-6 has
a possible function in the inducible generation of CSCs
and their dynamic balance with non-stem cells [20, 28].
(CCL2 supports recruiting of inflammatory monocytes and
facilitates metastasis [29]. Furthermore, IL6 and CCL2 are
able to support tumor growth, EMT, stem cell migration,
and finally treatment resistance [30-34]. Accordingly. we
observed the highest cisplatin resistance in CD44/CD90"
subpopulation. This subpopulation was more cisplatin-
resistant than our primary unseparated cell line 132P1,
which implies important role of this subpopulation in
conferring of resistance in whole HNSCC tumor.

The most expressed gene in all subpopulations
was matrix metalloproteinase 2 (MMP2). MMPs
promote tumor progression and metastasis formation
by degradation of the extracellular matrix. Dufour et al
showed that transfection of COS-1 cells with MMP-9,
MMP-2, or even with a proteolytically inactive mutant of
MMP-9 increascs cell migration [33, 36]. ProMMP-2 was
also shown to induce vascular endothelial growth factor
(VEGF) expression via activation of PI3K/Akt/HIF-1a,
which may lead to an increased angiogenesis [37]. Other
highly expressed genes in all types of subpopulations were
HIFIA, MT2A, and CAV]. HIF1A4 is known 1o be involved
in hypoxia-induced therapeutic resistance [38], MT24 that
has been connected with oxidative stress [39]. and CA}7
that has been demonstrated to play an important role in
EMT, glucose uptake, lactate accumulation, and ATP
production [40—42].

CD44" subpopulations were characteristic by higher
gene expression of B/RCS, and SOX2, protein expression
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of MMP2 and EGFR and by high basal autophagy. On the
contrary, CD44" subpopulations had lower expression of
FLTI and /1.6. BIRC alias survivin is involved inter alia
in the ability to escape from accelerated senescence [43].
Of note. it is possible that senescence-escaped cells may
transform into malignant cancer cells by the additional
hits of several genes in vivo. Elevated levels of autophagy
under basal conditions were observed in pancreatic cancer
primary tumors and cell lines. Basal autophagy was
shown to act as a cellular energy source and to prevent
the accumulation of genotoxic levels of oxidative stress
in pancreatic cancer cells. Conversely. inhibition of basal
autophagy resulted in tumor regression [44]. Furthermore.
the expression of SOX2 gene connected with pluripotency
[45] was abundant in both CD44" subpopulations. Tt
could mean that more than one subpopulation with stem
cell abilities may exist in the same tumor (CD44/CD90"
epithelial cancer stem cells [46] and CD44°/CD90" tumor
stem cells formed by EMT). Surprisingly, another studied
pluripotency gene POUSE was abundantly expressed in
the CD44 /CD90" subpopulation. Mitchell et al. have
recently showed that POUSF-induced plasticity in human
fibroblasts results in a capability of responding to changes
in the extracellular environment that could ultimately lead
to the alteration of cell fate. This molecular state of human
fibroblasts’ plasticity was characterized by elevated levels
of developmental genes, but not other genes involved
in pluripotency [47]. We can speculate that POUSF
expression in non-stem CD44/CD90" subpopulation
demonstrates a “willingness™ of this subpopulation to be
manipulated by aggressive tumor cells.

Radiotherapy represents the standard treatment
for head and neck squamous cell carcinoma (HNSCC)
patients, often in combination with surgery. Nowadays,
chemoradiotherapy has been incorporated in the treatment
of advanced tumors. Cisplatin is the most common
agent [11]. Based on the doubling time assessment,
CD447/CD90" cells proliferated more rapidly than other
cells and thus. they might be preferentially eliminated
by cisplatin therapy. Nevertheless, the CD44/CDO0"
subpopulation showed the lowest sensitivity to cisplatin
compared to other subpopulations and even compared
to the primary cell line. This could be associated with
a high expression of FLT! bv this subpopulation (sce
Figure 5A) inasmuch as FLT1 kinase was shown as a
mediator of resistance in HNSCC [48]. Surprisingly, IC50
values for CD44" subpopulations were lower than IC30
of primary cell line from which subpopulations were
derived. This fact could point out on the important role
of CD44-negative cells in the development of resistance;
support of CD44” by CD44™ may be one of the examples.
4 In conclusion. we developed methodics for successful
establishement of primary cell lines derived from oral
squamous cell carcinoma tissue samples and methodics
for removal of mesenchymal (CD90+) cells from this

cell line. Separation according to CD44 expression
was also successful. CD90/44 status influenced growth
rate, sensitivity to cisplatin, and migratory capacity of
particular subpopulations derived from the same tumor.
Furthermore, non-separated tumor-derived cell lines
contained only mesenchymal types of cell after few
passages and thercfore they are not good model for
testing of treatment response of epithelial cancer cells.
According to our results, CD90 separation is a necessary
step in preparation of permanent HNSCC-tissue derived
cell lines. We also presented an indirect cocultivation
as an casv and cheap method for evaluation of factors
released by distinct subpopulations in tumor, inasmuch
as results obtained from direct and indirect settings were
comparable. Furthermore. some interesting characteristics
of CD44-positive and CD44-negative subpopulations
have arisen from our results. Nevertheless, these data are
derived only from one HNSCC patient and need further
confirmation.

MATERIALS AND METHODS

Primary culture establishment and culture
conditions

This study was approved by St. Anne University
Hospital Ethics Committec (Brmo, Czech Republic)
and informed consent was obtained from all subjects.
All procedures performed in studies involving human
participants were in accordance with the ethical standards
of the institutional and/or national research commitlee
and with the 1964 Helsinki declaration and its later
amendments or comparable ethical standards. Tissue for
establishment of the primary cell line were obtained during
surgery of patient with oral squamous cell carcinoma
(T2ZNOMO, stage II. grade I) admitted to the Department
of Otolaryngology-Head and Neck Surgery, St. Anne’s
University Hospital.

The first part of tumor tissue material obtained at
surgery was placed into RNAlater (Ambion, USA). the
second part into culture medium (RPMI 1640, Biochrom,
USA) with an addition of 1% antibiotic-antimycotic
solution (Santa Cruz Biotechnology, Texas). 10 pg/ml
gentamycin sulphate (Santa Cruz Biotechnology, Texas)
and 10 pg/ml ciprofloxacin (Santa Cruz Biotechnology,
Texas) to prevent bacteria, fungi and yeast contamination.
Within sterile environment and after rinsing the sample
by 70% EtOH (Sigma-Aldrich, Germany), the most viable
tissue was sclected and any necrotic tissue was discarded.
Leavings of EtOH were removed by PBS (Invitrogen,
USA) washing. Tissue was mechanically dissociated
into small pieces. For proteolysis were used: 1. Trypsin
(PAA Laboratories GmbH, Austria) protocol 1 and 2.
Collagenase (Sigma-Aldrich, Germany) (protocol 2).
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Protocol 1

The small tissue fragments were added and stirred
into sterile PBS (Invitrogen, USA) and centrifuged at 4°C,
2700 rpm for 7 min. The cell pellet was re-suspended into
0.25% trypsin in RPMI 1640 medium and left overnight at
4°C. Then medium was removed and tissue was incubated
at 37°C for 30 minutes. The cell pellet was re-suspended
in medium with an addition of antibiotic-antimycotic
solution, gentamycin sulphate, ciprofloxacin and 10%
FBS. Primary cell lines were cultivated at 37°C and 5%
CO, in humidified atmosphere up to 50% confluence.
As soon as cells were seen attaching to the flask surface.
medium was changed. Tumor cells were no longer
affected by the use of antibiotic-antimycotic solution,
gentamycin sulphate, or ciprofloxacin that were added to
the carly culture. At this time, cells were grown only in
Pen/Strep antibiotic solution (PAA Laboratories GmbH,
Austria) in complete medium (penicillin 100 U ml and
streptomycin 0.1 mg ml™'; RPMI-1640 medium with 10%
FBS (Biochrom, USA)). (Figure 1)

Protocol 2

The small tissue fragments were added and stirred
into sterile PBS and centrifuged at 4°C. 2700 rpm for
7 min. The cell pellet was resuspended into 4.5 ml of
complete culture medium with 0.5 ml (2000U/ml) of
collagenase. The tissue was incubated at 37°C and 5%
CO, for 72 hours and after that tissue was centrifuged at
4°C, 2700 rpm for 7 min. The cell pellet was resuspended
in medium with an addition of antibiotic-antimycotic
solution, gentamycin sulphate, ciprofloxacin and 10%
FBS. Primary cell lines were cultivated at 37°C and 5%
CO, in humidified atmosphere up to 50% confluence.

As soon as cells were seen attaching (o the flask
surface, medium was changed. Tumor cells were no longer
affected by the use of antibiotic-antimycotic solution,
gentamycin sulphate, or ciprofloxacin that were added to
the carly culture. At this time, cells were grown only in
Pen/Strep antibiotic solution (PAA Laboratories GmbH,
Austria) in complete medium (penicillin 100 U ml™ and
streptomycin 0.1 mg ml™'; RPMI-1640 medium with 10%
FBS (Biochrom, USA)).(Figure 1)

Preparation of subpopulations according to the
CD-molecules

Four cell subpopulations were derived from
established HNSCC primary cell culture (CD447/CD907;
CD447/CD90"; CD44°/CD90; CD44/CD907). For
separation of subpopulation derived from primary cell
line magnetic particles- MidiMACS™ Starting Kit (CD44
MicroBeads- human, FcR Blocking Reagent-human, LS
Columns; Miltenyvi Biotec, Germany) and MiniMACS™
Starting Kit (CD90 MicroBeads- human, MS Columns;
Miltenyi Biotec. Germany) was used.

Dead cells were washed out with 0.5 M EDTA and
viable cells were harvested by trypsin. Cell suspension was
centrifuged at 300=g for 7 minutes at 4°C. Supernatant was
aspirated completely. Cell pelet was resuspended in 1 ml of
separating bufer (solution contained phosphate-buffered
saline (PBS). pH 7.2, 0.5% bovine serum albumin (BSA).
and 2 mM EDTA by diluting MACS® BSA Stock Solution
1:20 with autoMACS® Rinsing Solution). Buffer should be
kept in cold (2—8°C). It is important to obtain a single-cell
suspension before magnetic labeling. Therefore, cells were
passed through 30 pm nylon mesh (Pre-Separation Filters
(30 pm), Miltenyi Biotec, Germany) o remove cell clumps.
Cell suspension was centrifuged at 300=g for 10 minutes at
4°C. Supernatant was aspirated. Cell pellet was resuspended
in 60 uL of buffer and 20 uL of FcR Blocking Reagent per
107 total cells. Then 20 pL of CD44 or CD90 MicroBeads
was added. Solution was well mixed and incubated for
15 minutes in the dark in the refrigerator (2—8°C). Cells
were washed by adding 1 mL of buffer per 107 cells and
centrifugated at 300xg for 10 minutes. Supernatant was
aspirated completely. Cell pellet was resuspended in 500 pL
of separating buffer. LS or MS column was placed in the
magnetic field of a MACS Separator. Column was prepared
by rinsing with 3 mL of buffer. Cell suspension was applied
onto the column. Flow-through containing unlabeled (CD44
or CD9%0) non-expressing) cells was collected. Column was
washed with 3x3 mL of buffer. Collected unlabeled cells
that pass through were combine with the flow—through from
previous step and centrifugated at 300xg for 10 minutes.
Supernatant was aspirated only 1 mL of buffer was left.
These CD44 or CDY0 negative cells were then cultivated in
RPMI with 10% FBS and ATB. Then column was removed
from the separator and was placed on a suitable collection
tube. 5 mL of buffer were pipetted onto the column. the
magnetically labeled cells were flush out by firmly pushing
the plunger into the column, These CD44 or CD90 positive
cells were then cultivated in RPMI with 10% FBS and ATB.

Cells that adhered to the flask were grown in
complete medium (RPMI-1640 medium with 10% FBS,
penicillin 100 U mI™ and streptomycin 0.1 mg ml™") until
they reach 70% confluency. they were then passaged.

CD44 and CD90 fluorescent staining

At the logarithmic growth phase, cells were stained
by CD90 and CD44 antibodies to detect their cell surface
marker expression. The cells were washed three times with
PBE (0.1 PBS containing 0.3% bovine serum albumin and
0.002 M EDTA (PAA Laboratories GmbH, Austria); pH
7.2) and stained with CD44-FITC/CD90-APC according
to manufacturer’s instructions (1:400, Miltenyi Biotec,
Germany). Nuclei were co-stained with Hoechst 33258 (2
uM. Invitrogen, USA). Nikon Eclipse Ti-S equipped with
appropriate set of filters (Japan) was used to visualize the
cells. A bar represents 100 pum.
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Cell number quantification

Total cell numbers were analysed using the Casy
model TT system (Roche, Switzerland) and the following
protocol: first, calibration was performed form viable and
necrotic cells. For necrotic cells, 100 ul cell suspension
and 800 ul Casy Blue solution was mixed and left for
10 min at room temperature. Subsequently, 9 ml Casy
Tone was added. To prepare a viable cell standard, 100
ul of cell suspension was mixed with 10 ml of Casy
Tone. All subsequent measurements were made in 100x
diluted 100 pl cell suspension. Prior to each measurement,
background was subtracted. All samples were measured
in triplicates.

MTT viability assay

The MTT assay was used to determine cell viability.
The suspension of cells in the growth medium was diluted
fo a density of 2000-10000 cells/column in 200 pl medium
and (ransferred to wells 2—11 of standard microtiter plates.
The medium (200 pl) was added to the first and to the
last column (1 and 12). The plates were incubated for 2
days at 37°C to ensure the cell growth. The medium was
removed from columns 2 through to 11. Columns 3-10
were filled with 200 ul of the medium containing different
concentrations of cisplatin (0-34 pM). As a control,
columns 2 and 11 were fed with the medium only, The
plates were incubated for 48 h. After that, columns 1-11
were fed with 200 pl of the medium with 50 pl of MTT
(5 mg/ml in PBS) and incubated for 4 h in a humidified
atmosphere at 37°C, wrapped in the aluminium foil. After
that, the medium was exchanged with 200 ul of 99.9%
DMSO to dissolve MTT-formazan crystals. Then, 25 pl of
glycine buffer was added to all wells with DMSO and the
absorbance was recorded at 570 nm (VersaMax microplate
reader, USA).

Real-time impedance based cell growth and
proliferation

The impedance-based real-time cell analysis
(RTCA) xCELLigence sy stem was used according to the
instructions of the supplier (Roche., Switzerland). Firstly,
the optimal seeding concentration for proliferation and
cytotoxic assay was determined. Optimal response
was found for primary cell line (2.000 cells/well) and
all subpopulations: CD44*/CD90" (2,000 cells/well),
CD44'/CD90" (1,000 cells/well) CD44 /CD90" (5.000
cells/well), CD447/CD90" (2.000 cells/well). After
seeding a total number of cells in 200 pl of medium to
each well in E-plate 16, the attachment and proliferation
of the cells were monitored every 15 min. Duration of
all experiments was 150 h. Results are expressed as
relative impedance. In all of studied subpopulations
doubling time was determined by using manufacturer’s
software.

Preparation of subpopulation-derived media

24 h prior to conducting experiments, CD447/
CD90", CD447/CD90" and CD447/CD90" cells were
trypsinized. 50,000 cells/ml of each cell line were cultured
in 75 cm’ flasks with medium. Media were removed from
cultures after 24 h and used for the experiments.

Indirect co-culture

The rate of proliferation was monitored in real
time using xCELLigence system (E-plate). 2000 CD44"/
CD90" cells per well were seeded in the E-plate 16. After
24 h of impedance reading, medium was removed from
each well and replaced by media derived from foreign
subpopulations (CD447/CD90*, CD447/CD90*) and by
control medium derived from the same subpopulation
(CD447/CD90") or by fresh RPMI medium. Impedance
value was automatically monitored by the system for 200
h. This experiment was performed in duplicates.

Furthermore, determining of changes in gene
expression after incubation with medium derived from
foreign subpopulation was performed. The CD44'/CD90
cells were cultivated at 37 °C and 5% CO, in humidified
atmosphere up to 70% confluence. After 24 h medium
was removed and replaced with foreign media: a) CD44 7/
CD90", b) CD447/CD90" and c¢) by control medium
(CD44'/CDY0"). The experiment has been performed for
72 h than the relative expression of 15 genes related to
HNSCC pathogenesis was determined by using qRT-PCR
in all of these cases.

Direct co-culture

The rate of proliferation was monitored in real time
using XCELLigence system (E-plate and E-insert). 2000
CD447/CD90" cells per well were seeded in the E-plate
16. CD44"/CD90 ", CD44'/CD90" and CD44 /CD90" cells
were seeded into insert at the density of 15000 cells per
well. After 24 h of incubation at 37°C and 5% CO, the
insert was lowered into the E-plate. Impedance value was
automatically monitored by the system for 140 h. This
experiment was performed in duplicates.

ELISA analysis

Levels of EGFR and MMP2 in homogenized
cells were determined by commercial enzyme-linked
immunosorbent assay (ELISA) kits (RayBiotech, USA)
according to the manufacturer’s instructions. The EGFR-
ELISA is designed to detect human EGFR with a detection
limit 4 pg/ml. a 10% intra-assay. and a 12% inter-assay
variability. The EGFR antibodics were raised against
the L25-S645 region of EGFR. The MMP2-ELISA is
designed to detect human MMP2 with a detection limit
3500 pg/ml, a 10% intra-assay. and a 12% inter-assay
variability.
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RNA isolation and reverse transcription

TriPure Isolation Reagent (Roche, Basel,
Switzerland) was used for RNA isolation. The isolated
RNA was used for cDNA synthesis. RNA (1000 ng) was
transcribed using transcriptor first strand cDNA synthesis
kit (Roche, Switzerland)., which was applied according to
manufacturer's instructions. The ¢cDNA (20 pl) prepared
from the total RNA was diluted with RNasc free water
to 100 pul and the amount of 5 pl was directly analysed
by using the LightCycler®480 1T System (Roche, Basel.
Swiltzerland).

Quantitative real-time polymerase chain reaction

qRT-PCR was performed using the TagMan gene
expression assays with the LightCycler®480 II System
(Roche, Basel, Switzerland) and the amplified DNA was
analysed by the comparative Ct method using f-actin as an
endogenous control. The primer and probe sets for ACTB
(assay ID: Hs99999903_m1), MT2A (Hs02379661 gl).
MTIA (Hs00831826_sl)., TP33 (Hs01034249 ml),
BAX (Hs00180269 ml), BCL2 (Hs00608023 ml).
VEGFA (Hs00900055_m1), FLT1 (Hs01052961_ml),
MMP2 (Hs01548727_m1), FOS (Hs00170630 ml),
JUN (Hs00277190 sl). MKI67 (Hs00606991 ml).
EGF (Hs01099999 ml), EGFR (Hs01076078 m1l).
SOX2 (Hs01053049 s1), NFkB1 (Hs00765730 ml),
BECNI1 (Hs00186838 m1), HIF1A (Hs00153153_m1),
MAPILC3B (Hs00797944 _s1), NANOG (Hs04260366_
gl), CAV1 (Hs00971716 m1), MTOR (Hs00234508
ml), CCL2 (Hs00907239 ml), ZIP1 (also known as
SLC39A1) (Hs00205358 m1), BIRC5 (Hs00153353_ml),
IL6 (Hs00985639 ml), IL6R (Hs01075666 ml), and
POUSF1 (Hs04260367_gH) were selected from TagMan
gene expression assavs (Life Technologies, USA). qRT-
PCR was performed under the following amplification
conditions: total volume of 20 pl. initial incubation at
50°C/2 min followed by denaturation at 95°C/10 min,
then 45 cycles at 95°C/ 15 sec and at 60°C/1 min. Gene
expression experiments were performed in duplicates

Wound healing assay

After passage cach cell line was resuspended and
seeded into 24-well plate, the cell amount per well in 500
ul media was optimized to 60,000 for CD447/CD90",
50,000 for CD44'/CD90", 40,000 for CD44 /CD90" and
45,000 for CD447/CD90*. After 48 h the cells were 100%
confluent and the scratch into the cell monolayer was
made. Afier gentle wash and change of media cach well
was photographed at time 0 and after 24 h at the very same
spot. The photos were analysed according to instructions
from the software creator [49]. The software computed the
percent of open wound area. Each cell line was analysed in
at least 24 repetitions.

Flow cytometric analysis of cell death

Double-staining with fluorescein isothiocyanate
(FITC)/propidium iodide (PI) was undertaken using the
Annexin V-FLUOS-staining kit (Roche Applied Science)
according to the manufacturer’s protocol in order to
determine percentages of viable, apoptotic and necrotic
cells. Briefly, the cells were harvested by repetitive
pipetting and washed two times with PBS (centrifuged at
2000 rpm for 5 min), resuspended in 100 ul of Annexin-
V-FLUOS labelling solution and incubated in the dark at
15-25°C (15 min.). Annexin V-FITC fluorescence was
detected by flow cytometry (Partec GmbH. Miinster,
Germany). (FL1 filter for Annexin-V-FLUQOS and FL3
filter for PI).

Flow cytometric detection of autophagosomes

Autophagosome formation in subpopulations were
detected using the CYTO-ID Autophagy Detection Kit
(Enzo, PA, USA) following the manufacturer’s instruction.
The CYTO-ID green fluorescent reagents specifically detect
acid autophagic vacuoles formed during autophagy. Briefly,
the cells were harvested by gentle repetitive pipetting, spun
down and washed twice in RPMI 1640 with 5% fetal bovine
serum (FBS), then were centrifuged at 2000 rpm for 5 min.
The cells were resuspended in 500 pl of freshly diluted
CYTO-ID staining reagent and incubated in the dark at 37°C
for 30 min. CYTO-ID fluorescence of cells was immediately
analysed by flow cytometry using the flow cytomeiry (Partec
GmbH, Miinster, Germany) (FL1 filter for CYTO-ID,
SSC for cellular granularity). The percentage of cells with
CYTO-ID staining was used to represent the formation of
autophagosomes.

HPYV detection

The 142 base-pair long sequence of conservative L/
gene was amplified using GP5 and GP6 primers for non-
specific identification of HPV-positive subjects. The PCR
mixture from New England Biolabs (UK), contained PCR
buffer (10 mM Tris HCL pH 8.3, 50 mM KCI with 2.5
mM MgCl, included) 0.05 mM of each dNTP and 0.05
mM of GP5 (5"-TTTGTTACTGTGGTAGATAC-3") and
GPo (5-GAAAAATAAACTGTAAATCA-3") primers.
The DNA amplification was carried out during 40 cvcles
that included the denaturation at 94°C for 30 s, annealing
at 45°C for 30 s and the primer extension at 72°C for 30 s.

The HPV-positive specimens were
further analysed with the HPV16 (FOR primer:
5°-CCCAGCTGTAATCATGCATGGAGA-3"; REV
primer:  5°-GTGTGCCCATTAACAGGTCTTCCA-3%)
and HPV18 (FOR primer:
5-CGACAGGAACGACTCCAACGA-3"; REV primer:
5°-GCTGGTAAATGTTGATGATTAACT-3%) primers.
The PCR amplicons reached length of 202 bp for HPV16
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and 272 bp for HPV18. The DNA amplification was carried
out during 40 cvcles that included the denaturation at 94
°C for 30 s, the annealing at 58°C for 30 s and the primer
extension at 72°C for 30 s. As internal quality control of
the isolated DNA, p-actin gene (600 bp) was amplified
(FOR primer: >CCTGAACCCTAAGGCCAACC3™ REV
primer: 5’GCAATGCCTGGGTACATGGT3"). Each PCR
product was analysed using electrophoresis on 1% agarose
gels stained with ethidium bromide.

Statistical analysis

Pearson correlation and cluster analysis were
performed to reveal associations between cases
and variables. These analyscs were performed on
standardized data; the cluster analysis was performed
using Ward’s method. Data were analysed using factorial
ANOVA following planned comparisons. All charts are
depicted with means and standard deviations. P value
< 0.05 was considered significant. Software Statistica
(StatSoft, Tulsa, OK, USA) was used for analysis.
The annotation analyses were performed using the
GoMiner  (http://discover.nci.nih.gov/gominer/index.
jsp). interactome network was constructed using the
STRING software (http://string-db.org/) using Kvoto
Encyclopedia of Genes and Genomes (KEGG) pathway
database (http://www.genome.jp/kegg/). which provides
gold standard sets of molecular pathways.
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4.8 Radiosenzitivita primokultur a bunéénych linii HNSCC

Nadory hlavy a krku jsou v blizkosti k vitalnim strukturam, uziti radikalniho chirurgického pfi-
stupu tak neni vzdy idealni. Nechirurgické postupy (chemo/radioterapie) jsou proto casto
preferovanymi modalitami. Pfiblizn€ u 50 % nadori ale dochazi k rozvoji radiorezistence, kte-
rou soucasnymi diagnostickymi prostfedky neni mozné predikovat*®* (blize viz kapitola 1.1.3
Markery odpovédi na (radio)terapii).

Nasledujici studie Falk et al. (str. 175) se zaméfuje na analyzu spojitosti mezi mirou reparace
dvoutetézcovych zloml pomoci imunofluorescenéni analyzy YH2AX/53BP1 foki a rezistenci
k radioterapii. Jaderné foky YH2AX/53BP1 jsou obecné uzndvanym markerem dvouietézco-
vych zlomua. Nejdiive byla provedena podrobna analyza indukce a oprav dvoufetézcovych
zlomt DNA u ,,referen¢nich® bunéénych linii: (1) nemalignich lidskych koznich fibroblasti
(NHDF) a u modelovych HNSCC bunéénych linii (2) Detroit 562 a (3) FaDu. FaDu je bunécna
linie pochézejici z hypofaryngalniho karcinomu bez mutace PI3K, ktera by umocnovala radi-
orezistenci. Detroit 562 je bunécna linie odvozend z metastatického pleurdlniho vypotku
karcinomu faryngu nesouci aktivacni mutaci PI3K, Ize tedy ocekévat radiorezistentnéjsi feno-
typ; radiosenzitivita téchto bunéénych linii v§ak dosud nebyla v literatufe popsana.

Na zékladé detekovanych foki a jejich rychlosti reparace jsme potvrdili, Ze linie Detroit mize
byt vyuzita jako model relativni radiorezistence a linie FaDu je oproti ni k radiaci senzitivnéjsi
(obr. na str. 179). Tato rezistence k ozareni byla potvrzena i vyssi schopnosti formovat kolonie,
jak ukdzano u modelu metastatické bunécné linie Detroit 562 (colony-forming assay). Ob¢ na-
dorové linie vykazovaly vy$§i miru genetické nestability v porovnani s nenddorovou linii
NHDF.

Stejnym zpiisobem jsme analyzovali tfi primarni kultury odvozené z tkdin¢ HNSCC pacientt.
Na zakladé€ vzniku a oprav YH2AX/53BP1 fokli bylo potvrzeno Ze vysS§i mira radiosenzitivity
se vyskytuje u nadoru TNM Tl a T2, zatimco u T3 tumorti byla prokazana vyssi mira rezistence.
Ta byla potvrzena také pomoci pritokové cytometrie (barveni annexinu V/7AAD). 91,5 % bu-
nék T3 prezilo ozéfeni 2 Gy (y-zafeni; 1Gy / min), str. 179.

Na zaklad¢ téchto poznatki byl proveden screening u dalSich 35 HNSCC pacientii. Foky byly
méfili Zivotaschopnost bunék ¢tyimi rliznymi ptistupy (pozitivita bun€k na trypanovou modi
méteno na CellCounteru, pritokovéa cytometrie s annexinem V/7-AAD, pratokova cytometrie
s MUSE Cell count and viability kitem a pomoci colony-forming testu). Pfedb&ézné analyzy

potvrzuji shora popsané zaveéry, tj. vztah mezi ucinnéjsi opravou DSB definovanou jako nizsi
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pocet bunék s vysokou hustotou YH2AX/53BP1 fokt (8 hodin po ozéafeni nebo pozdéji) a preziti
bun€k po ozéfeni. Vypozorovany byly také FaDu-podobné a Detroit-podobné skupiny HNSCC
nadora.

Obdobn¢ jako v ptedchozi studii charakterizujici CD44/CD90 fenotypy (str. 157) byla u téchto
subpopulaci popsana rozdilna citlivost, resp. rozdilnd mira reparace po ozareni. SmiSené kul-
tury CD90+ a CD90— kultivované dohromady vykazovaly nizsi tvorbu a rychlejsi opravy
vyH2AX / 53BP1 fokd, nez bylo pozorovano u stejnych dvou subpopulaci kultivovanych odd¢-
lené (str. 179). Celkové tyto vysledky naznacuji, Ze pfinejmensim u nékterych nador by mohly

byt YH2AX/53BP1 foky slibnym markerem radiosenzitivity daného nadoru.

Falk M, Horakova Z, Svobodova M, Masark M, Kopecna O, Gumulec, J et al. gamma
H2AX/53BPI foci as a potential pre-treatment marker of HNSCC tumors radiosensitivity - pre-
liminary methodological study and discussion. European Physical Journal D. 2017;71(9).
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Abstract. In order to improve patients’ post-treatment quality of life, a shift from surgery to non-surgical
(chemo)radio-treatment is recognized in head and neck oncology. However, about half of HNSCC tumors
are resistant to irradiation and an efficient marker of individual tumor radiosensitivity is still missing. We
analyzed whether various parameters of DNA double strand break (DSB) repair determined in vitro can
predict, prior to clinical treatment initiation, the radiosensitivity of tumors. We compared formation and
decrease of vH2AX/53BP1 foci in 48 h after irradiating tumor cell primocultures with 2 Gy of ~-rays.
To better understand complex tumor behavior, three different cell type primocultures — CD90, CD90™,
and a mixed culture of these cells — were isolated from 1 clinically radioresistant, 2 radiosensitive, and
4 undetermined HPV-HNSCC tumors and followed separately. While DSB repair was delayed and the
number of persisting DSBs increased in the radiosensitive tumors, the results for the radioresistant tumor
were similar to cultured normal human skin fibroblasts. Hence, DSB repair kinetics/efficiency may correlate
with clinical response to radiotherapy for a subset of HNSCC tumors but the size (and therefore practical
relevance) of this subset remains to be determined. The same is true for contribution of different cell type
primocultures to tumor radioresistance.

1 Introduction Unfortunately, the radioresistance markers allowing
tumor radiosensitivity estimation prior to therapy are still
unknown. Their discovery is largely complicated by ge-
netic and functional heterogeneity of tumors that seems
to be particularly high in HN. Unlike some other cancer
types, HN tumors can be considered neither radiosensi-
tive nor radioresistant, since these tumors occeupy both
extremes of the radiosensitivity spectrum (reviewed e.g.
in [4]). Though some genes have been repeatedly found to
be mutated in HN, there are not common ‘founder’ muta-
tions associated with these malignancies ([5] and citations
therein) and their radiosensitivity.

Head and neck squamous cell cancer (HNSCC; shortened
here as HN) are usually aggressive neoplasms with high
recurrence rate and poor prognosis. Due to their proxim-
ity to vital structures, efficient radical surgery results in
patients” mutilation with impaired quality of life. Non-
surgical (chemo-radiotherapy) approaches are therefore
preferred but bear the risk of radioresistance resulting in
the tumor persistence or even progression after treatment,
which cannot always be salvaged by surgery. Indeed, about
52% of HN tumors resist to irradiation and results of the
salvage surgery are in principle incomparable to those of
primary surgery, with protracted healing and risk of un-
recognizable tumor growth in the irradiated terrain [1,2].
Oncologists thus permanently face to a serious dilemma
of the optimal first-line therapy for a particular patient
(reviewed in [3]).

The radiosensitivity/radioresistance markers might be
logically associated with complex cell response to DNA
damage. Most relevant in this sense is probably repair of
DNA double strand breaks (DSBs) since DSBs represent
the most serious lesions being extensively introduced into
the DNA molecule by ionizing radiation and some kinds

* Contribution to the Topical Issue “Dynamics of Systems at
the Nanoscale”, edited by Andrey Solov’yov and Andrei Korol.
* e-mail: falk@ibp.cz

of chemotherapy [6]. However, also genetic or epigenetic
defects affecting other processes [T-16] such as resistance
to apoptosis [7], defects in cell eyele regulation [8], ability
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to divide with damaged genome [9] or competency to re-
enter cell eyveling from senescence [10] (reviewed in [11,12])
can significantly contribute to final cell radioresistance.
Eventually, those mechanisms might even play a major
role.

Henee, it would not be surprising to discover that the
basis of radioresistance differs among individual tumors.
This expectation then almost precludes usage of model
systems, such as permanent cell lines or transgenic mice,
to study HN tumor biology and behavior. Moreover, even
single tumors are highly heterogeneous and dynamic sys-
tems. Still undetermined source of radioresistance hetero-
geneity thus also comes from characteristics and propor-
tion of different cell types, their specific clones, and mutual
interactions among all these cells [17-19].

In this study, by using immunofluorescence confocal
microscopy for sensitively quantifving yYH2AX/53BP1 foci
formation and decrease in post-irradiation (PI} time, we
attempt to find out how individual HN tumors vary in
DNA double-strand break (DSB) repair kinetics and effi-
ciency, whether these characteristics correlate with tumor
cells’ radiosensitivity, and whether in vitro monitoring of
DSB repair could be predictive of tumors’ clinical response
to radiotherapy. To address these questions and in a need
to deeper explore biological determinants of HN tumors’
radioresistance, we prepared from patients’ tumors three
different cell primocultures — the primoculture of epithe-
lial tumor cells characterized by absence of CD90 sur-
face antigen (CD90~ cells), the primoculture of remaining
cells that were CD90 positive (CD90T eells), and a mixed
culture of both these cell types. CD90 cluster of defini-
tion is expressed in several cell types, including a frac-
tion of fibroblasts; CD901 cells used in our experiments
thus contain a significant fraction of tumor-associated fi-
broblasts (TAFs) that are, in addition to CD90~ tumor
cells, expected to influence tumors’ biology and character-
istics [17-19]. We describe here our first results comparing
DSB repair between tumors for each specific cell primo-
culture and between the primocultures for each particular
tumor.

2 Methods
2.1 HN tumor biopsy extraction

HN tumor biopsy extraction was performed in the Depart-
ment of Otorhinolaryngology and Head and Neck Surgery,
St. Anne’s University Hospital and Faculty of Medicine,
Masaryk University, Brno, Czech Republic. Patients were
completely examined clinically and the tumor staging was
determined using radiodiagnostic approaches (CT, MRI,
PET). Only newly diagnosed patients with none previous
therapeutic history and with HN squamous-cell carcinoma
(HNSCC) confirmed histopathologically were included in
the study, after signing the informed consent. Biopsy cell
samples were obtained by endoscopy under local or total
anesthesia.
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2.2 Tumor cells primocultures

Tumor cells primocultures were prepared in the Depart-
ment of Pathological Physiology, Faculty of Medicine,
Masaryk University, Brno, Czech Republic. The tumor tis-
sue material obtained at surgery (see Sect. 2.1) was placed
into culture medium (RPMI 1640, Biochrom, USA) with
an addition of 1% antibiotic-antimyeotic solution (Santa
Cruz Biotechnology, Texas), 10 ggml™! gentamicin sul-
phate (Santa Cruz Biotechnology, Texas) and 10 pgml !
ciprofloxacin (Santa Cruz Biotechnology, Texas) to pre-
vent bacteria, fungi and yveast contamination. Within ster-
ile environment and after rinsing the sample by 70% EtOH
(Sigma-Aldrich, Germany), the most viable tissue was se-
lected while any necrotic tissue was discarded. Leavings of
EtOH were removed by PBS (Invitrogen, USA) washing.
Tissue was mechanically dissociated into small pieces and
Trypsin (PAA Laboratories GmbH, Austria for proteoly-
sis were used) was used according to Protocol 1 (helow)
to separate the cells,

Protocol 1. The small tissue fragments were added
and stirred into sterile PBS (Invitrogen, USA) and cen-
trifuged at 4 °C, 2700 rpm for 7 min. The cell pellet was
re-suspended into 0.25% trypsin in RPMI 1640 medium
and left overnight at 4 “C. Then medium was removed
and tissue was incubated at 37 °C for 30 min. The cell
pellet was re-suspended into medium with an addition
of antibiotic-antimycotic solution, gentamicin sulphate,
ciprofloxacin and 10% FBS. Primary cell lines were cul-
tivated at 37 °C and 5% CO4 in humidified atmosphere
up to 50% confluence. As soon as the cells were seen at-
taching to the flask surface, medium was changed. Tu-
mor cells were no longer affected by the use of antibiotic-
antimycotic solution, gentamicin sulphate, or ciprofloxacin
that were added to the early culture. At this time, cells
were grown only in Pen/Strep antibiotic solution (PAA
Laboratories GmbH, Austria) in the complete medium
{penicillin 100 U ml~! and streptomycin 0.1 mg ml~*;
RPMI-1640 medium with 10% FBS (Biochrom, USA)).

For separation of subpopulation derived from pri-
mary cell line magnetic particles- MiniMACS™ Starting
Kit (CD90 MicroBeads-human, MS Columns; Miltenyi
Biotec, Germany) was used. Cells that adhered to the flask
were grown in complete medium (RPMI-1640 medium
with 10% FBS, penicillin 100 U ml~! and strepto-
myein 0.1 mg ml~!) until they reach 70% confluency;
they were then passaged. For each tumor, we pre-
pared separated primocultures for CD90~, CD90", and
their mixed co-culture serving to study possible inter-
actions between the cell types. The whole procedure
is described in Svobodova et al. (2017) (Oncotarget;
DOI:10.18632/oncotarget.19914).

2.3 Ilrradiation with ~-rays

The cells were irradiated at the Institute of Biophysics,
Czech Academy of Sciences, Brno, Czech Republic. In our
first experiments, presented here, we irradiated the cell
lines with a single dose of 2 Gy (D = 1 Gy/min) of y-rays
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Table 1. Tumors characteristics.

Patient  Sex Age|y] Tumor Locality Stage Grade  Therapy  RT response Current status,
other characteristics
T1 m 60 SCC opP IV T4 N2b G3 RT + BT S uT
BT: cetuximab
T2 m 70 SCC HL T3 N1 G3 S+ RT S REM (6 month)
total laryngectomy -
adjuv. RT
T3 m 66 SCC L IT T2NO G2 RT R UT tripl CA
(mammary |
renal + HN)
T4 m 77 SCC op IV Tdb N3 G2 None ? i
T5 m 70 SCC Lup IV T3N1 G3 S+ RT 7 REM (4 month)
total laryngectomy -+
adjuv. RT
Té6 f 90 SCC OHP IV T4N2 G3 None ? i
T7 m 7

Legend: m: male, f: female, OP: oropharynx, L: Larynx, HL: hypolarynx, LHP: laryngohypopharynx, OHP: orohypopharynx,
RT: radiotherapy, S: surgery, B'T: biological treatment, R: radioresistant (none/poor response), S: radiosensitive {good response),

1o died, UT: under treatment, REM: remission.

(*1Co, Chisostat, Chirana, CR). Cells were irradiated in
RPMI 1640 medium (37 °C, normal atmosphere) [20].

2.4 Evaluation of DNA double strand break (DSB)
induction and repair in tumor cell primocultures

The evaluation of DSB induction and repair was per-
formed at the Institute of Biophysics, Czech Academy of
Sciences, Brno, Czech Republic. DSBs were quantified in
different periods of time post-irradiation (5 min-48 h PI)
by means of vYH2AX and 53BP1 foci immunodetection
combined with high-resolution 3D confocal microscopy.
For more detailed description of visualization of yH2AX
and 53BP1 in spatially (3D) fixed cells see [21].

2.5 3D high-resolution confocal microscopy

The microscopy of samples was performed at the Institute
of Biophysics, Czech Academy of Sciences, Brno, Czech
Republic. Leica DM RXA microscope [22] (equipped with
DMSTC motorized stage, Piezzo z-movement, MicroMax
CCD camera, CSU-10 confocal unit and 488, 562, and
714 nm laser diodes with AOTF) was used for acquir-
ing detailed cell images (100x oil immersion Plan Flu-
otar lens, NA 1.3). The equipment was controlled by
the Acquarium software developed in collaboration with
Masaryk University [23]. Modern Leica SP5 microscopy
system, equipped with white laser for multicolor mi-
croscopy, allowed “high-throughput™ cell imaging [21].
Images were reconstructed and analysed in Acquarium
(FI. MU, Brno), LAS AF (Leica), Adobe Photoshop
CS5 (Adobe), and Imagel software. DSB repair foci
were scored also manually by two experienced examin-
ers. Though absolute numbers of foci were lower for soft-
ware analyses, the trends for manual and software scoring
were the same. SigmaPlot Scientific Software (SPSS, Sy-
stat Software, Inc.) was used for statistical evaluation of
data.

3 Results
3.1 Patients/tumors characteristics

HNSCC tumor biopsies were taken from 5 patients’
primary tumors after confirming SCC by conventional
histopathology and signing the informed consent. Pa-
tients were completely examined clinically and basic tu-
mor characteristics were determined (Tab. 1). Radiodi-
agnostic approaches (CT, MRI, PET) were employed to
determine tumors’ staging. Only patients with newly di-
agnosed HPV-HNSCC with none therapeutic history and
recommended for non surgical treatment were included
into the study; the purpose for this decision was to min-
imize unwanted biological/experimental variability and
allow later comparison of results obtained in vitro to
histopathological characteristics of tumors and their re-
sponse to radiotherapy in vivo. From 7 tumors currently
included into the study, 1 tumor (T3) was radioresistant,
2 tumors {T1 and T2) were radiosensitive, and the status
of remaining tumors was unsure (patients died without
treatment, etc.).

Regarding oncologic prognosis and quality of life, our
collected therapeutic results from last 15 years show that
the optimal treatment strategy for an individual patient
can be still determined only with difficulty and low fidelity
if it is only based on clinical data and/or tumors’ response
to chemotherapy [1,2]. Identification of marker(s) allowing
radiosensitivity estimation prior to the therapy initiation
therefore still remains of utmost importance.

3.2 Methodological strategy and results

3.2.1 Preparation and characterization of CD90~
and CD90" cell primacultures

In order to deeper comprehend the phenomenon of tu-
mor radiosensitivity, we decided to compare DSB repair
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YH2AX+53BP1
+TOPRO3

yH2AX 53BP1

X-Z y-L
Fig. 1. Sensitive detection of DSBs by means of immunoflu-
orescence confocal microscopy. Two DSB markers — yH2AX
(green) and 53BP1 (red) — are detected simultaneously in spa-
tially (3D) fixed cells. A single DSB detected in one of displayed
non-irradiated human normal skin fibroblasts (top one) is indi-
cated by colocalizing green and red signals (white arrow). This
approach currently brings the maximum sensitivity and pre-
cision in DSB quantification. A single confocal slice (0.3 pm
thick) through the cell nuclei in the plane of detected DSB

is shown. Chromatin counterstaining by TOPRO3 (artificially
blue); magnification 100x.

for two important cell types inhabiting the tumors —
CD90~ and CD90" cells — and for their mixed culture
(CD90~ + CD907). For this purpose, we developed and
optimized [24] a protocol for immunoseparation of CD90
and CD90" from tumors according to their CD90 cluster
of definition (surface CD antigens [25]). Using the proce-
dure described in Section 2, the two cell types were suc-
cessfully separated and their primocultures prepared and
basically characterized in terms of gene expression. In-
terestingly, expression of some important genes, such as
EGFR, MMP2 and MT2 in CD90" cells isolated from
tumors resembled more tumor CD90™ cells than normal
CD90" fibroblasts (not shown).

3.2.2 Introduction of immunofluorescence confocal
microscopy for DSB repair monitoring
in CD90~ and CD90" cell primocultures

Immunofluorescence confocal microscopy of yH2AX foci
currently represents the most sensitive method to quan-
tify DSBs [26]. This is demonstrated also by present re-
sults (Fig. 1) successfully revealing even occasional DSBs
oceurring in non-irradiated nonmalignant human skin fi-
broblasts (NHDF cells). Therefore, in this work, we tested
applicability of YH2AX foci immunodetection as a tool to
predict tumors’ radiosensitivity/radioresistance in vitro
and to study complex response of tumor cells to irra-
diation. To further maximize sensitivity and fidelity of
the method, we decided to analyze two independent DSB
markers — yH2AX and 53BP1 foci — in spatially (3D) fixed
cells simultaneously (Fig. 1) [20,27]. Successful applica-
tion of yH2AX/53BP1 foci immunofluorescence confocal
microscopy to monitor DSB repair kinetics and efficiency
in tumor cell primocultures is illustrated in Figure 2.
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NHDF

CD90"

CD90*

30 min PI

24h Pl 24 h Pl wide fields

Fig. 2. yH2AX (green) and 53BP1 (red) repair foci co-detected
by immunofluorescence confocal microscopy in irradiated (2 Gy
of y-rays; D = 1 Gy/min) normal human skin fibroblasts
(NHDF) and CD90~ and CD90" cell primocultures obtained
from the radioresistant tumor T3 (see Tab. 1 for the tumor
characteristics). The cells were spatially (3D) fixed and im-
munoassayed at 30 min (A) and 24 h (B, C) post-irradiation,
respectively. Panel C shows wide-field images with more cells.
Maximum images composed of 30 confocal slices 0.3 pm wide
are shown. In B and C, chromatin is counterstained with
TOPRO3 (artificially blue) while this staining is absent in A in
order to make YH2AX (green) + 53BP1 (red) foci better visi-
ble. Foci detected by automatic software analyses are indicated
by red circles (A, B, C). Magnification 100x.

3.3 DSB repair in CD90~ and CD90* cell
primocultures

Figure 2 shows illustrative microscopy images for nor-
mal human skin fibroblasts (NHDF) and CD90~ and
CDI0 T cells isolated from the radioresistant tumor T3 (see
Tab. 1 for characteristics); mutually colocalizing yH2AX
and 53BP1 foci were immunodetected at 30 min and 24 h
after irradiation of the cells with 2 Gy (1 Gy/min) of
~-rays. While formation of yYH2AX/53BP1 foci at 30 min
PI (maximum DSB induction) was similar for all three cell
types, an increased presence of foci at 24 h PI (persistence
of unrepaired DSBs), relative to normal NHDF, could be
seen in CDY90~ and CD90™ radioresistant tumor primocul-
tures. Figure 3 then provides detailed quantitative com-
parisons on DSB repair kinetics and efficiency for normal
cultured fibroblasts and the mixed CD90~ + CD90" pri-
mocultures isolated from radiosensitive (T'1 and T2) and
radioresistant (T3) tumors, respectively. Data for tumors
T4-T7 are not displayed for their unknown clinical ra-
diosensitivity and to allow better readability of the graphs.
For all tumors, irrespective of their radiosensitivity sta-
tus, the maximum DSB induction appeared at 30 min PI;
however, the kinetics of yH2AX/53BP1 foci disappear-
ance varied with samples: While DSB repair kinetics for
the radioresistant tumor T3 closely resembled that of nor-
mal cultured fibroblasts, a significant delay of this process
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Fig. 3. yH2AX/53BP1 foci formation, disappearance and per-
sistence (DSB repair kinetics and efficiency) compared for
normal human skin fibroblasts (NHDF) and CD90" tumor
cells primocultures derived from clinically radiosensitive (T1
and T2) and radioresistant (T3) tumors, respectively. See
Table 1 for the tumors’ characteristics. A: The mean num-
bers of YH2AX/53BP1 foci per nucleus during the time post-
irradiation with 2 Gy of v-rays. The values obtained by im-
munofluorescence confocal microscopy in spatially (3D) fixed
cells are shown. Error bars represent standard deviations (T1,
T2 and T3) or standard errors of means (NHDF) calculated
for two independent experiments. B: As A but the percentage
of yH2AX/53BP1 foci per nucleus is shown (100% correspond
to the maximum value detected for all samples at 30 min PI).

appeared in the case of both radiosensitive tumors, T'1 and
T2 (Fig. 3). Nevertheless, the reason for this repair delay
differed: In T1, the average number of DSBs per nucleus
induced by 2 Gy of y-rays dramatically exceeded that in
NHDF fibroblasts and also all other tumors. This situation
followed from an enormous size of T'1 cells and extremely
slowed the removal of DSBs (Fig. 3A), though the repair
efficiency seemed to be unaffected (Fig. 3B). In contrast,
both the average maximum number of YH2AX/53BP1 foci
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Fig. 4. DSB induction and repair compared for CD90~ and
CD90" cells and for their mixed culture (CD90~ + CD90");
all primocultures were derived from the radiosensitive tumor
T1. Mean values of large yYH2AX/53BP1 foci per nucleus are
shown with standard errors.

per nucleus and DSB repair efficiency were low in tumor
T2 (Figs. 3A and 3B).

Moreover, the amount of vH2AX/53BP1 foci de-
tected in non-irradiated cells (genomic instability) and the
amount of foci persisting in cells long periods of time post-
irradiation (48 h PI; DSB repair inefficiency/DSB toler-
ance) were increased (as compared to NHDE) in all tu-
mors but especially in both radiosensitive tumors (Fig. 3).
For the radiosensitive tumors T1 and T2 the numbers of
persisting foci exceeded the average value measured for
NHDF significantly (Fig. 3).

Experiments with separated CD90~ and CD907" cell
primocultures provided the results that were mutu-
ally comparable and roughly resembled those described
above for the mixed CD90~ + CD90" cultures; how-
ever, in several cases, the mixed CD90~ + CD90" cul-
tures showed lower formation and faster disappearance of
~vH2AX/53BP1 foci than we observed for both CD90~ and
CDY0T cells. The results for tumor T1 are provided as an
example in Figure 4.

4 Discussion

While only about 50% of HN tumors respond to irradia-
tion [1,2], radiotherapy is being applied more or less “ran-
domly” since any effective and reliable method to iden-
tify radiosensitive tumors has not been implemented yet.
HN tumors to be treated by radiotherapy are therefore
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only selected on the basis of their clinical parameters
and/or response to neoadjuvant chemotherapy. However,
our clinical experience from past 15 years (180-220 newly
diagnosed patients/year) shows that the chemosensitivity
of HN tumors (with the highest share of laryngeal, oropha-
ryngeal and hypofaryngeal locality, mostly in advanced
stage) does not sufficiently correlate with the radiosen-
sitivity. Searching for a more direct and reliable HN tu-
mor radiosensitivity/radioresistance marker thus still rep-
resents an important task of radiobiological research.

Though many other processes may also contribute, the
repair of DSBs could be suspected of substantially de-
termining the tumors’ radiosensitivity/resistance. This is
because DSBs represent the most lethal DNA damage be-
ing introduced into DNA of affected cells by radiotherapy
and some kinds of chemotherapy. In this work, therefore,
we tested this hypothesis for HN tumors and analyzed
the possibility whether evaluation of DSB repair in tu-
mor cell primocultures irradiated in vitro might open new
way to predict an individual-specific response to radio-
therapy [28].

We succeeded with introducing methods for prepar-
ing separate primocultures of different cell types from
HN tumors and employed ecurrently the most sensitive
method — immunofluorescence confocal microscopy of
~vH2AX/53BP1 repair foci [27] — to monitor DSB induc-
tion and repair in these primocultures prior to and upon
irradiation. We have demonstrated already earlier that re-
sults of YH2AX/53BP1 immunofluorescence microscopy
well correlate with comet assay, the gold standard method
in radiobiology to directly quantify DSBs [27]. Taking ad-
vantage of the described approach, we compared various
parameters of DSB repair for CD90~, CD90™ and CD90~
+ CD90" tumor cell primocultures derived from 7 HN tu-
mors, where 1 tumor was clinically radioresistant, 2 tu-
mors were radiosensitive and remaining tumors were of
unknown status. The reason for separating cells according
to the CDY0 surface antigen positivity is as follows: though
there are some uncertainties in the literature about inter-
pretation of CD90 expression, we can reasonably suppose
that CD90~ cells in our study represent epithelial tumor
cells while CD907 cells contain a predominant fraction of
tumor-associated fibroblasts (TAFs). Important roles of
TAFs in influencing malignant potential and treatment re-
sponse of tumors have repeatedly been described (e.g. [29]
and citations therein). The mixed CD90~ +CD90" primo-
culture allowed us to reveal potential influence of CD90~
and CDY90T cell interactions on DSB repair.

Cultured human skin fibroblast (NHDE) provided us
DSB repair characteristics for normal, non-malignant cells
and served thus as the patient-independent DSB repair
standard. Comparisons of results to normal mucosa cells
extracted from histologically normal HN tissues (e.g. ton-
sils) of corresponding HN cancer patients were impossi-
ble for present tumors; however, we hope to obtain such
data at least for some tumors in future. This informa-
tion will allow for determining the patient-specific DSB
repair efficiency-ratio between normal and tumor cells,
while comparison with NHDFEF cell line may reveal poten-
tial functional (DSB repair) or even pre-malignant alter-

Eur. Phys. J. D (2017) 71: 241

ations in histologically normal patients’ tissues far distant
from the tumor [30,31]. The results may contribute to our
better understanding of tumor development as well as to
better therapy planning in future.

We first analyzed presence of DSBs in non-irradiated
NHDEF cells and tumor primocultures (see Fig. 3). The
results revealed that even non-irradiated CD90—, CD90*,
and CD90~ + CD90™ primocultures derived from the ra-
dioresistant tumor T'3 show markedly higher average num-
bers of YH2AX/53BP1 foci per nucleus than NHDF cells.
Since increased numbers of yYH2AX/53BP1 repair foci ap-
peared in the majority of cells, we suppose this obser-
vation reveals increased genomic instability in all three
tumor T3 primocultures, rather than their higher mitotic
activity. Though, both these possibilities might be not mu-
tually exclusive and further experiments are necessary to
shed more light on this phenomenon. Interestingly, non-
irradiated primocultures isolated from radiosensitive tu-
mors T1 and T2 also obtained increased foci numbers,
higher than NHDF cells. Hence, more tumors must be an-
alyzed to find out whether the genomic instability may
point more generally to a higher tumor radioresistance.
One explanation could consist in the fact that tumors with
a higher level of genetic heterogeneity contain increased
frequencies of cell clones, where some of them might ex-
hibit radioresistant features. However, the genomic insta-
bility may also point to the cell radiosensitivity arising
due to a dysfunction of DSB repair.

Consequently, we followed DSB repair kinetics and effi-
ciency in NHDF fibroblasts and tumor cell primocultures
after irradiation with a single dose of 2 Gy (1 Gy/min)
of 4-rays. While the maximum average numbers of DSBs
per nucleus induced by irradiation in CD90~, CDY0T, and
CDY90~ + CD90T primocultures varied with tumors, DSB
repair kinetics was quite similar to (or even faster than in)
NHDF fibroblasts for the radioresistant tumor analyzed
(see Fig. 3).

On the other hand, the primocultures derived from the
radiosensitive tumors (T1 and T3, Tab. 1} showed, rela-
tive to NHDF, significantly delayed DSB repair with a
substantial fraction of DSBs persisting in cells for a long
period of time (48 h) after irradiation. Hence, though gen-
eral validity of described results and their connection to
tumors’ radioresistance at molecular level remain to be de-
termined, it seems that radiosensitive tumors may exhibit
defects or deregulation of DSB repair and at the same time
do not tolerate persistent DSBs. On the other hand, it
seems that radioresistant tumors can tolerate unrepaired
DSBs and benefit from them. Unrepaired DSBs may in-
crease genetic “dynamics” of radioresistant tumors and
their adaptability (not only) to radiation-induced stress,

The defects in repair processes might be of epigenetic
origin since otherwise the same genetic mutations would
appear both in CD90~ and CD90T cells of the tumor.
However, even the “mutation” alternative does not seem
to be unprecedented. For instance, in colon cancer, we
revealed genetic changes even in cells of histologically nor-
mal tissue taken 10 em far from the tumor [30].

Finally, CD90~ and CD90T primocultures did not
show striking differences in DSB repair characteristics.
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However, for several tumors, lower numbers of
~vH2AX/53BP1 repair foci appeared upon irradia-
tion in mixed CD90~ + CD90" co-cultures than in

CD90~ or CD90" cells cultured separately (see Iig. 4);
and existing foci also disappeared sooner from the former
cells. In accordance with these results, we revealed that
expression of some important genes in CD9%™ primocul-
tures resembles more the situation in CD90™ cells than in
CD907 cells taken from histologically normal HN tissue.
More efficient repair in CD90~ + CD90™ co-cultures may
point to interactions between CD90~ and CD90" cells
that stimulate DSB repair.

5 Conclusions

In this work, we described our first results on DSB re-
pair kinetics and efficiency in CD90~ and CD907 cell pri-
mocultures isolated from radiosensitive and radioresistant
HNSCC tumors, respectively. We demonstrated our abil-
ity to prepare CD90~ and CD90" primocultures and fol-
low DSB repair in these cells in vitro with highest possi-
ble sensitivity and precision. While the only radioresistant
tumor in our study showed characteristics of DSB repair
similar to normal human skin fibroblasts, both radiosen-
sitive tumors exerted genetic instability and markedly de-
layed repair kinetics and increased persistence of unre-
paired DSBs. Nevertheless, whether these results are more
generally valid and monitoring of DSB repair can be used
to predict the response of individual tumeors to radiother-
apy must be further studied.

This work was supported by the Czech Science Foundation
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4.9 Zmény v transkriptomu po ozareni

S cilem popsat komplexni molekuldrné-biologické zmény v nadorovych bunkach po ozareni
byla provedena microarray umoziujici studovat rozdily v komplexni genové expresi 372 genti
spojenych s opravou DNA, bunécnou smrti, metabolismem nadorovych bunék, bunéénou mo-
tilitou, kmenovosti, epitelidlné-mezenchymalni tranzici a angiogenezi. Jako model HNSCC
byly pouzity bunécné linie FaDu a Detroit 562. Jako model netransformovanych bun¢k byly
pouzity nemaligni lidské koZni fibroblasty (NHDF). Linie FaDu je odvozena z primarniho dlaz-
dicobunééného karcinomu faryngu a v této studii je pouzita jako model ,,primarniho nadoru®,
linie Detroit 562 je naproti tomu odvozena ze sekundarniho loziska faryngéalniho karcinomu
v pleufe, je pouzita jako model ,,sekundarniho loziska®. Fibroblastova linie NHDF zde figuruje
jako ,,nenadorové reference*; fibroblasty jsou po epitelidlnich buiikach nejcastéjsi komponen-
tou mikroprostfedi. Zkoumali jsme, zda bunécné linie FaDu a Detroit vykazuji po ozafeni
odli$nosti v genové expresi ve srovnani s nenddorovymi NHDF a jaké jsou rozdily mezi buni-

kami FaDu a Detroit a jak tyto odliSnosti koreluji s i¢innosti oprav DSB.
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Obriazek 1 Interaktom geni signifikantné up-regulovanych u bunécéné linie FaDu ba-
revné kodovanych dle biologického procesu, jehoZz se i¢astni. Cervena, apoptotické proces
(17 gentt), modra, bunééna odpoveéd’ na stres (26 genil), zelend, odezva na ionizujici zateni
(13 gent1). Vytvoieno pomoci databaze StringDB.
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Diky tomuto pfistupu byly nalezeny expresni vzorce charakteristické pro jednotlivé linie (viz
Obrazek 1). Tyto expresni vzorce budou pozdéji vyuzity k charakterizaci tkdni pacientii. Pro
opravu DSB u nadorovych bun¢k ziejme hraje velkou roli ATM (ataxia-telangiectasia mutated)
a BRCAZ2, jejichz role je mensi u nenadorovych NHDF. Radiosenzitivni bunky FaDu také udr-
zuji déle vysokou expresi genli souvisejicich s opravami DNA. Na zdkladé souboru up-
regulovanych genti bylo zjisténo, zZe signalni drdha GO0044767 (single-organism developmen-
tal process) je charakteristicky zapojena do reakce na zafeni v nadorovych builkach a
nezapojuje se u NHDF. Pokud jde o charakteristické geny pro jednotlivé bunécné linie po 0za-
feni, bylo prokazano, ze u NHDF jsou nejvice up-regulované geny pro: Fibronectin 1;
Proteasome (Prosome, Macropain) 26S Subunit, Non-ATPase, 14; Myosin IB; Interferon
Gamma; Replication Protein A3; Intercellular Adhesion Molecule 1; Programmed Cell Death 1
Ligand 1; Growth Arrest And DNA Damage-Inducible Alpha; ER Membrane Protein Complex
Subunit 7; UV Radiation Resistance Associated; Zinc Finger E-Box Binding Homeobox 2; Nej-
vice utlumena byla pak exprese genti pro: Nuclear Factor, Erythroid 2 Like 2; BRCA2; KRAS,
viz Tabulka 1.

U linie Detroit 562 byly nejvice up-regulované geny pro: Platelet Derived Growth Factor Re-
ceptor Alpha; BCL2 Antagonist/Killer 1; Connective Tissue Growth Factor; Myosin IB. Nejvice
utlumena byla pak exprese genii: Cathepsin S/ indicative of poor prognosis; Cell Division Cycle

42; autophagy related 10.
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U linie FaDu byly nejvice up-regulované geny pro: Cadherin 2; Proteasome (Prosome, Macro-
pain) 26S Subunit, Non-ATPase, 14; Checkpoint Kinase 2; Myosin IB; Tumor Protein P53; Heat
Shock Protein Family A (Hsp70) Member 5; Ring Finger Protein 8; Fibronectin 1; Heat Shock
Protein 90 Alpha Family Class A Member 1; Vascular Endothelial Growth Factor A. Nejvice
utlumena byla pak exprese geni: Cathepsin S; Split Hand/Foot Malformation; Cell Division
Cycle 42; Nuclear Factor, Erythroid 2 Like 2; Fibroblast Growth Factor 2.

Tabulka 1: Odezva genové exprese na ionizujici zafeni. Geny soucasné up/down-regulo-
vané u sledovanych bunék po ozareni.

Geny Odpoved na iradiaci (bunécna linie)
NHDF FaDu Detroit 562
ATM 1 1
BAK1 1 1
BAX 1 1
BRCAI1 1
BRCA2 ! 1 1
CHEK2 1
HUSI1 1
KRT14 1
NABP2 1
RNF8 1
SIRT1 1 1
SNAI2 1 1
TP53 1
NBN T i T
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5 Diskuse vysledkii

Vyzkum nadorové biologie poslednich dekad byl vyrazné fokusovan na popis vlastnosti nado-
rovych bunék samotnych; velkou mérou bylo toto umoznéno vytvorenim modell bunéénych
linii. Po vytvofeni linie karcinomu délozniho ¢ipku HeLa v padesatych letech!™ se postupné
objevily dalsi bunécné modely, diky nimz byly popsany zasadni bunécné procesy a pochopena
molekularni troveti patologickych stavii'®. Pfes vyznamny piinos nardZi tento piistup na vy-
znamné limitace: Bunécné linie se déli tisice generaci v bunécné kultute, v prosttedi radikalné
odli§ném oproti pfirozenému. V pribehu Casu se buniky adaptovaly na ,,zivot* v Petriho misce
a ztratily mnohé vlastnosti svého piivodniho fenotypu °. Nepfitomnost pfirozeného extracelu-
larniho stromatu s jeho fyzikalné-chemickymi vlastnostmi neni jedinym divodem. Zatimco
bunécné linie jsou charakteristicky jednoho bunééného typu, nadory in situ obsahuji také fib-
roblasty, myelofibroblasty, neuroendokrinni bunky, adipocyty, bunky imunitniho systému,
krevni a lymfatické cévy a tim tvoti mikroprostiedi nddoru. To vyznamné participuje na vSech
krocich tumorigeneze — iniciace, progrese i metastazovani'’” a pro jejich komplexni chapani
neni mozna redukce na jeden bunéény typ.

Analogicky, ¢astym piistupem pii hledani ,,tkaniového nadorového markeru® je prosté porov-
nani nadorové tkané pacienta s tkdni naddoru pfilehlou, histologem oznacenou jako ,,normalni*.
Nicméné, v pribchu progrese nadoru ovliviiuji nddoroveé bunky pfilehlé stroma s cilem vytvofit

tumor-podporujici prostiedi'®

. Typicky jsou ovlivnény fibroblasty — bylo prokazano, Ze az 80 %
morfologicky normélnich fibroblast karcinomu prsu vykazuje odlisny fenotyp ,,cancer-associ-
ated fibroblasti* (CAF)'". Role CAF je obdobna myelofibroblastim pfi hojeni ran — secernuji

prozanétlivé cytokiny, rlstové faktory s cilem vytvofit permisivni prostiedi'®

. Neni proto
mozn¢ s jistotou povazovat naddoru piilehlou tkan jako referenc¢ni, protoze praveé zde tvoii fib-
roblasty bunéénou majoritu, byt’ jsou morfologicky normalni’?.

V nasi praci Raudenska et al *°

(dostupné na str. 103) byly proto pouZity dvé referen¢ni tkané —
tkan nadoru prilehld a tkan pacientl po tonzilektomii. Vzorky ziskané pii tonzilektomii pfed-
stavuji tkan vystavenou chronickému zanétu, ktera vSak dosud neprosla procesem nadorové
transformace. V praci bylo zjisténo, ze transkriptom tkané ptiléhajici k tumoru byl v mnoha

ohledech ,,podobné&jsi“ nddorové tkdni — expresi (tumor-podporujicich) ristovych faktort EGF,
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jejich receptort, markerti proliferace MKI167, antioxida¢né ptisobicich MT2A a apoptozu regu-
lujicich BAX genti. Lze teoreticky ptredpokladat, ze tkané ptilehlé¢ k nddoru mohou produkei
EGF podporovat riist nddoru, coZ je v souladu s dal§imi studiemi®*'>*'?2, Vyjma EGF a jinych
gentl dochazi také k vyznamné vyssim hladinam miRNA — miR-29¢-3p a miR-375 v pftilehlé
tkani oproti tkani nadorové, jak bylo ukazano ve studii Hudcova et al.'”’ (dostupné na str. 123).
Prostfednictvim epigenetické regulace tak mohou byt ovlivnény bunééné pochody imunitni od-
poveédi (GO:0006955), bunécné adheze (GO:0007155), bunécné komunikace (GO:0007154) aj.,
jak bylo zjisténo za pomoci kombinace bioinformatickych nastroji TargetScan 7.2 (www.tar-
getscan.org) a Gene ontology Enrichment analysis (Panter 13.1, geneontology.org).

Fakt, ze transkriptom nadorové tkan¢ se 1isi oproti histologicky stejné tkani pacienta bez nadoru
ma také diagnosticky potencidl — charakteristickd exprese vyse uvedenych genti jednak predi-
kuje malignitu, jednak miiZze byt vyuzita k ovéfeni okrajl pii chirurgickém odstranéni nadoru.
Nadory jsou dynamickym onemocnénim a proto pouhé porovnani bioptickych vzorkl nadorovy
okraj/stied nddort zdaleka nepopisuje heterogenitu spektra bunék. V prubéhu tumorigeneze do-
chézi k vyvoji a selekei geneticky odlisSnych subpopulaci nddorovych bunék uvniti nadorového
loziska, proptijéujici nddortim schopnost rezistence'?’. Pochopeni a charakterizace této hetero-
genity je tak nezbytnym krokem pro vyvoj cilenych 1éCebnych strategii budouci
personalizované 1€¢by. Pro heterogenitu spinocelularnich nadort hlavy a krku hraji zasadni roli
povrchové antigeny CD90 a CD4477"7°. CD44-pozitivni buiiky jsou typicky ty schopné iniciovat

8386 migraci®® a metastazovani®’. Exprese CD90 je charakteristickd pro mezen-

tumorigenezi
chymalni butiky — tedy — v piipadé nadorové tkané zejména CAFs’2. S cilem popsat roli
jednotlivych subpopulaci CD44/CD90 v mikroprostiedi byla vytvofena primokultura z dobte
diferencovaného karcinomu dutiny tstni (viz publikace Svobodova et al. '° na str. 158). Tyto
subpopulace (CD44+/CD90—, CD44+/CD90+, CD44—/CD90+ a CD44—/CD90—) se mezi se-
bou liSily v mnoha ohledech (viz kapitola 4.7); z perspektivy vlivu mikroprostfedi je
nejzasadnéjSim zjiSténim, ze subpopulace pozitivni na CD90 a negativni na CD44, tj. ,,s nado-
rem asociované fibroblasty* podporovaly rist ,,nadorové* populace CD44+/CD90—, zatimco
populace negativni na CD44 (a pozitivni na CD90) nadorovou populaci v agresivnim fenotypu
spiSe tlumily a zplsobovaly prudky nartst poméru BAX/BCL2. U téchto nadorovych bunck
ovlivnénych buitkami CD90+/CD44+ (CAFs) bylo zjisténo, Ze na zakladé zmén v genové ex-
presi dochazi k aktivaci genil souvisejicich s embryondlnimi bunéénymi procesy (GO:0001711
pathway analyza), coZ je ve shodé€ s literaturou. Chen et al souhlasné prokazali, Ze u bun€k
plicniho nddoru dochazi po ovlivnéni fibroblasty asociovanymi s nddorem ke zvyraznéni ,,can-

cer stem cell* fenotypu provazeného zvy$enim exprese markeru NANOG '>*, Vyjma uvedeného
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bylo ve studii potvrzeno, Ze na zdklad¢ genové exprese dochdzi pravé u subpopulace CD44
k aktivaci bunéénych kaskad souvisejicich s regulaci proliferace epitelidlnich bunék
(GO:0050678), bunécného cyklu (GO:0051726), regulaci apoptozy (GO:0042981), migraci
monocytl (GO:0071674), aj., zatimco u bun¢k CD90+ oproti bunkam negativnim na tento mar-
ker nedochazi ke zméné v transkriptomu sledovanych genti, ani ke zméndm v migracnim
potencidlu.

Zavery vychazejici pouze z analyzy transkriptomu indikuji, Ze pravé CD44+ jsou populaci zod-
povédnou za agresivni fenotyp nadori. Populace CD90, a¢ nevykazujici zésadni rozdily
v aktivaci gentl ,,hallmarks of cancer” nicméné podporuji CD44 populaci v rustu, jak demon-
strovano migracnimi analyzami. Navic, z perspektivy reakce subpopulaci na ozateni bylo
patrné, ze kultury CD90+ a CD90— kultivované dohromady vykazovaly niZ§i miru tvorby dvou-
fetézcovych zlomid DNA a rychlejsi dynamiku jejich oprav (str. 179). Nabizi se spekulace, ze
miru agresivity tumoru neni mozné stanovit na zakladé (jednoduché¢ analyzy) transkriptomu
jedné subpopulace, ale takovymi metodami, integrujicimi poznatky o vzajemné interakci jed-
notlivych bunéénych populaci v mikroprostredi. Tyto metody jsou nicméné metodicky a Casové
narocné a v soucasné chvili nejsou jednoduse redukovatelné do podoby piimocarého klinicky
vyuzitelného testu.

Mikroprostiedi je typicky definovano svou slozkou bunécnou a extracelularni — tedy slozky
organismu vlastni, byt nadorové zménéné. Fenotyp mikroprostiedi je nicméné definovan také
exogennimi biologickymi vlivy — pro HNSCC ma nejzasadnéj$i vyznam ptitomnost HPV.
I kdyz jsou HPV*, tak HPV™ charakteristické ovlivnénim zejména supresoru TP53, u obou typt
nadort dochézi k tomuto jevu zcela odliSnymi cestami; zatimco u HPV™ se toto dé&je typicky
v disledku genové nestability a z toho vyplyvajicich mutaci TP53, HPV™" tumory toto ¢inni pro-
stiednictvim virovych proteinti E6 a E7 ”'. Ty inhibuji (jinak intaktni) tumor supresor®’-"°, TP53
»dysfunkce* je proto do jisté miry reverzibilni. I kdyZ je podstatna ¢ast TP53 inhibovana viro-
vymi proteiny, pfi nardstu bunééného stresu (napft. v disledku chemo/radioterapie) dochazi ke
zvySeni exprese TP53 a tato mald, dosud neinhibovana frakce pravdépodobné umozni zastavu
buné&ného cyklu a naméfovani bunék do bunééné smrti, jak popsano ve studii Westra et al.”.
Toto bylo nepiimo potvrzeno i v nasi studii — celkové pieziti HPV " pacienti se 1isi v zavislosti
na mife tkanové exprese pro-apoptotického BAX a TP53. PfeZivani s vyssi expresi obou téchto
gent je lepsi, viz str. 152.

Popsani prognostickych biomarkeri pro karcinomy hlavy a krku, resp. absence biomarkert pro
schopnych predikovat efekt nechirurgické 1é€by je vyznamnou limitaci soucasné diagnosticky

a terapie tohoto onemocnéni. Protoze existuji tyto zasadni rozdily v zavislosti na HPV statusu,
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je nutné ocekavat, Ze potencialni panel biomarkert bude odlisny pro HPV'" a HPV™ tumory, jak
demonstrovano v nasi studii. Na zaklad€ zmén v tkanové expresi (nizsi exprese MMP9, MT2A,
FLT1, VEGFA a FOU5F1 u HPV" tumort) bylo prokazano zapojeni do kaskad souvisejicich se
signalizaci VEGF (GO:0038084) a ,,embryonalni vyvoj“, (GO:0009790). V tomto ohledu je
zajimava zejména asociace s MT2A. Tento protein, a¢ primarné zapojeny do antioxidacnich
funkci, do patogeneze choroby zasahuje pravdépodobné vyznamnou mérou; v meta-analyze
Gumulec et al. byla ovéfena spojitost vysoké exprese s nepfiznivou prognézou, *>. Ostrakho-
vitch et al popsali, ze MT je schopen zabranit vazbé TP53 na DNA a tim ovlivnit jeho tumor-
supresorové piisobeni'?’.

Urcitou strategii pro stanoveni efektu 1éCby, napt. pravé diskutované radioterapie, miize byt
analyza genové nestability a miry reparace dvoufetézcovych zlomi DNA bunék ziskanych z bi-
opsie a ozafenych in vitro, jak popsano v praci Falk et al dostupné na str. 175. Touto metodou
bylo prokazano, ze miru radiorezistence nadorové tkané je mozné predikovat. Nadory o vysS$im
stadiu vykazovaly vys$$i miru radiorezistence a pfinejmensim u nékterych nadort je touto me-
todou mozné predikovat radiosenzitivitu a tim vyhledovée objektivnéji volit 1écbu konkrétnimu
pacientovi. Sou€asné je touto metodou mozné odlisit zejména extrémné radiorezistentni, resp.
extrémné radiosenzitivni tkang; jeden ze tfi pacientl, u nichz je na zékladé¢ kliniky o¢ekavana
radiosenzitivita, vykazuje enormni miru tvorby dvouietézcovych zlomt. Naopak vysokad mira
radiorezistence byla patrna u jednoho pacienta ze Ctyt, projevujici se velmi rychlou reparaci
Mikroprostiedi, resp. jeho heterogenita, vyznamné ovliviiuje progresi nadorii. Vyse uvedené
vysledky — heterogenni odpovéd’ radioterapie, rozdilna schopnost subpopulaci migrovat — jasné
dokladaji, ze charakterizace mikroprostfedi je nezbytna pro volbu optimalniho terapeutického

postupu konkrétniho pacienta.
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Hlavnim faktorem podilejicim se na letalit¢ nddorovych onemocnéni a selhani nechirurgické

1é¢by je vysoka mira heterogenity bun&éné nadorové populace'2®

. Tato heterogenita je u riiznych
nadort variabilni, nddory hlavy a krku jsou charakterizovany jeji pomérn¢ vysokou mérou. Pies
mnozstvi studii popisujicich tuto variabilitu mikroprostfedi a jeji klinickou relevanci stagnuje
vyvoj novych lécebnych postupti a zplsobu, kterak problematiku ,,dynamické evoluce* uchopit
klinickymi studiemi. Téma heterogenity nddorového mikroprostiedi je v praci studovano vice-
uroviiové — na Urovni analyzy séra, tkanovych vzorkd, ale také na urovni jednotlivych
subpopulaci bun¢k ziskanych z nadorovych vzorki pacientl se spinoceluldrnimi karcinomy.

Zasadnim problémem lécby spinoceluldrnich karcinomd je existence rezistence k nechirurgic-
kym terapeutickym postupiim, kterou neni mozné predikovat pted zahajenim 1écby. Klinicky
vyuzitelné prognostické biomarkery podobné PSA pro nador prostaty, ¢i estrogenovému recep-

toru ¢i HER2 pro nador prsu’!?

pro nddory hlavy a krku neexistuji. ,,Biomarkery* jsou tradi¢né
vnimany jako produkt nddorovych bun¢k. Diky komplexnosti mikroprostfedi dochazi v da-
sledku ptitomnosti nadoru k ovlivnéni jinak histologicky normalni ,,k nadoru ptilehlé* tkan¢ a
tato tkan poté meéni svij transkriptom. Ty nejenze jsou schopny podporovat rast vlastni nddo-
rové tkané, jsou také schopny na zaklad¢ spektra transkriptomu nadorovou tkan predikovat.
Zasadni poznatky byly ziskany studiem interakce subpopulaci jednotlivych bunck charakteris-
tickych pfitomnosti povrchovych antigentt CD44 a CD90. Nejenze bylo zjisténo, Ze populace
CD44 je vyznamné zapojena do patogeneze prostiednictvim své ucasti v molekularné-biolo-
gickych procesech de-diferenciace, proliferace, apoptozy, bylo také pozorovano, Ze populace
»henadorova®“ CD90, jinak nevykazujici ,,fenotyp agresivniho nadoru*, zdsadné podporuje rist
vlastni nddorové populace a propijcuje rezistenci k radioterapii jinym subpopulacim. Populace
bunék s povrchovym antigenem CD90, tedy populace s nddorem asociovanych fibroblasti je
vyznamnym podpirnym ¢lankem nadorového mikroprostredi.

Spinoceluldrni nadory hlavy a krku, podobné jako vétSina solidnich tumort, nejsou monoklo-
nalni neoplazii. Pfistup k vyvoji novych diagnostickych a (zejména pak) lécebnych strategii
musi tuto heterogenitu mikroprostiedi reflektovat, protoze pravé toto je jedna z cest — mozna
cesta zasadni — pro personalizovanou medicinu schopnou radikélniho zlepSeni prognézy paci-

entd s pokrocilymi nadory.
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